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Cognitive dispersion is elevated in amyloid positive older adults 
and associated with regional hypoperfusion

Sophia L. Holmqvist1, Kelsey R. Thomas1,2, Emily C. Edmonds1,2, Amanda Calcetas2, 
Lauren Edwards3, Katherine J. Bangen1,2 Alzheimer’s Disease Neuroimaging Initiative
1Research Service, VA San Diego Healthcare System, San Diego, CA, USA

2Department of Psychiatry, University of California, San Diego, La Jolla, CA, USA

3San Diego State University/University of California San Diego Joint Doctoral Program in Clinical 
Psychology, San Diego, CA, USA

Abstract

Objective—Cognitive dispersion across neuropsychological measures within a single testing 

session is a promising marker predictive of cognitive decline and development of Alzheimer’s 

disease (AD). However, little is known regarding brain changes underlying cognitive dispersion, 

and the association of cognitive dispersion with in vivo AD biomarkers and regional cerebral 

blood flow (CBF) has received limited study. We therefore examined associations among cognitive 

dispersion, amyloid beta (Aβ) positivity, and regional CBF among older adults free of dementia.

Method—148 Alzheimer’s Disease Neuroimaging Initiative (ADNI) participants underwent 

neuropsychological testing and neuroimaging. Pulsed arterial spin labeling (ASL) magnetic 

resonance imaging (MRI) was acquired to quantify CBF. Florbetapir positron emission 

tomography (PET) imaging determined Aβ positivity.

Results—Adjusting for age, gender, education, and mean cognitive performance, older adults 

who were Aβ+ showed higher cognitive dispersion relative to those who were Aβ−. Across 

the entire sample, higher cognitive dispersion was associated with reduced CBF in inferior 

parietal and temporal regions. Secondary analyses stratified by Aβ status demonstrated that higher 

cognitive dispersion was associated with reduced CBF among Aβ+ individuals but not among 

those who were Aβ−.

Conclusions—Cognitive dispersion may be sensitive to early Aβ accumulation and 

cerebrovascular changes adjusting for demographics and mean neuropsychological performance. 

Associations between cognitive dispersion and CBF were observed among Aβ+ individuals, 

suggesting that cognitive dispersion may be a marker of brain changes among individuals on 
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the AD continuum. Future studies should examine whether cognitive dispersion predicts brain 

changes in diverse samples and among those with greater vascular risk burden.

Keywords

cognitive dispersion; cognitive intraindividual variability; cerebral blood flow; magnetic resonance 
imaging; Alzheimer’s disease; amyloid; cognition; neuropsychology

INTRODUCTION

There is an important need to identify early cognitive changes in individuals at risk for 

dementia prior to the development of significant cognitive and functional decline. Cognitive 

function measured by comprehensive neuropsychological evaluation is typically expressed 

as mean level of performance within domains such as memory, attention, and executive 

function. However, there has been growing recognition that intraindividual variability in 

neuropsychological performance within a single testing session (Bangen et al., 2019; 

Gleason et al., 2018; Koscik et al., 2016; Malek-Ahmadi et al., 2017), may be sensitive 

to early cognitive changes and may reflect subtle decline in cognition that can be detected 

before traditional neuropsychological thresholds for cognitive impairment are met.

Intraindividual variability has two main operationalizations including dispersion and 

inconsistency. In contrast to dispersion (which examines within-person variability across 

tasks), inconsistency measures within-person variability on a single task. In the present 

study, we focus on dispersion. Although some variability across domains is seen in normal 

cognitive profiles, increased variability has been found to be associated with decreased 

neurological integrity (Bangen et al., 2019; Malek-Ahmadi et al., 2017). Indeed, greater 

cognitive dispersion has been associated with an increased likelihood of being classified as 

having AD (Halliday et al., 2018) and greater dementia incidence at follow-up (Watermeyer 

et al., 2021). Studies examining brain changes underlying greater cognitive dispersion in 

aging, dementia risk, and neurodegenerative disease have shown that elevated cognitive 

dispersion is associated with faster rates of cerebral atrophy in the medial temporal lobes 

(Bangen et al., 2019), disruptions in functional connectivity networks (Meeker et al., 

2021), and reduced integrity of white matter pathways interconnecting cortical regions 

mediating executive function and attention (Sorg et al., 2021). In addition, an autopsy 

study showed that greater cognitive dispersion was significantly associated with more 

severe neurofibrillary tangle pathology and trended toward an association with more severe 

neuritic plaques (Malek-Ahmadi et al., 2017). However, findings from a study examining 

intraindividual variability and cerebrospinal fluid (CSF) based markers of amyloid-β (Aβ) 

found that cognitive dispersion was not significantly associated with CSF Aβ (Watermeyer 

et al., 2020). We know of no published studies that have examined the association of 

cognitive dispersion and in vivo brain measures of Aβ using positron emission tomography 

(PET) imaging. In addition, to the best of our knowledge, no published studies have 

examined the association between cognitive dispersion and subtle cerebrovascular changes 

including cerebral blood flow (CBF) measured with arterial spin labeling (ASL) magnetic 

resonance imaging (MRI).
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In the present study, we sought to determine whether cognitive dispersion is associated with 

cerebral amyloidosis in vivo by examining whether older adults without clinical dementia 

who are Aβ positive (Aβ+) on PET imaging demonstrate higher cognitive dispersion relative 

to those who are Aβ negative (Aβ−). In the present study, we focused on dispersion given 

that data from a single task with various intervals suitable to calculate inconsistency (e.g., a 

reaction time task with several trials) was not available for analysis. In addition, to further 

elucidate mechanisms underlying increased cognitive dispersion, we examined associations 

between cognitive dispersion and CBF across our entire sample of older adults as well as 

the subsample who was Aβ+. We hypothesized that higher cognitive dispersion would be 

associated with (1) PET Aβ accumulation and (2) reduced CBF in AD-vulnerable regions, 

particularly among those individuals who are Aβ+.

METHOD

The ADNI dataset

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 as a public-private partnership, led by Principal Investigator Michael W. Weiner, 

MD. This study was approved by the Institutional Review Board at the ADNI study sites. 

Treatment of human participants during this study was in full accordance with ethical 

standards set forth by the Helsinki Declaration.

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). For up-to-date 

information, see www.adni-info.org.

Participants

Specific enrollment criteria for ADNI have been previously described in detail elsewhere 

(Bangen et al., 2019). Briefly, participants from ADNI were 55–90 years old, had ≥6 

years of education or work-history equivalent, were fluent in English or Spanish, had a 

Geriatric Depression Scale <6, had a Hachinski Ischemia Scale <5, adequate vision and 

hearing to perform neuropsychological tests, were in generally good health and without 

significant head trauma or neurologic disease, were stable on permitted medications, and had 

a reliable study partner. ADNI includes participants with normal cognition, mild cognitive 

impairment, and dementia. The current study included 148 participants from ADNI GO/

ADNI 2 cohorts when ASL MRI was collected. Participants were included if they had 

ASL data collected within 12 months of their baseline visit; did not have dementia at their 

baseline study visit; and had available baseline neuropsychological testing and florbetapir 

PET imaging data. Although ADNI is a longitudinal study, the present analyses examined 

cross-sectional associations of baseline data.
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Cognitive Dispersion Index

The cognitive dispersion index reflects variability across cognitive measures at a single 

time point. We calculated the index of dispersion using procedures previously described 

(Bangen et al., 2019). Briefly, standard summary measures from tests designed to assess 

multiple different cognitive abilities were included in the cognitive dispersion index. Six 

neuropsychological measures were selected given their routine use in assessing early 

cognitive changes in AD, administration across all ADNI waves, and sampling of three 

different domains of cognition (i.e., language; processing speed/executive function; and 

episodic memory). These six measures were: (1) Animal Fluency, total score; (2) 30-item 

Boston Naming Test (BNT) total score; (3) Trail Making Test (TMT), Part A; time to 

completion, (4) TMT, Part B; time to completion, (5) Rey Auditory Verbal Learning Test 

(AVLT) 30-minute delayed free recall; number of words recalled, and (6) AVLT recognition; 

number of words correctly recognized.

Prior to calculating the cognitive dispersion index, individual raw scores for each measure 

were converted into age-, gender-, and education-adjusted z-scores with a mean of 0 and 

standard deviation of 1 using regression coefficients derived from robust cognitively normal 

participants (n = 385) who had at least one year of follow up and remained cognitively 

normal throughout their participation in the ADNI study (Edmonds et al., 2015; Bangen 

et al., 2019). The two TMT z-scores were multiplied by −1 so that higher z-scores 

represent better performance for all scores. The intraindividual standard deviation across 

the 6 z-scores was calculated to create the cognitive dispersion index. A high score on the 

cognitive dispersion index reflects greater variability across neuropsychological measures 

whereas a low score on the cognitive dispersion index indicates more consistency across 

measures (regardless of scores on the individual neuropsychological measures included 

in the cognitive dispersion index). In addition, mean level of cognitive performance was 

calculated as the average of the 6 z-scores that were included in the cognitive dispersion 

index.

Cognitive Status

Participants diagnosed with dementia by ADNI were excluded from the current study. To 

determine cognitive status (MCI versus normal cognition), actuarial neuropsychological 

MCI criteria were applied to all participants in this sample (Edmonds et al., 2015; Jak 

et al., 2009). Participants were considered MCI if they performed >1 SD below the 

age-/education-/sex-adjusted mean on: (1) 2 neuropsychological measures within the same 

cognitive domain or (2) at least 1 measure across all 3 sampled cognitive domains. The six 

neuropsychological test scores included in the cognitive dispersion index were considered in 

the diagnostic criteria for MCI.

T1-Weighted Anatomical and Arterial Spin Labeling MRI Data Acquisition and Processing

Detailed information describing the imaging data acquisition and processing is available 

online at www.loni.usc.edu. MR imaging was performed on a 3.0 Tesla scanner and 

structural MRI and ASL scans were collected during the same session.
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A T1-weighted 3D MPRAGE sequence was collected using the following parameters: field 

of view = 256 mm, repetition time = 2300 ms, echo time = 2.98 ms, flip angle = 9°, and 

resolution = 1.1 x 1.1 x 1.2 mm3. Structural scans were motion corrected, skull stripped, 

segmented, and parcellated using FreeSurfer Version 5.1 (surfer.nmr.mgh.harvard.edu; 

Fischl et al., 2002, 2004).

Pulsed ASL scans were collected using QUIPS II with thin-slice TI1 periodic saturation with 

echo-planar imaging (Luh et al., 2009). Scan parameters include the following: inversion 

time of arterial spins (TI1) = 700 ms, total transit time of spins (TI2) = 1900 ms, tag 

thickness = 100 mm, tag to proximal slice gap = 25.4 mm, repetition time = 3400 ms, echo 

time = 12 ms, field of view = 256 mm, matrix = 64 x 64, 24 4-mm thick axial slices [52 tag 

+ control image pairs], time lag between slices = 22.5 ms.

As previously described (Sanchez et al., 2020; Thomas et al., 2020; Bangen et al., 2021), 

ASL data processing was largely automated and involved motion correction, aligning 

each ASL frame to the first frame using a rigid body transformation, and least squares 

fitting using SPM 8 (http://www.fil.ion.ucl.ac.uk/spm/). Perfusion-weighted images were 

computed as the difference of the mean-tagged and mean-untagged ASL images, and were 

intensity scaled to account for signal decay during acquisition and to generate intensities 

in meaningful physiological units. After geometric distortion correction, ASL images were 

aligned to structural T1 images using FSL. In order to minimize the effects of lower 

perfusion in white matter on CBF estimates, a partial volume correction was performed 

that assumed that CBF in gray matter is 2.5 times greater than in white matter. The partial 

volume corrected perfusion-weighted images were normalized by the reference image (i.e., 

an estimate of blood water magnetization) to convert the signal into physical units (mL/100 

g tissue/min). ADNI quality control procedures to determine a global pass/fail rating were 

based on visual inspection of signal uniformity, geometrical distortions, gray matter contrast, 

and presence of large artifacts. A rating of “unusable” in any of these categories resulted in a 

global “fail” and that participant was excluded from the present study.

FreeSurfer-derived anatomical regions of interest (ROIs) were applied to CBF maps to 

extract regional CBF estimates for each participant. Our primary analyses examined the 

following five a priori ROIs: (1) hippocampus, (2) inferior parietal lobe (IPL), (3) inferior 

temporal gyrus (ITG), (4) medial orbitofrontal cortex (mOFC), and (5) rostral middle frontal 

gyrus (rMFG). These regions were selected given prior work showing these regions are 

vulnerable to early AD-related change (Dickerson et al., 2011) as well as to be consistent 

with our previous studies examining CBF in ADNI (e.g., Thomas et al., 2020; Sanchez et al., 

2020).

CBF ROI values were residualized by precentral CBF, which was selected to serve as a 

reference region as it is not thought to be impacted in early AD (allowing for adjustment 

of individual variation in CBF that is likely not due to AD pathologies) as well as to be 

consistent with previous ADNI ASL studies that used this approach (Mattson et al., 2014; 

Yew & Nation., 2017). Mean CBF corrected for partial volume effects was extracted for 

each of the ROIs and reference region for each hemisphere separately. To reduce the number 

of statistical comparisons, averaged bilateral CBF estimates for each ROI were used as 
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the dependent variable in analyses. Bilateral CBF estimates were calculated by averaging 

the mean CBF of each hemisphere. If participants were missing baseline ASL but had 

ASL within the first year of their baseline visit, the first occasion of ASL data was used 

in analyses. In addition, for use in secondary analyses examining brain morphometry, the 

mean bilateral cortical thickness of IPL, ITF, mOFC, and rMFG was computed by averaging 

thickness estimates for the left and right hemispheres for each ROI. Total hippocampal 

volume was computed by summing the volume of left and right hippocampi and was 

normalized by estimated total intracranial volume.

Florbetapir PET data acquisition and processing

PET scanning with an 18F-florbetapir tracer was used to measure amyloid burden. A 

detailed description of ADNI florbetapir PET imaging data acquisition and processing can 

be found online (www.loni.usc.edu). Briefly, florbetapir scans were co-registered, averaged, 

reoriented into a standard 160×160×96 voxel image grid with 1.5mm3 voxels, and smoothed 

to a uniform isotropic resolution of 8mm full width at half maximum. Each participant’s first 

florbetapir image was co-registered with the T1-weighted image.

A cortical summary standardized uptake value ratio (SUVR) was calculated by dividing the 

mean florbetapir uptake across four main cortical regions (i.e., frontal, anterior/posterior 

cingulate, lateral parietal, and lateral temporal cortices) by whole cerebellar (white and 

gray matter) florbetapir uptake. Greater cortical Aβ load is thought to increase retention 

of florbetapir. Aβ positivity was established using the recommended threshold for cross-

sectional florbetapir analyses of 1.11 using the whole cerebellum as the reference region 

(Landau et al., 2014).

Statistical analyses

Demographic and clinical characteristics were examined with descriptive statistics. T-tests 

for continuous variables and chi-square (X2) tests for categorical variables were used to 

compare Aβ+ versus Aβ− groups on demographics and clinical variables. Analysis of 

covariance (ANCOVA) was used to compare Aβ+ and Aβ− groups in terms of cognitive 

dispersion after adjusting for age, gender, education, and mean cognitive performance. 

In addition, hierarchical linear regression, adjusting for age, gender, education, and 

mean cognitive performance was used to examine the associations between the cognitive 

dispersion index and CBF in the five a priori ROIs: hippocampus, IPL, ITG, mOFC, and 

rMFG. In addition, we performed linear regressions substituting regional volume or cortical 

thickness of the ROI as the dependent variable in place of CBF to determine whether 

dispersion was significantly associated with morphometry. For all models, covariates were 

entered on Step 1 and cognitive dispersion was entered on Step 2. In a series of sensitivity 

analyses, in an attempt to further clarify the potential role of cognitive dispersion, we re-ran 

our primary models reversing the position of mean cognitive performance and cognitive 

dispersion. That is, we entered age, gender, education, and cognitive dispersion on Step 

1 and mean cognitive performance on Step 2. Finally, to explore whether the pattern 

of findings was driven by those participants who were Aβ+ (on the AD continuum as 

evidenced by significant cerebral amyloidosis), secondary analyses stratified by Aβ status 

(Aβ+ and Aβ−) were performed. To address potential inflation of type I error resulting 
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from multiple comparisons, we applied the Benjamini-Hochberg procedure (Benjamini & 

Hochberg, 1995) to our results. We assessed results when the false discovery rate (FDR) was 

controlled at 0.05 and 0.10.

All analyses were performed using Statistical Package for the Social Sciences (SPSS) 

version 26 (SPSS IBM, New York, USA). Figures were made with R version 4.5.0 (https://

cran.r-project.org/) and SPSS. An alpha=0.05 was set for statistical significance; all tests 

were two-tailed.

RESULTS

Participant characteristics

Participants’ demographic and clinical data are presented in Table 1. One hundred and 

forty-eight older adults ranging in age from 55 to 85 (mean±SD=70.98±6.3) comprised 

the present sample. There were 72 women (48.6%), the sample was 93.9% white, and 

the average number of years of formal education was approximately 17 (SD=2.51). 

Compared to Aβ− participants, the Aβ+ group were significantly older, more likely to 

be characterized as MCI, and exhibited poorer cognitive scores (i.e., lower mean level of 

cognitive performance and poorer performance on each of the individual cognitive measures 

included in the cognitive dispersion index with the exception of animal fluency on which 

the groups did not differ). There were no significant group differences in terms of education, 

gender, or race (p-values > 0.05).

Cognitive Dispersion by Aβ Status

After adjusting for age, gender, education, and mean cognitive performance, there was a 

significant main effect of Aβ status on cognitive dispersion such that participants who were 

Aβ+ showed higher cognitive dispersion relative to those who were Aβ− (F(1,142)=9.132, 

p=.003) (See Figure 1).

Associations of Cognitive Dispersion and Regional CBF

Hierarchical linear regression models showed that, across the entire sample, after adjusting 

for age, gender, education, and mean cognitive performance, higher cognitive dispersion 

was significantly associated with reduced CBF in IPL (β =−.183, p=.027; Overall model: 

R2 =.117, F (5,142) = 3.748, p=.003) and ITG (β=−.214, p=.011; Overall model: R2 

=.091, F(5,142) = 2.858, p=.017). There were no significant associations between cognitive 

dispersion and CBF in mOFC, rMFG, or hippocampal regions (all p’s >.05) (See Table 2 

and Figure 2). When we performed sensitivity analyses in which we re-ran our primary 

models reversing the position of mean cognitive performance and cognitive dispersion, 

results remained similar to the primary models. That is, mean level of cognitive performance 

related to hippocampal CBF whereas cognitive dispersion was associated with CBF in IPL 

and ITG. There were no other significant associations between mean level of cognitive 

performance or cognitive dispersion and CBF. See Supplemental Material file for results of 

these sensitivity analyses.
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Associations of Cognitive Dispersion and Brain Morphometry

After adjusting for age, gender, education, and mean cognitive performance, cognitive 

dispersion was not significantly associated with hippocampal volume or cortical thickness of 

IPL, ITG, mOFC, or rMFG regions (all p-values > 0.05; See Table 3).

Secondary Analyses Stratified by Aβ Status

Analyses were conducted to examine whether the associations among cognitive dispersion 

and regional CBF and volume/cortical thickness were driven by those participants who 

were considered Aβ+. Among Aβ+ individuals (n=62), adjusting for age, gender, education, 

and mean cognitive performance, higher cognitive dispersion was significantly associated 

with reduced IPL CBF (β = −.341, p=.011; Overall model: R2 =.113, F(5,57)=1.457, 

p=.218) and reduced ITG CBF (β= −.295, p=.028; Overall model: R2 =.100, F(5,57)=1.265, 

p=.292). See Figure 2. Cognitive dispersion was not significantly associated with CBF 

in hippocampal, mOFC, or rMFG regions. When examining volume/cortical thickness, 

cognitive dispersion was not significantly associated with hippocampal volume or thickness 

of IPL, OTG, mOFC, or rMFG, ITG. Among Aβ− individuals (n=84), there were no 

significant associations between cognitive dispersion and CBF across ROIs or between 

cognitive dispersion and volume/cortical thickness (all p-values > 0.05) (See Tables 4 and 5 

and Figure 2).

False Discovery Rate

Statistical significance of all reported findings was retained under a 0.10 FDR but not 

maintained under a 0.05 FDR.

DISCUSSION

In a sample of well-characterized older adults free of clinical dementia, we found that 

those individuals who were Aβ+ on PET imaging showed greater cognitive dispersion than 

their counterparts who were Aβ−. In addition, greater cognitive dispersion was significantly 

associated with reduced CBF in IPL and ITG regions after adjusting for age, gender, 

education, and mean cognitive performance. Secondary analyses stratified by Aβ status 

revelated that these associations were driven primarily by Aβ+ individuals rather than Aβ− 

individuals. Across the entire sample and within the Aβ+ and Aβ− subgroups, there were no 

significant associations between cognitive dispersion and brain morphometry (i.e., cortical 

thickness and volume).

The study of cognitive dispersion has a long history in the field of psychology (Vance et al., 

2021). It has been long believed that a large degree of test scatter or variation characterizes 

some types of psychological disorders (Plake et al., 1981) and many commonly administered 

neuropsychological measures include indices of scatter or discrepancy as standardized 

variables (e.g., Wechsler Adult Intelligence Scale beginning with the Revised (WAIS-R) 

version, Delis-Kaplan Executive Function Scale, California Verbal Learning Test), although 

base rate information is not always available (Jacobson et al. , 2009). Nonetheless, 

there is recent growing interest in using cognitive dispersion indices to predict future 

decline and cognitive outcomes in various neurological disorders including AD, human 
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immunodeficiency virus, and traumatic brain injury. Increased cognitive dispersion may 

manifest in a reduced ability to integrate cognitive processes, which could then lead to 

reduced cognitive control and functional inefficiency (Fellows & Schmitter-Edgecombe, 

2015). It has been theorized that increasing cognitive dispersion may reflect a disruption 

of neural networks (Parasuraman & Martin, 1994; Jacobson et al., 2009) and several 

neuroimaging studies have shown that increasing intraindividual variability is associated 

with reduced functional connectivity (Lin & McDonough, 2022). AD has long been 

conceptualized as involving a disconnection syndrome (Delbeuck et al., 2003) given that 

early AD is characterized by the loss of cortico-cortical projections that promote interactions 

of multiple brain regions. Recent neuroimaging studies have shown disruption of multiple 

networks including the frontoparietal and default mode networks in AD (Contreras et al., 

2020; Meeker et al., 2021). The current findings suggest that cognitive dispersion is elevated 

in individuals who are Aβ+ and that reduced CBF may play a role in increasing dispersion, 

although future longitudinal studies are needed to confirm this.

Previous studies have shown that greater cognitive dispersion at baseline predicts 

progression to MCI (Gleason et al., 2018), faster rates of medial temporal atrophy (Bangen 

et al., 2019), and increased risk of incident MCI (Holtzer et al., 2019). Our current findings 

suggest that higher cognitive dispersion is also associated with cerebral amyloidosis, which 

dovetails with previously published studies including an autopsy study showing that greater 

cognitive dispersion was significantly associated with more severe neurofibrillary tangle 

pathology and trended toward an association with more severe neuritic plaques (Malek-

Ahmadi et al., 2017) and a second study what showed that CSF measured Aβ moderated the 

relationship between cognitive dispersion and resting-state functional connectivity (Meeker 

et al., 2021). However, our findings differ from another recent study which reported that 

cognitive dispersion was not associated with CSF markers of AD pathology (Watermeyer 

et al., 2020). Differences between the current study and that by Watermeyer and colleagues 

(2020) may account for the discrepant findings including the method of measuring amyloid 

status (CSF versus PET) and the type and number of cognitive tests used to calculate the 

cognitive dispersion index (Watermeyer and colleagues used more measures than the 6 

included in the present study and they also included experimental measures).

In the present study we found greater cognitive dispersion was associated with 

hypoperfusion in posterior but not anterior regions, which is in line with previous MRI 

studies showing brain changes in posterior regions in AD risk (Brickman et al., 2015; 

Yew & Nation, 2017). Previous research examining small vessel cerebral vascular disease 

as measured by white matter hyperintensities (WMH) has shown normal aging-related 

increases in WMH volume in anterior regions but AD-specific increases in WMH in 

posterior regions (Brickman et al., 2015). Our current finding is also in line with a previous 

ADNI ASL study that examined the same 5 a priori regions we studied in the present study 

and found that the only region that showed CBF differences between Aβ+ older adults 

free of dementia versus participants with AD dementia was the inferior parietal region. In 

addition, individuals with AD showed reduced CBF in hippocampus, inferior parietal, and 

inferior temporal regions relative to Aβ− older adults but there were no CBF differences 

among the cognitive groups in frontal regions (Yew & Nation., 2017). Our finding of 

significant associations between higher cognitive dispersion and reduced CBF in posterior 
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but not frontal regions is in line with previous research within the ADNI sample that 

focused on group differences in CBF based on cognitive status (i.e., unimpaired cognition, 

objectively-defined subtle cognitive decline [Obj-SCD], and mild cognitive impairment). 

This previous study (which had some overlap with the current study’s sample) showed that 

those with Obj-SCD had altered CBF in the IPL and hippocampus relative to a cognitively 

normal group, suggesting early neurovascular dysfunction in these key regions may precede 

later cognitive impairment (Thomas et al., 2020). Similar to the present study, Thomas and 

colleagues did not find significant differences between cognitive groups in CBF in frontal 

regions.

Cognitive dispersion was not associated with morphometry including regional gray matter 

volume (hippocampus) or cortical thickness (IPL, ITG, mOFC, rMFG), consistent with 

our previous findings showing no cross-sectional associations between baseline cognitive 

dispersion and morphometry (Bangen et al., 2019). However, in our previous study we found 

that higher cognitive dispersion predicted faster rates of medial temporal lobe atrophy at 24-

month follow-up in the ADNI cohort (Bangen et al., 2019). This pattern of findings suggests 

that cognitive dispersion is a sensitive marker of future neurodegeneration. This previously 

published paper (Bangen et al., 2019) included 736 participants some of which overlapped 

with the present study, although did not examine the majority of the regions included in the 

current paper. The present findings that cognitive dispersion is associated with reduced CBF 

but not morphometry at baseline suggests that ASL CBF is a useful marker of early and 

subtle brain changes that may be observed prior to significant atrophy, and dovetails with 

our previous research showing hypoperfusion predicts later neurodegeneration (Bangen et 

al., 2021).

Cognitive dispersion indices may be influenced by relative differences in the difficulty, 

sensitivity, and score distributions of the component tasks as well as floor or ceiling effects 

(Cherry, Buckwalter, & Henderson, 2002; Jacobson et al., 2009). However, intraindividual 

variability indices have been used as a means of identifying subtle decline in cognitive skills 

relative to those cognitive abilities that may be more resilient to neurodegenerative processes 

(Jacobson et al., 2009). In the early phases of neurodegeneration, an individual may show 

mild declines in one or two cognitive abilities while other abilities may be less affected. 

Given that some individuals in a preclinical stage of AD may not show a significant memory 

impairment and may perform within the intact or normal range on individual cognitive 

tests, it may be that intraindividual variability metrics are more sensitive than individual 

tests scores, particularly in identifying individuals who are experiencing very subtle decline 

and/or who are high functioning (Storandt, Grant, Miller, & Morris, 2006; Jacobson et al., 

2009).

Although comparing different dispersion metrics was not a primary purpose for the current 

study, in an effort to determine whether our findings may relate to differences in sensitivity 

to AD across tasks (mean level of performance) rather than pure measures of dispersion, 

we calculated dispersion two additional ways and re-ran our primary models with these 

alternative dispersion metrics. Given that episodic memory is typically affected early in AD 

together with our results suggesting that the two AVLT measures may be more sensitive 

to Aβ status relative to other measures included in the dispersion index (see Table 1), we 
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re-ran our models with alternative dispersion indices that varied based on whether or how 

the AVLT measures were included. First, we calculated a dispersion variable not including 

the two AVLT measures. That is, we calculated a dispersion variable with the following four 

variables: Boston Naming Test, Animals Fluency, Trails A, and Trails B. Results from the 

model with inferior parietal CBF as the dependent variable remained significant (p=.006) 

although the results from the model with inferior temporal CBF as the dependent variable 

was somewhat attenuated and was a trend (p=.080). As with our primary models, the models 

with hippocampal CBF and frontal CBF as the dependent variables were not significant. 

Next, we created a dispersion variable using the same 6 measures including in our original 

variable but partialed out mean AVLT performance. The pattern of results remained similar 

to our primary analyses although results were attenuated with cognitive dispersion relating 

to CBF at a trend level (p = .052 for inferior parietal CBF and p = .072 for inferior temporal 

lobe). Given that differences in sensitivity to AD across different measures may contribute 

to dispersion effects, future research should more directly compare the predictive utility of 

different dispersion metrics as well of intraindividual variability indices relative to individual 

test scores.

Cognitive dispersion has been measured using different approaches across studies. 

Consistent with several previous studies, we assessed cognitive dispersion as within-person 

variability across different neuropsychological measures (Bangen et al., 2019; Gleason et 

al., 2018; Watermeyer et al., 2020) rather than the inconsistency of trial performance across 

one task. Although few studies have directly compared dispersion and inconsistency, one 

previous study have found that these two methods of measuring intra-individual variability 

are moderately correlated (r=.38 on a choice reaction time task; r=.31 on a 1-back task) 

and are both associated with increasing age and cognitive decline (Hilborn et al., 2009). 

Future studies comparing dispersion and inconsistency will help determine how these two 

metrics may complement each other. To improve generalizability and to consider multiple 

cognitive domains, we selected neuropsychological tests that are commonly used in research 

and clinical settings to be included in our dispersion metric. In addition, the approach we 

used to calculate cognitive dispersion has been found to be particularly advantageous as 

it can be calculated from one testing session, showing cognitive dispersion has potential 

for clinical utility due to its ease of implementation without change to standardized testing 

procedures (Holtzer et al., 2008). Notably, however, there is not yet consensus on how to 

best operationalize cognitive dispersion. Additional studies providing empirical support for 

which measures and how many measures form the optimal dispersion index, establishment 

of a universally accepted method for calculating dispersion, and development of normative 

databases will increase the utility of dispersion in both research and clinical settings.

Strengths of the study include the well-characterized sample of older adults; integration of 

multimodal imaging data including PET Aβ, ASL perfusion, and structural MRI; and use of 

a sensitive measure of cognitive dispersion (i.e., an intraindividual standard deviation across 

multiple domains of cognitive functioning). Cognitive dispersion has several advantages 

relative to other proposed markers to detect early brain changes (e.g., PET imaging or 

lumbar puncture to measure CSF) including being low-cost and non-invasive. ASL MRI has 

advantages over other imaging techniques designed to measure CBF due to its non-invasive 

nature (i.e., does not require injection of contrast agent). Reduced CBF is also a well-
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established marker of subtle vascular change and has been associated with poorer everyday 

functioning (Sanchez et al., 2020), faster rater rates of memory decline, neurodegeneration, 

and progression of small vessel disease (Bangen et al., 2021). This study expands on 

previous research on cognitive functioning and CBF by linking hypoperfusion to increased 

cognitive dispersion.

It should be noted that the effects of cognitive dispersion in our models are modest 

and accounted for 3-4% and 8-11% of the variance in regional CBF across the entire 

sample and within the Aβ+ subgroup, respectively (entire sample: sr = −.176 for IPL 

and sr = −.205 for ITG; Aβ+ subgroup: sr = −.327 for IPL and sr = −.283 for ITG). 

Although these are modest effects, these models adjust for important demographic variables 

that influence CBF (i.e., age, gender) and mean-level cognitive performance and findings 

remained similar in sensitivity analyses in which the position of cognitive dispersion and 

mean cognitive performance were reversed (i.e., cognitive dispersion served as a covariate 

and mean cognitive performance served as the independent variable). Taken together, these 

findings provide support for the notion that cognitive dispersion may have incremental 

utility in assessing dementia risk although future studies comparing multiple cognitive 

metrics (e.g., dispersion, inconsistency, episodic memory indices) and additional risk factors 

are needed to clarify this. Limitations of the study include a homogeneous racial/ethnic 

distribution and a highly educated sample so results may not be generalizable to groups with 

differing demographic characteristics. Future research in more diverse samples is needed. 

Additional limitations include the cross-sectional design. Future studies using larger samples 

should examine data longitudinally to determine whether cognitive dispersion predicts future 

changes in CBF levels, interacts with biomarkers including Aβ levels to predict clinical 

outcomes, and adds incremental value in predicting outcomes relative to other cognitive 

indices and risk factors. Future research is also needed to further evaluate the specificity 

and sensitivity of dispersion metrics in preclinical and prodromal dementia. In particular, it 

will be important to examine the associations between dispersion and biomarkers beyond Aβ 
including those related to cerebrovascular disease burden.

In summary, in conjunction with previous evidence linking cognitive dispersion to faster 

rates of cerebral atrophy in AD-vulnerable brain regions (Bangen et al., 2019) and increased 

AD neuropathology (Malek-Ahmadi et al., 2017), our findings suggest that cognitive 

dispersion may be a useful noninvasive marker of early cognitive and brain changes 

especially in the context of those who are Aβ+. Since greater cognitive dispersion was 

not associated with brain morphometry, but was associated with reduced CBF, this indicates 

that cognitive dispersion may be a marker of early vascular changes in the brain and may 

be useful in identifying participants for clinical trials that target vascular risk or amyloid 

although future longitudinal studies are needed to confirm this.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Cognitive dispersion by amyloid beta (Aβ) positivity versus negativity. The lines represent 

group medians and the boxes represent the interquartile range; the y axis represents the 

model predicted cognitive dispersion values after controlling for age, gender, education, and 

mean cognitive performance.
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Figure 2. 
Scatterplot depicting the association between cognitive dispersion and CBF across the entire 

sample for inferior parietal (A) and inferior temporal (B) cortices by amyloid status. The x 

axes depict model predicted cognitive dispersion values adjusting for age, gender, education, 

and mean level of cognitive performance. The y axes depict regional CBF residualized by 

precentral CBF. Shaded area represents 95% confidence intervals.

Holmqvist et al. Page 17

J Int Neuropsychol Soc. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Holmqvist et al. Page 18

Ta
b

le
 1

D
em

og
ra

ph
ic

s 
fo

r 
ov

er
al

l s
am

pl
e 

an
d 

by
 A

β 
PE

T
 im

ag
in

g 
st

at
us

E
nt

ir
e 

sa
m

pl
e

(n
=1

48
)

A
β+

 (
n=

63
)

A
β−

 (
n=

85
)

t 
or

 χ
2

95
%

 C
I

C
oh

en
’s

 d
 o

r 
ph

i
p

A
ge

, y
ea

rs
70

.9
8 

(6
.8

3)
73

.4
5 

(6
.5

5)
69

.1
5 

(6
.4

9)
−

3.
97

[−
6.

44
, −

2.
15

]
0.

66
<0

.0
01

E
du

ca
tio

n,
 y

ea
rs

16
.6

8 
(2

.5
1)

16
.4

8 
(2

.8
5)

16
.8

2 
(2

.2
4)

0.
80

[−
0.

48
, 1

.1
7]

0.
14

0.
42

G
en

de
r 

(%
 F

em
al

e)
48

.6
%

42
.9

%
52

.9
%

1.
47

-
0.

10
0.

23

R
ac

e 
(%

)
3.

96
-

0.
16

0.
27

  W
hi

te
93

.9
%

92
.1

%
95

.3
%

-
-

  A
si

an
1.

4%
0%

2.
4%

-
-

  B
la

ck
2.

7%
4.

8%
1.

2%
-

-

  M
or

e 
th

an
 o

ne
2.

0%
3.

2%
1.

2%
-

-

A
β+

 (
%

) 
a

42
.6

%
-

-
-

-
-

M
C

I 
(%

)
28

.4
%

41
.3

%
18

.8
%

8.
97

-
0.

25
0.

00
3

M
ea

n 
C

og
ni

tiv
e 

Pe
rf

or
m

an
ce

b
−

0.
17

 (
0.

54
)

−
0.

28
 (

0.
59

)
−

0.
09

 (
0.

49
)

2.
16

[0
.0

2,
 0

.3
7]

0.
36

0.
03

C
og

ni
tiv

e 
D

is
pe

rs
io

n
1.

02
 (

0.
67

)
1.

27
 (

0.
62

)
0.

83
 (

0.
43

)
−

3.
82

[−
0.

67
, −

0.
21

]
0.

69
<0

.0
01

A
ni

m
al

 F
lu

en
cy

−
0.

18
 (

1.
04

)
−

0.
32

 (
0.

10
)

−
0.

07
 (

1.
07

)
1.

44
[−

0.
09

, 0
.5

8]
0.

24
0.

15

B
os

to
n 

N
am

in
g 

Te
st

−
0.

39
 (

1.
41

)
−

0.
72

 (
1.

75
)

−
0.

14
 (

1.
05

)
2.

36
[0

.0
9,

 1
.0

8]
0.

42
0.

02

T
ra

ils
 A

−
0.

11
 (

1.
12

)
−

0.
40

 (
1.

41
)

0.
10

 (
0.

79
)

2.
52

[0
.1

1,
 0

.8
9]

0.
45

0.
01

T
ra

ils
 B

−
0.

32
 (

1.
22

)
−

0.
61

 (
1.

52
)

−
0.

10
 (

0.
10

)
2.

33
[0

.0
8,

 0
.9

4]
0.

42
0.

02

A
V

LT
 D

el
ay

ed
 R

ec
al

l
−

0.
39

 (
1.

18
)

−
0.

78
 (

1.
15

)
−

0.
10

 (
1.

12
)

3.
59

[0
.3

0,
 1

.0
5]

0.
60

<0
.0

01

A
V

LT
 R

ec
og

ni
tio

n
−

0.
50

 (
1.

20
)

−
0.

86
 (

1.
42

)
−

0.
23

 (
0.

94
)

3.
04

[0
.2

2,
 1

.0
3]

0.
54

0.
00

3

N
ot

e.
 R

es
ul

ts
 f

ro
m

 t-
te

st
s 

fo
r 

co
nt

in
uo

us
 v

ar
ia

bl
es

 a
nd

 c
hi

-s
qu

ar
e 

te
st

s 
fo

r 
di

ch
ot

om
ou

s 
va

ri
ab

le
s.

 D
at

a 
ar

e 
su

m
m

ar
iz

ed
 a

s 
m

ea
n 

(s
ta

nd
ar

d 
de

vi
at

io
n)

, u
nl

es
s 

ot
he

rw
is

e 
in

di
ca

te
d.

 E
ff

ec
ts

 s
iz

es
 (

C
oh

en
’s

 d
 f

or
 

t-
te

st
s 

an
d 

ph
i f

or
 c

hi
-s

qu
ar

e 
te

st
s)

 a
re

 r
ep

or
te

d 
as

 a
bs

ol
ut

e 
va

lu
es

. S
ig

ni
fi

ca
nt

 g
ro

up
 d

if
fe

re
nc

es
 (

p<
.0

5)
 a

pp
ea

r 
in

 b
ol

d 
fo

nt
. C

I 
=

 c
on

fi
de

nc
e 

in
te

rv
al

; A
β=

am
yl

oi
d 

be
ta

; M
C

I 
=

 m
ild

 c
og

ni
tiv

e 
im

pa
ir

m
en

t; 
A

V
LT

=
 R

ey
 A

ud
ito

ry
 V

er
ba

l L
ea

rn
in

g 
Te

st

a A
m

yl
oi

d 
ne

ga
tiv

ity
 v

er
su

s 
po

si
tiv

ity
 w

as
 b

as
ed

 o
n 

th
e 

re
co

m
m

en
de

d 
th

re
sh

ol
d 

fo
r 

cr
os

s-
se

ct
io

na
l f

lo
rb

et
ap

ir
 a

na
ly

se
s 

of
 1

.1
1 

us
in

g 
th

e 
w

ho
le

 c
er

eb
el

lu
m

 a
s 

th
e 

re
fe

re
nc

e 
re

gi
on

 (
L

an
da

u 
et

 a
l.,

 2
01

4)
.

b M
ea

n 
co

gn
iti

ve
 p

er
fo

rm
an

ce
 is

 th
e 

m
ea

n 
of

 th
e 

si
x 

ag
e-

, s
ex

-,
 a

nd
 e

du
ca

tio
n-

ad
ju

st
ed

 n
eu

ro
ps

yc
ho

lo
gi

ca
l z

 s
co

re
s 

in
cl

ud
ed

 in
 th

e 
co

gn
iti

ve
 d

is
pe

rs
io

n 
in

de
x.

 T
he

 s
ix

 s
co

re
s 

w
er

e 
A

ni
m

al
 F

lu
en

cy
, t

ot
al

 
sc

or
e;

 3
0-

ite
m

 B
os

to
n 

N
am

in
g 

Te
st

 (
B

N
T

) 
to

ta
l s

co
re

; T
ra

il 
M

ak
in

g 
Te

st
 (

T
M

T
),

 P
ar

t A
; t

im
e 

to
 c

om
pl

et
io

n;
 T

M
T,

 P
ar

t B
; t

im
e 

to
 c

om
pl

et
io

n;
 R

ey
 A

ud
ito

ry
 V

er
ba

l L
ea

rn
in

g 
Te

st
 (

A
V

LT
) 

30
-m

in
ut

e 
de

la
ye

d 
fr

ee
 r

ec
al

l; 
nu

m
be

r 
of

 w
or

ds
 r

ec
al

le
d;

 a
nd

 A
V

LT
 r

ec
og

ni
tio

n;
 n

um
be

r 
of

 w
or

ds
 c

or
re

ct
ly

 r
ec

og
ni

ze
d.

J Int Neuropsychol Soc. Author manuscript; available in PMC 2024 August 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Holmqvist et al. Page 19

Ta
b

le
 2

.

H
ie

ra
rc

hi
ca

l L
in

ea
r 

R
eg

re
ss

io
n 

M
od

el
s 

fo
r 

A
ss

oc
ia

tio
n 

of
 C

og
ni

tiv
e 

D
is

pe
rs

io
n 

an
d 

R
eg

io
na

l C
B

F 
A

dj
us

tin
g 

fo
r 

D
em

og
ra

ph
ic

s 
an

d 
M

ea
n 

L
ev

el
 o

f 

C
og

ni
tiv

e 
Pe

rf
or

m
an

ce

B
lo

ck
 1

H
ip

po
ca

m
pa

l C
B

F
R

2 =
.0

82
F

(4
, 1

43
)=

3.
20

, p
=.

01
5

IP
L

 C
B

F
R

2 =
.0

86
F

(4
, 1

43
)=

3.
34

5,
 p

=.
01

2

IT
G

 C
B

F
R

2 =
.0

49
F

(4
, 1

43
)=

1.
85

1,
 p

=.
12

2

m
O

F
C

 C
B

F
R

2 =
.0

20
F

(4
, 1

43
)=

.7
22

, p
=.

57
8

rM
F

G
 C

B
F

R
2 =

.0
91

F
(4

 1
43

)=
3.

57
5,

 p
=.

00
8

B
S.

E
.

p
sr

B
S.

E
.

p
sr

B
S.

E
.

p
sr

B
S.

E
.

p
sr

B
S.

E
.

p
sr

A
ge

.0
24

.0
66

.7
09

.0
30

.1
35

.0
69

.0
52

.1
57

−
.1

56
.0

75
.0

39
−

.1
70

−
.0

03
.0

63
.9

68
−

.0
03

−
.0

52
.0

53
.3

27
−

.0
78

G
en

de
r

.3
66

.8
83

.6
80

.0
33

2.
52

5
.9

27
.0

07
.2

18
.4

25
1.

01
1

.6
75

.0
34

−
1.

31
4

.8
51

.1
25

−
.1

28
2.

48
6

.7
12

.0
01

.2
79

E
du

ca
tio

n
.4

11
.1

77
.0

22
.1

86
.3

20
.1

86
.0

88
.1

38
.1

85
.2

03
.3

63
.0

74
.0

89
.1

71
.6

01
.0

43
.1

50
.1

43
.2

95
.0

84

M
ea

n 
C

og
ni

tiv
e 

Pe
rf

or
m

an
ce

−
22

.9
60

8.
04

6
.0

05
−

.2
29

−
.9

13
8.

44
5

.9
14

−
.0

09
8.

48
1

9.
21

4
.3

59
.0

75
−

.0
03

.0
63

.7
26

−
.0

29
−

.3
97

6.
48

5
.9

51
−

.0
05

B
lo

ck
 2

R
2 =

.0
86

, R
2  

ch
an

ge
=.

00
4

F
(5

, 1
42

)=
2.

67
1,

 p
=.

02
4

R
2 =

0.
11

7,
 R

2  
ch

an
ge

=0
.0

3
F

(5
, 1

42
)=

3.
74

8,
 p

=.
00

3
R

2 =
.0

91
, R

2  
ch

an
ge

=.
04

2
F

(5
, 1

42
)=

2.
85

8,
 p

=.
01

7
R

2 =
.0

22
, R

2  
ch

an
ge

=.
00

2
F

(5
, 1

42
)=

.6
47

, p
=.

66
4

R
2 =

.0
94

, R
2  

ch
an

ge
=.

00
3

F
(5

, 1
42

)=
2.

93
4,

 p
=.

01
5

A
ge

.0
31

.0
66

.6
41

.0
37

.1
54

.0
68

.0
26

.1
78

−
.1

32
.0

74
.0

78
−

.1
42

−
.0

07
.0

64
.9

08
−

.0
10

−
.0

56
.0

53
.2

93
−

.0
84

G
en

de
r

.3
26

.8
86

.7
13

.0
30

2.
40

6
.9

16
.0

10
.2

07
.2

76
.9

94
.7

82
.0

22
−

1.
28

4
.8

54
.1

35
−

.1
25

2.
51

4
.7

14
.0

01
.2

81

E
du

ca
tio

n
.3

98
.1

78
.0

27
.1

79
.2

80
.1

84
.1

31
.1

20
.1

35
.2

00
.5

01
.0

54
.0

99
.1

72
.5

64
.0

48
.1

59
.1

44
.2

70
.0

88

M
ea

n 
C

og
ni

tiv
e 

Pe
rf

or
m

an
ce

−
24

.1
03

8.
19

4
.0

04
−

.2
36

−
4.

35
2

8.
47

1
.6

08
−

.0
41

4.
18

9
9.

19
2

.6
49

.0
36

−
1.

85
4

7.
90

0
.8

15
−

.0
19

.3
89

6.
60

8
.9

53
.0

05

C
og

ni
tiv

e 
D

is
pe

rs
io

n
−

.6
42

.8
36

.4
44

−
.0

62
−

1.
92

9
.8

64
.0

27
−

.1
76

−
2.

40
9

.9
38

.0
11

−
.2

05
.4

84
.8

06
.5

49
.0

50
.4

41
.6

74
.5

14
.0

52

S.
E

.=
 s

ta
nd

ar
d 

er
ro

r;
 C

B
F=

ce
re

br
al

 b
lo

od
 f

lo
w

; I
PL

=
 in

fe
ri

or
 p

ar
ie

ta
l l

ob
e;

 I
T

G
=

in
fe

ri
or

 te
m

po
ra

l g
yr

us
; m

O
FC

=
 m

ed
ia

l o
rb

ito
fr

on
ta

l c
or

te
x;

 r
M

FG
=

 r
os

tr
al

 m
id

dl
e 

fr
on

ta
l g

yr
us

; s
r 

=
 s

em
i p

ar
tia

l 
co

rr
el

at
io

n 
co

ef
fi

ci
en

t. 
Fo

r 
ge

nd
er

, w
om

en
 a

re
 th

e 
re

fe
re

nc
e 

gr
ou

p.
 B

ol
d 

va
lu

es
 a

re
 s

ta
tis

tic
al

ly
 s

ig
ni

fi
ca

nt
 (

p<
.0

5)
. C

og
ni

tiv
e 

di
sp

er
si

on
 w

as
 c

al
cu

la
te

d 
by

 u
si

ng
 th

e 
in

tr
ai

nd
iv

id
ua

l s
ta

nd
ar

d 
de

vi
at

io
n 

ac
ro

ss
 

6 
z-

sc
or

es
.

J Int Neuropsychol Soc. Author manuscript; available in PMC 2024 August 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Holmqvist et al. Page 20

Ta
b

le
 3

.

H
ie

ra
rc

hi
ca

l L
in

ea
r 

R
eg

re
ss

io
n 

M
od

el
s 

fo
r 

A
ss

oc
ia

tio
n 

of
 C

og
ni

tiv
e 

D
is

pe
rs

io
n 

an
d 

R
eg

io
na

l V
ol

um
e/

C
or

tic
al

 T
hi

ck
ne

ss
 A

dj
us

tin
g 

fo
r 

D
em

og
ra

ph
ic

s 

an
d 

M
ea

n 
L

ev
el

 o
f 

C
og

ni
tiv

e 
Pe

rf
or

m
an

ce

B
lo

ck
 1

H
ip

po
ca

m
pa

l V
ol

um
e

R
2 =

.1
82

F
(4

,1
43

)=
7.

97
9,

 p
=<

.0
01

IP
L

 T
hi

ck
ne

ss
R

2 =
.1

14
F

(4
,1

43
)=

4.
62

1,
 p

=.
00

2

IT
G

 T
hi

ck
ne

ss
R

2 =
.1

99
F

(4
,1

43
)=

8.
86

7,
 p

=<
.0

01

m
O

F
C

 C
B

F
R

2 =
.0

44
F

(4
,1

43
)=

1.
62

8,
 p

 =
.1

70

rM
F

G
 C

B
F

R
2 =

.0
43

F
(4

,1
43

)=
1.

59
5,

 p
=.

17
9

B
S.

E
.

p
sr

B
S.

E
.

p
sr

B
S.

E
.

p
sr

B
S.

E
.

p
sr

B
S.

E
.

p
sr

A
ge

−
.3

43
.0

84
<.

00
1

−
.3

10
−

.0
05

.0
02

.0
01

−
.2

59
−

.0
09

.0
02

<.
00

1
−

.3
57

.0
02

.0
02

.1
58

.1
16

−
.0

01
.0

01
.2

39
−

.0
97

G
en

de
r

1.
35

2
1.

12
8

.2
33

.0
91

.0
34

.0
22

.1
28

.1
20

−
.0

36
.0

24
.1

40
−

.1
11

−
.0

04
.0

21
.8

56
−

.0
15

.0
34

.0
16

.0
37

.1
73

E
du

ca
tio

n
.1

15
.2

26
.6

12
.0

38
.0

03
.0

04
.5

16
.0

51
.0

01
.0

05
.7

94
.0

20
.0

01
.0

04
.9

03
.0

10
−

.0
01

.0
03

.6
66

−
.0

35

M
ea

n 
C

og
ni

tiv
e 

Pe
rf

or
m

an
ce

28
.5

82
10

.2
83

.0
06

.2
10

.2
90

.2
04

.1
56

.1
12

.5
39

.2
19

.0
15

.1
84

−
.3

56
.1

94
.0

68
−

.1
50

.0
18

.1
48

.9
03

.0
10

B
lo

ck
 2

,R
2 =

.2
04

, R
2  

ch
an

ge
=.

02
2

F
(5

, 1
42

)=
7.

26
6,

 p
=<

.0
01

R
2 =

.1
21

, R
2  

ch
an

ge
=.

00
7

F
(5

, 1
42

)=
3.

91
9,

 p
=.

00
2

,R
2 =

.2
01

, R
2  

ch
an

ge
=.

00
3

F
(5

, 1
42

)=
7.

16
4,

 p
=<

.0
01

R
2 =

.0
49

, R
2  

ch
an

ge
=.

00
5

F
(5

, 1
42

)=
1.

45
4,

 p
= 

.2
09

R
2 =

.0
50

, R
2  

ch
an

ge
=.

00
7

F
(5

, 1
42

)=
1.

48
2,

 p
=.

19
9

A
ge

−
.3

22
.0

82
<.

00
1

−
.2

89
−

.0
05

.0
02

.0
02

−
.2

47
−

.0
08

.0
02

<.
00

1
−

.3
48

.0
02

.0
02

.1
97

.1
06

−
.0

01
.0

01
.2

99
−

.0
85

G
en

de
r

1.
22

5
.0

24
.2

76
.0

82
.0

33
.0

22
.1

45
.1

15
−

.0
37

.0
24

.1
31

−
.1

14
−

.0
03

.0
21

.8
97

−
.0

11
.0

33
.0

16
.0

43
.1

67

E
du

ca
tio

n
.0

72
.1

80
.7

49
.0

24
.0

02
.0

05
.5

86
.0

43
.0

01
.0

05
.8

48
.0

14
.0

01
.0

04
.8

37
.0

17
−

.0
02

.0
03

.5
97

−
.0

43

M
ea

n 
C

og
ni

tiv
e 

Pe
rf

or
m

an
ce

24
.9

15
−

.1
46

.0
17

.1
80

.2
51

.2
07

.2
27

.0
95

.5
11

.2
23

.0
24

.1
72

−
.3

25
.1

97
.1

02
−

.1
35

−
.0

10
.1

50
.9

49
−

.0
05

C
og

ni
tiv

e 
D

is
pe

rs
io

n
−

2.
05

7
−

.2
89

.0
54

−
.1

46
−

.0
22

.0
21

.2
96

−
.0

82
−

.0
16

.0
23

.4
89

−
.0

52
.0

18
.0

20
.3

82
.0

72
−

.0
16

.0
15

.3
12

−
.0

83

S.
E

.=
 s

ta
nd

ar
d 

er
ro

r;
 C

B
F=

ce
re

br
al

 b
lo

od
 f

lo
w

; I
PL

=
 in

fe
ri

or
 p

ar
ie

ta
l l

ob
e;

 I
T

G
=

in
fe

ri
or

 te
m

po
ra

l g
yr

us
; m

O
FC

=
 m

ed
ia

l o
rb

ito
fr

on
ta

l c
or

te
x;

 r
M

FG
=

 r
os

tr
al

 m
id

dl
e 

fr
on

ta
l g

yr
us

; s
r 

=
 s

em
i p

ar
tia

l 
co

rr
el

at
io

n 
co

ef
fi

ci
en

t. 
Fo

r 
ge

nd
er

, w
om

en
 a

re
 th

e 
re

fe
re

nc
e 

gr
ou

p.
 B

ol
d 

va
lu

es
 a

re
 s

ta
tis

tic
al

ly
 s

ig
ni

fi
ca

nt
 (

p<
.0

5)
. C

og
ni

tiv
e 

di
sp

er
si

on
 w

as
 c

al
cu

la
te

d 
by

 u
si

ng
 th

e 
in

tr
ai

nd
iv

id
ua

l s
ta

nd
ar

d 
de

vi
at

io
n 

ac
ro

ss
 

6 
ba

se
lin

e 
z-

sc
or

es
.

J Int Neuropsychol Soc. Author manuscript; available in PMC 2024 August 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Holmqvist et al. Page 21

Ta
b

le
 4

.

H
ie

ra
rc

hi
ca

l L
in

ea
r 

R
eg

re
ss

io
n 

M
od

el
s 

fo
r 

A
ss

oc
ia

tio
n 

of
 C

og
ni

tiv
e 

di
sp

er
si

on
 a

nd
 R

eg
io

na
l C

er
eb

ra
l B

lo
od

 F
lo

w
 A

dj
us

tin
g 

fo
r 

D
em

og
ra

ph
ic

s 
an

d 

M
ea

n 
L

ev
el

 o
f 

C
og

ni
tiv

e 
Pe

rf
or

m
an

ce
 in

 A
β+

 in
di

vi
du

al
s

B
lo

ck
 1

H
ip

po
ca

m
pa

l C
B

F
R

2 =
.1

78
F

(4
,5

8)
=3

.1
39

, p
=.

02
1

IP
L

 C
B

F
R

2 =
.0

06
F

(4
,5

8)
=.

93
0,

 p
=.

98
4

IT
G

 C
B

F
R

2 =
.0

20
F

(4
,5

8)
=.

29
3,

 p
=.

88
1

m
O

F
C

 C
B

F
R

2 =
.0

54
F

(4
,5

8)
=.

83
4,

 p
=.

50
9

rM
F

G
 C

B
F

R
2 =

.1
35

F
(4

,5
8)

=2
.2

54
, p

=.
07

4

B
S.

E
.

p
sr

B
S.

E
.

p
sr

B
S.

E
.

p
sr

B
S.

E
.

p
sr

B
S.

E
.

p
sr

A
ge

.0
63

.1
07

.5
60

.0
70

.0
51

.1
07

.6
36

.0
62

−
.1

07
.1

22
.3

81
−

.1
15

.0
83

.1
03

.4
25

.1
03

−
.1

42
−

.1
96

.1
25

−
.1

90

G
en

de
r

1.
11

5
1.

40
8

.4
32

.0
94

.5
24

1.
39

9
.7

09
.0

49
.3

84
1.

59
5

.8
11

.0
31

−
1.

77
3

1.
35

1
.1

94
−

.1
68

2.
49

2
1.

19
6

.0
42

.2
55

E
du

ca
tio

n
.6

58
.2

48
.0

10
.3

17
.0

75
.2

46
.7

63
.0

40
.0

45
.2

80
.8

73
.0

21
.1

03
.2

37
.6

67
.0

55
.1

09
.2

10
.6

06
.0

63

M
ea

n 
C

og
ni

tiv
e 

Pe
rf

or
m

an
ce

−
31

.4
18

11
.3

19
.0

07
−

.3
30

−
2.

03
9

11
.2

50
.8

57
−

.0
24

4.
76

3
12

.8
23

.7
12

.0
48

−
5.

88
0

10
.8

58
.5

90
−

.0
69

−
2.

13
8

9.
61

4
.8

25
−

.0
27

B
lo

ck
 2

R
2 =

0.
20

7,
 R

2  
ch

an
ge

=.
02

9
F

(5
,5

7)
= 

2.
97

2,
 p

=.
01

9
R

2 =
.1

13
, R

2  
ch

an
ge

=.
10

7
F

(5
,5

7)
=1

.4
57

, p
=.

21
8

R
2 =

.1
00

, R
2  

ch
an

ge
=.

08
0

F
(5

,5
7)

=1
.2

65
, p

=.
29

2
R

2 =
.0

57
, R

2  
ch

an
ge

=.
00

3
F

(5
,5

7)
=.

68
9,

 p
=.

63
4

R
2 =

.1
36

, R
2  

ch
an

ge
=.

00
2

F
(5

,5
7)

=1
.8

01
, p

=.
12

7

A
ge

.0
91

.1
08

.4
04

.0
99

.0
99

.1
03

.3
41

.1
20

−
.0

59
.1

19
.6

22
−

.0
62

.0
90

.1
05

.3
96

.1
10

−
.1

48
.0

93
.1

19
−

.1
95

G
en

de
r

1.
27

5
1.

40
0

.3
66

.1
07

.8
03

1.
33

8
.5

51
.0

75
.6

60
1.

54
7

.6
71

.0
54

−
1.

73
0

1.
36

5
.2

10
−

.1
63

2.
45

9
1.

20
9

.0
47

.2
50

E
du

ca
tio

n
.6

64
.2

45
.0

09
.3

19
.0

84
.2

35
.7

22
.0

45
.0

54
.2

71
.8

42
.0

25
.1

04
.2

39
.6

65
.0

56
.1

08
.2

12
.6

13
.0

63

M
ea

n 
C

og
ni

tiv
e 

Pe
rf

or
m

an
ce

−
35

.1
08

11
.5

06
.0

03
−

.3
60

−
8.

46
6

10
.9

97
.4

45
−

.0
96

−
1.

61
7

12
.7

16
.8

99
−

.0
16

−
6.

86
7

11
.2

20
.5

43
−

.0
79

−
1.

36
6

9.
93

7
.8

91
−

.0
17

C
og

ni
tiv

e 
D

is
pe

rs
io

n
−

1.
63

5
1.

13
6

.1
56

−
.1

70
−

2.
84

8
1.

08
6

.0
11

−
.3

27
−

2.
82

8
1.

25
6

.0
28

−
.2

83
−

.4
37

1.
10

8
.6

94
−

.0
51

.3
42

.9
82

.7
28

.0
43

A
β=

am
yl

oi
d 

be
ta

; S
.E

.=
 s

ta
nd

ar
d 

er
ro

r;
 C

B
F=

ce
re

br
al

 b
lo

od
 f

lo
w

; I
PL

=
 in

fe
ri

or
 p

ar
ie

ta
l l

ob
e;

 I
T

G
=

in
fe

ri
or

 te
m

po
ra

l g
yr

us
; m

O
FC

=
 m

ed
ia

l o
rb

ito
fr

on
ta

l c
or

te
x;

 r
M

FG
=

 r
os

tr
al

 m
id

dl
e 

fr
on

ta
l g

yr
us

; s
r 

=
 

se
m

i p
ar

tia
l c

or
re

la
tio

n 
co

ef
fi

ci
en

t. 
Fo

r 
ge

nd
er

, w
om

en
 a

re
 th

e 
re

fe
re

nc
e 

gr
ou

p.
 B

ol
d 

va
lu

es
 a

re
 s

ta
tis

tic
al

ly
 s

ig
ni

fi
ca

nt
 (

p<
.0

5)
. C

og
ni

tiv
e 

di
sp

er
si

on
 w

as
 c

al
cu

la
te

d 
by

 u
si

ng
 th

e 
in

tr
ai

nd
iv

id
ua

l s
ta

nd
ar

d 
de

vi
at

io
n 

ac
ro

ss
 6

 b
as

el
in

e 
z-

sc
or

es
.

J Int Neuropsychol Soc. Author manuscript; available in PMC 2024 August 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Holmqvist et al. Page 22

Ta
b

le
 5

.

H
ie

ra
rc

hi
ca

l L
in

ea
r 

R
eg

re
ss

io
n 

M
od

el
s 

fo
r 

A
ss

oc
ia

tio
n 

of
 C

og
ni

tiv
e 

D
is

pe
rs

io
n 

an
d 

R
eg

io
na

l C
er

eb
ra

l B
lo

od
 F

lo
w

 A
dj

us
tin

g 
fo

r 
D

em
og

ra
ph

ic
s 

an
d 

M
ea

n 
L

ev
el

 o
f 

C
og

ni
tiv

e 
Pe

rf
or

m
an

ce
 in

 A
β−

 in
di

vi
du

al
s

B
lo

ck
 1

H
ip

po
ca

m
pa

l C
B

F
R

2 =
.0

63
F

(4
,8

0)
=1

.3
49

, p
=.

25
9

IP
L

 C
B

F
R

2 =
.1

78
F

(4
,8

0)
=4

.3
24

, p
=.

00
3

IT
G

 C
B

F
R

2 =
.0

20
F

(4
,8

0)
=.

40
7,

 p
=.

80
3

m
O

F
C

 C
B

F
R

2 =
.0

14
F

(4
,8

0)
=.

02
89

, p
=.

88
4

rM
F

G
 C

B
F

R
2 =

.0
76

F
(4

,8
0)

=1
.6

34
, p

=.
17

4

B
S.

E
.

p
sr

B
S.

E
.

p
sr

B
S.

E
.

p
sr

B
S.

E
.

p
sr

B
S.

E
.

p
sr

A
ge

.1
06

.0
94

.2
61

.1
22

.2
10

.1
02

.0
44

.2
08

−
.0

53
.1

05
.6

16
−

.0
56

−
.0

40
.0

93
.6

67
−

.0
48

.0
45

.0
74

.5
47

.0
65

G
en

de
r

−
.5

77
1.

17
7

.6
26

−
.0

53
3.

37
5

1.
28

5
.0

10
.2

66
−

.2
36

1.
31

8
.8

58
−

.0
20

−
.8

72
1.

16
8

.4
57

−
.0

83
1.

97
2

.9
31

.0
37

.2
28

E
du

ca
tio

n
.1

27
.2

58
.6

22
.0

53
.5

28
.2

81
.0

64
.1

90
.2

72
.2

88
.3

49
.1

04
.0

81
.2

56
.7

51
.0

35
.1

69
.2

04
.4

09
.0

89

M
ea

n 
C

og
ni

tiv
e 

Pe
rf

or
m

an
ce

−
18

.0
82

12
.0

63
.1

38
−

.1
62

.3
07

13
.1

74
.9

81
.0

02
7.

24
0

13
.5

06
.5

93
.0

59
−

4.
76

6
11

.9
71

.6
92

−
.0

44
5.

19
6

9.
54

2
.5

88
.0

59

B
lo

ck
 2

R
2 =

.0
72

, R
2  

ch
an

ge
=.

00
9

F
(5

,7
9)

=1
.2

29
, p

=.
30

4
R

2 =
.1

79
, R

2  
ch

an
ge

=.
00

1
F

(5
,7

9)
=3

.4
35

, p
=.

07
0

R
2 =

.0
20

, R
2  

ch
an

ge
=.

00
1

F
(5

,7
9)

=.
32

6,
 p

=.
89

6
R

2 =
.0

53
, R

2  
ch

an
ge

=.
03

9
F

(5
,7

9)
=.

88
7,

 p
=.

49
4

R
2 =

.0
88

, R
2  

ch
an

ge
=.

01
2

F
(5

,7
9)

=1
.5

17
, p

=.
19

4

A
ge

.1
07

.0
94

.2
57

.1
24

.2
10

.1
03

.0
45

.2
08

−
.0

53
.1

06
.6

17
−

.0
56

−
.0

38
.0

92
.6

80
−

.0
45

.0
46

.0
74

.5
38

.0
66

G
en

de
r

−
.4

57
1.

18
7

.7
01

−
.0

42
3.

41
7

1.
30

1
.0

10
.2

68
−

.2
59

1.
33

5
.8

46
−

.0
22

−
.6

31
1.

16
0

.5
88

−
.0

60
2.

08
3

.9
37

.0
29

.2
39

E
du

ca
tio

n
.1

67
.2

62
.5

25
.0

69
.5

42
.2

87
.0

63
.1

92
.2

64
.2

95
.3

73
.1

00
.1

61
.2

56
.5

30
.0

69
.2

06
.2

07
.3

23
.1

07

M
ea

n 
C

og
ni

tiv
e 

Pe
rf

or
m

an
ce

−
16

.9
49

12
.1

51
.1

67
−

.1
51

.7
01

13
.3

27
.9

58
.0

05
7.

02
1

13
.6

68
.6

09
.0

57
−

2.
48

0
11

.8
74

.8
35

−
.0

23
6.

24
5

9.
59

4
.5

17
.0

70

C
og

ni
tiv

e 
D

is
pe

rs
io

n
1.

17
1

1.
34

2
.3

85
.0

95
.4

08
1.

47
2

.7
82

.0
28

−
.2

27
1.

50
9

.8
81

−
.0

17
2.

36
3

1.
31

1
.0

75
.1

97
1.

08
4

1.
05

9
.3

10
.1

10

A
β=

am
yl

oi
d 

be
ta

; S
.E

.=
 s

ta
nd

ar
d 

er
ro

r;
 C

B
F=

ce
re

br
al

 b
lo

od
 f

lo
w

; I
PL

=
 in

fe
ri

or
 p

ar
ie

ta
l l

ob
e;

 I
T

G
=

in
fe

ri
or

 te
m

po
ra

l g
yr

us
; m

O
FC

=
 m

ed
ia

l o
rb

ito
fr

on
ta

l c
or

te
x;

 r
M

FG
=

 r
os

tr
al

 m
id

dl
e 

fr
on

ta
l g

yr
us

; s
r 

=
 

se
m

i p
ar

tia
l c

or
re

la
tio

n 
co

ef
fi

ci
en

t. 
Fo

r 
ge

nd
er

, w
om

en
 a

re
 th

e 
re

fe
re

nc
e 

gr
ou

p.
 B

ol
d 

va
lu

es
 a

re
 s

ta
tis

tic
al

ly
 s

ig
ni

fi
ca

nt
 (

p<
.0

5)
. C

og
ni

tiv
e 

di
sp

er
si

on
 w

as
 c

al
cu

la
te

d 
by

 u
si

ng
 th

e 
in

tr
ai

nd
iv

id
ua

l s
ta

nd
ar

d 
de

vi
at

io
n 

ac
ro

ss
 6

 b
as

el
in

e 
z-

sc
or

es
.

J Int Neuropsychol Soc. Author manuscript; available in PMC 2024 August 01.


	Abstract
	INTRODUCTION
	METHOD
	The ADNI dataset
	Participants
	Cognitive Dispersion Index
	Cognitive Status
	T1-Weighted Anatomical and Arterial Spin Labeling MRI Data Acquisition and Processing
	Florbetapir PET data acquisition and processing
	Statistical analyses

	RESULTS
	Participant characteristics
	Cognitive Dispersion by Aβ Status
	Associations of Cognitive Dispersion and Regional CBF
	Associations of Cognitive Dispersion and Brain Morphometry
	Secondary Analyses Stratified by Aβ Status
	False Discovery Rate

	DISCUSSION
	References
	Figure 1.
	Figure 2.
	Table 1
	Table 2.
	Table 3.
	Table 4.
	Table 5.



