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Abstract

Background: Cognitive reserve (CR) has been postulated to contribute to the variation observed
between neuropathology and clinical outcomes in Alzheimer’s disease (AD).

Objective: We investigated the effect of an education-occupation derived CR proxy on biological
properties of white matter tracts in patients with amnestic mild cognitive impairment (aMCl) and
healthy elders (HC).

Methods: Educational attainment and occupational complexity ratings (complexity with data,
people, and things) from thirty-five patients with aMCI and twenty-eight HC were used to
generate composite CR scores. Quantitative magnetic resonance imaging (qMRI) and multi-shell
diffusion MRI were used to extract macromolecular tissue volume (MTV) across major white
matter tracts.

Results: We observed significant differences in the association between CR and white matter
tract MTV in aMCI versus HC when age, gender, intracranial volume, and memory ability were
held constant. Particularly, in aMCI, higher CR was associated with worse tract pathology (lower
MTYV) in the left and right dorsal cingulum, callosum forceps major, right inferior fronto-occipital
fasciculus, and right superior longitudinal fasciculus (SLF) tracts. Conversely higher CR was
associated with higher MTV in the right parahippocampal cingulum and left SLF in HC.

Conclusion: Our results support compensatory CR mechanisms in aMCI and neuroprotective
mechanisms in HC and suggest differential roles for CR on white matter macromolecular
properties in healthy elders versus prodromal AD patients.
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INTRODUCTION

Alzheimer’s disease (AD) is a progressive, neurodegenerative disorder characterized by the
presence of amyloid plaques and neurofibrillary tangles in the brain and accompanied by
cognitive symptoms of progressive memory loss and cognitive decline, eventually resulting
in death [1]. There is currently no cure for AD, and the etiology of the disease remains
unknown and is likely due to multifactorial genetic and environmental causes.

Notably, a high level of variability exists between neuropathology and clinical outcomes in
AD [2, 3]. A pilot epidemiological study [2] initially observed this discrepancy between
pathology and clinical severity. Among 137 nursing home residents, 11 patients clinically
diagnosed with AD just prior to death did not display histopathological AD signatures
postmortem. Additionally, ten patients determined to be cognitively normal before death
presented characteristic neurotic plaques and tangles at levels sufficient for AD diagnosis
upon autopsy [2]. Further, it has been posited that between 10-40% of individuals with
AD pathology assessed at autopsy do not meet the criteria for AD associated cognitive
impairment [4, 5]. While part of this variation is attributed to the heterogeneity of AD and
related risk factors [6], variations in levels of cognitive reserve (CR) have been suggested
to play an important role in moderating the relationship between the level of pathology and
clinical outcomes [7].

CR is a construct used to explain why some individuals retain cognitive function albeit
increasing brain pathology and is postulated as an explanation for why certain individuals
maintain cognitive abilities with age despite significant neurological insult while others
presenting with similar brain pathologies go on to develop further cognitive decline in the
form of AD. Participation in certain enriching and modifiable life experiences that are either
cognitively, socially, or physically stimulating are believed to contribute to CR and have all
been shown to be protective against AD [5, 8]. These experiences influence both the age of
clinical onset of AD and affect the rate of cognitive decline following AD diagnosis, where
higher levels of CR confer a decreased risk of incident dementia but an increased rate of
cognitive decline once AD is diagnosed [5, 8-10].

While consensus on operational definitions of CR has not yet been established, educational
attainment and occupational complexity are commonly used and widely accepted proxy
measures of CR [8, 11]. Particularly, previous studies suggest that individuals with lower
educational attainment or occupational complexity are at higher risk of cognitive decline
[12, 13]. For example, a longitudinal study [11] demonstrated that among 593 non-demented
elders observed over four years, those with more years of education completed or higher
occupational complexity had a significantly lower risk of developing dementia compared

to individuals with lower educational attainment or occupational complexity, but once AD
was diagnosed showed an increased rate of cognitive decline. These observations suggest
that higher CR may allow some individuals to resist the harmful effects of pathology on
cognition until pathology levels reach a given threshold, at which point the brain’s cognitive
processes can no longer cope with increasing pathology, resulting in a sharper decline in
cognitive function following clinical diagnosis [14, 15].
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Mechanistically, active CR models posit that current neural activity shaped through
participation in enriching life experiences increases the efficiency, capacity, and/or plasticity
of cognitive processes and increases resistance to the harmful effects of pathology on
cognition [8]. Active CR models underlie compensatory mechanistic roles for CR, where CR
increases the ability of the brain’s cognitive processes to adapt to pathological changes and
buffer against cognitive decline in the presence of pathology. Alternatively, passive models
of reserve (brain reserve models) posit that pre-existing individual differences in brain
structure, including in measures such as regional gray matter volumes or total intracranial
volume (ICV), contribute to the preservation of cognitive function despite increasing brain
burden with age, either through minimizing the development of neuropathology or through
an increased capacity to withstand pathological changes [16].

On the other hand, brain maintenance models posit CR may play a role in increasing or
maintaining the structural integrity of the brain and helping to resist developing pathology
[8]. While mechanisms attributed to active and passive reserve models may not be mutually
exclusive, amounting neuroimaging and clinical evidence supports compensatory roles for
CR in AD patients [17]. For example, positive associations have been observed between
CR and level of brain pathology in AD patients matched for cognition across the disease
spectrum [18-20].

The association between CR and gray matter atrophy has been extensively studied, yet only
a few studies have looked at the relationship between CR and white matter [21-24]. Brain
white matter consists of neuronal axons and their supporting macromolecular counterparts,
the latter of which are composed of various tissue types, namely, myelin, astrocytes,
microglia, and other lipid macromolecules such as cholesterol that support neuronal function
[25]. Myelin sheaths envelop the lengths of neuronal axons in white matter and aide in the
propagation of electrical signals within neuronal circuits that give rise to large scale cortical
networks. Accumulating evidence suggests that AD pathology affects biological properties
of white matter beginning from pre-symptomatic stages of AD, where AD disrupts integral
white matter properties involving axonal transport and packaging, axonal density, axonal
tract myelination, and macromolecular lipid composition [26, 27]. While MRI measures
probing gray matter accurately capture neurodegeneration due to AD at the macrostructural
level, MRI measures of white matter microstructure may be more sensitive to AD pathology
at earlier stages of the disease, where early disruptions to white matter integrity may reflect
an initial breakdown of axonal myelin which precedes cognitive decline and gray matter
atrophy in AD [28].

White matter hyperintensity (WMH) measured using T2-weighted MRI is a common marker
of white matter pathology in aging [29]. However, accumulating data suggest that the
primary driver of WMH is ischemic and the underlying histopathology is heterogenous [30,
31]. Diffusion-weighted imaging is the most widely used method to measure biophysical
changes in brain white matter in AD and can detect fine-grained microstructural damage to
white matter tracts before they can be seen in conventional MRI (e.g., WMH derived from
T2) [30, 32]. However, the diffusion tensor models that are used to quantify the conventional
diffusion measures (i.e., fractional anisotropy (FA)) are highly influenced by the axonal
orientation and density of white matter. Therefore, they provide a limited interpretation
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of white matter properties, particularly in the brain volumes with many crossing fibers.
Additionally, previous studies of CR have suggested that structural measures such as
volumetric MRI measures of regional brain atrophy may not closely reflect structurally
induced changes due to CR, and that measures of white matter integrity may be more
sensitive neural correlates [33].

Recent advancements in quantitative MRI (QMRI) acquisition and post-processing have led
to an increased sensitivity of these measures in probing biological properties of white matter
in vivo [25, 27, 34]. Measures derived from gMRI have been designed to be robust to wide
range of scan parameters and field strengths [35] and were shown to distinguish patients
with amnestic mild cognitive impairment (aMCI) from healthy elders [27]. Particularly,
macromolecular tissue volume (MTV) is a measure derived from gMRI that quantifies

the macromolecular tissue content and lipid membranes and is not confounded by the
crossing fibers. MTV is higher in well-myelinated white matter that is composed of a

very dense structure and contains more macromolecules than water molecules [25, 35]. For
these reasons, MTV measures of white matter will provide a unique contribution to our
understanding of white matter degeneration in AD beyond what can be detected by the
conventional diffusion measures. MTV measures in white matter tracts provide sensitive
information pertaining to subtle changes in the biological properties of white matter, namely
the macromolecular content, that cannot be detected by conventional diffusion measures
such as FA [36, 37].

To date, few studies have looked at the association between CR and tract-specific MRI
measures [19, 21, 24, 38]. Additionally, no studies to our knowledge have assessed the
association of CR with white matter tract myelination outcomes derived from gMRI.

Prior studies assessing the effect of CR proxies on white matter outcomes in AD have
demonstrated that higher CR was associated with worse white matter microstructural
outcomes, as evidenced by lower white matter FA in AD patients matched for clinical status
[19, 21]. Given the importance of /n7 vivo gMRI white matter measures in detecting early
biological changes among prodromal AD patients as well as amassing evidence highlighting
the potential protective effects of CR on cognitive decline in aging and AD, the current study
aims to confirm previous findings of positive associations between CR and brain pathology
in prodromal AD patients as well as test if a similar pattern is observed between CR and
tract specific white matter MTV in healthy elders. To achieve this goal, we studied a sample
of healthy elders (HC) as well as patients with aMCI, who are at higher risk for developing
AD. We have already described group differences in MTV values between aMCI and HC

in our recent publication [27]. These data showed significant MTV loss along major white
matter tracts in patients with amnestic MCI and further confirmed the advantage of gqMRI
measures over conventional diffusion measures in detecting subtle changes in white matter
tissue in patients with aMCI. In this study, we will particularly focus on the association
between CR and MTV measures.

We quantified a CR proxy composite score in our sample derived from measures of
educational attainment and occupational complexity classifications as outlined by the
US Dictionary of Occupational Titles (DOT) based off each subject’s reported years
of education completed and/or degrees obtained and main occupation. We then tested
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differences in the associations between CR and white matter tract MTV—derived from
gMRI—between aMCI and HC groups, after accounting for differences in memory ability.
We expected that aMCI participants would display negative associations between CR and
MTYV outcomes, indicating lower levels of white matter MTV at similar levels of memory
performance, supporting compensatory models of CR. Among HC, we would expect to see
positive associations between CR and MTV outcomes, suggesting potential neuroprotective
or brain maintenance roles for CR [19].

MATERIALS AND METHODS

Participant characteristics

Sixty-three older adults (40 female, 65-85 years old, mean (SD) age = 73.3 (5.85)) were
recruited from the local community by means of digital and newspaper advertisements

and included in the current analysis. Potential subjects completed an electronic eligibility
screening form through RedCap and were excluded on the basis of any of the following
criteria: presence of dementia, presence of suicidality, presence of any significant psychiatric
or neurological disorder, history of alcohol or substance abuse or dependence, presence

of certain medical conditions, use of medications with significant anti-cholinergic effects,
MRI incompatible materials in the body, claustrophobia, and left handedness. All subjects
underwent a comprehensive battery of clinical and neuropsychological assessments and
questionnaires to further determine study eligibility, for group operationalization, and for
cognitive assessment. Eligibility criteria for both groups were as follows: Mini-Mental State
Examination (MMSE) total score =24, intact Independent Activities of Daily Living (IADL),
Geriatric Depression Scale (GDS) score <5, and no indication of the presence of any

current axis | psychiatric condition as determined by the Mini International Neuropsychiatric
Interview [39].

Average scores adjusted for education from stories A and B of the Weschler Logical
Memory 11 (LM-11) Delayed Recall subtest were used as the basis for categorizing
participants as either aMCI (N = 35; diagnostic criteria: LM-11 stories A & B average
score <8.5, <4.5, <2.5 for =16, 8-15, and 0-7 years of education, respectively) or HC (N

= 28; LM-II average score >8.5,>4.5,>2.5 for 216, 8-15, and 0-7 years of education).
LM2 is a widely accepted clinical test of verbal episodic memory functioning that is
sensitive in distinguishing aMCI from HC participants, since verbal episodic memory is
the pre-dominant cognitive domain affected in aMCI [16]. The study was approved by
Stanford Institutional Review Board and all participants provided written informed consent.
Demographic characteristics and neuropsychological assessment scores are summarized in
Table 1.

Cognitive measures

Additional cognitive measures included performance scores NIH Toolbox — an iPad-based,
multi-domain cognitive assessment battery developed by the National Institutes of Health
(NIH). Raw scores on the Rey’s Auditory Verbal Learning Test (RAVLT), assessing
immediate free recall of an auditorily presented list of words over 5 trials, and Cognitive
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Fluid Composite standard scores, measuring fluid reasoning ability, were included in the
analysis.

Cognitive reserve proxy

Data on educational and occupational attainment were collected electronically through
the administration of a self-report questionnaire [40] where subjects indicated their main
lifetime occupation as well as total number of years of education completed.

Educational attainment was operationalized categorically (range 0-3) based on the total
years of education reported by each participant using the following classifications: 0 = no
formal education, 1 = primary school, 2 = secondary school, 3 = university or professional
degree [16, 20, 33]. Additionally, all analyses were conducted substituting the categorical
definition for educational attainment with a continuous measure (years of education), which
yielded essentially similar results. Occupational complexity was determined by matching
each subject’s main reported occupation with a unique occupational code derived from

the 1970 US Census Dictionary of Occupational Titles (DOT), Fourth Edition [41]. This
approach for defining occupational complexity variables has been previously described in
CR research [18, 42, 43]. Briefly, one researcher assigned a DOT code to each subject.

The resultant DOT code yielded occupational complexity ratings along three domains
developed by Roose & Treimen (1980) [44] and included occupational complexity scores
for the complexity of work with data (range 0-6), complexity of work with people

(range 0-8), and complexity of work with things (range 0-7) [41]. Lower occupational
scores indicated higher occupational complexity along each domain. For the purpose of
interpretability, occupational complexity scores for data, people, and things were reverse
coded so that higher occupational complexity with data, people, or things corresponded to
higher complexity for each domain (Table 2) [18, 42]. One aMCI subject was excluded from
the analysis due to the fact that their reported occupation of a homemaker was not listed in
the DOT index [43].

The educational attainment and occupational complexity scores with data, people, and things
were first standardized. Next, principal component analysis (PCA) was performed on the
standardized measures to generate a composite CR score for each participant, represented by
the first principal component from the PCA on educational and occupational factors. This
factorial approach for measuring CR has been extensively employed in previous studies [20,
33, 45].

Memory ability

Composite memory scores represented verbal episodic memory ability and were derived
from a PCA comprising RAVLT and LM-II average scores, and the resulting first principal
component was used as a composite measure of overall verbal memory ability in the
subsequent regression models.

MRI data acquisition

MRI images were acquired for all subjects on a GE 3T scanner (General Electric Healthcare,
Milwaukee, WI, USA) equipped with a 32-channel head coil (Nova Medical, Wilmington,
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MA, USA) at the Center for Neurobiological Imaging at Stanford University. Multi-shell
dMRI were acquired with isotropic 27777 spatial resolution using the following parameters:
repetition time (TR) = 2.8 s; echo time (TE) = 0.078 s; FOV = 22.4 cm; Matrix size = 112

x 112; 63 axial slices with a simultaneous multi-slice acceleration factor of 3. The sequence
included 119 total directions comprising 80 diffusion gradient directions with b = 2855 s/
mm?2, 30 diffusion gradient directions with b = 710 s/mm? and nine images without diffusion
weighting (b = 0 s/mm?). To apply EPI distortion correction, an additional scan was acquired
in the opposite phase encoding direction and included 6 diffusion gradient directions (b =
2855 s/mm?) and two non-diffusion-weighted images. Sagittal T1w images were acquired
using the following parameters: inversion time (TI) = 450 ms; Matrix size: 256 x 256;

Slice thickness: 0.9 mm; Flip angle: 12 degrees. The T2 fluid-attenuated inversion recovery
(FLAIR) images were acquired with TR = 6500 ms, TE = 120 ms, Tl = 1878 ms, flip angle
=900, Slice thickness: 1 mm and matrix size: 256 x 256. gMRI images were acquired using
an inversion-recovery (IR) gradient-echo EPI sequence, and scan parameters are as follows:
Flip angle = 77 degrees; TR = 3 s; FOV = 24 cm; Matrix size = 120 x 120; Slice thickness =
2mm; TI=1.

MRI data processing

Diffusion MRI (dMRI) data preprocessing was performed in FSL (fsl.fmrib.ox.ac.uk/fsl/
fslwiki/) and MRTrix3 (mrtrix.org) and included denoising, geometric EPI distortion,

eddy current distortion, slice-by-slice motion correction, outlier detection, and bias field
correction (ANTs N4BiasField Correction). After motion correction, diffusion gradients
were adjusted to account for the rotation applied to the measurements, and a diffusion
kurtosis (DK) tensor model was then fit for each voxel’s data. Multi-tissue constrain
spherical deconvolution was then applied to estimate the fiber orientation distributions
(FODs) on aligned and distortion corrected dMRI data using the average tissue response
function in MRtrix (3.0). Probabilistic tractography was performed using white matter FOD
images to generate a whole-brain connectome for each subject. 19 major white matter tracts
were segmented from the whole brain connectome of fibers using the Automated Fiber
Quantification (AFQ, v1.1, github.com/yeatmanlab/AFQ/wiki) [46] software.

qT1 data was EPI and motion distortion corrected using FSL’S TOPUP, and an open-
source python code (https://github.com/cni/t1fit/blob/master/t1fit_unwarp.py) was then used
to process the NIFTI files and generate a quantitative T1 map for each participant. Each
subject’s quantitative T1 map was then co-registered to their dMRI data using the ANTS
software package to warp the quantitative T1 map to the non-diffusion weighted b0 image,
and MTYV values were estimated along each fascicle using the quantitative R1 (1/qT1)
measurements validated in the previous study [35].

White matter hyperintensity volumes were generated by registering each participant’s T2-
FLAIR images to their bias field corrected, and skull stripped T1-weighted image using
the FSL toolbox (FLIRT function). WMH voxels were then defined based on the tissue
probability maps where they had three SD above the mean white matter signal intensity in
T2-FLAIR images.

J Alzheimers Dis. Author manuscript; available in PMC 2023 February 14.


http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
http://mrtrix.org
http://github.com/yeatmanlab/AFQ/wiki
https://github.com/cni/t1fit/blob/master/t1fit_unwarp.py

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fingerhut et al. Page 8

Statistical analyses

CR-by-group interactions with MTV—We utilized multiple linear regression analysis to
test for CR-by-group interaction effects (differences in the regression slopes) with MTV
outcomes in aMCI and HC participants. Average MTV values for each and every of

the following twenty tracts were introduced as dependent variables: left and right dorsal
cingulum, parahippocampal cingulum, inferior fronto-occipital fasciculus (IFOF), superior
longitudinal fasciculus (SLF), inferior longitudinal fasciculus (ILF), thalamic radiation,
uncinate, arcuate and corticospinal tracts, as well as the callosum forceps major and
callosum forceps minor tracts. Model covariates included age, gender, total intracranial
volume (ICV), and the composite memory score. Educational attainment was not included as
a covariate in the models due to its contribution as a factor in generating the CR composite
score. The significance threshold for all regression models was set at a/pha of 0.05 (FDR
corrected).

Post-hoc within-group analyses

We also tested within-group associations of CR with MTV tract outcomes in aMCI and HC
participants for tracts showing significant CR-by-group interactions (FDR corrected, pFDR
= 0.019). MTV values for the following tracts were included in the post-hoc within-group
linear regression models; left and right dorsal cingulum, right parahippocampal cingulum,
callosum forceps major, right IFOF, right ILF, left and right SLF, and right thalamic
radiation. Covariates included in within-group analyses were the same as those used in the
primary analysis and included age, gender, ICV, and the overall composite memory score.

RESULTS

Descriptive statistics

Descriptive statistics and neuropsychological assessment scores are summarized in Table

1. The aMCI and HC groups did not differ significantly on measures of age, gender, level
of education, occupational complexity scores, and CR composite scores. Expectedly, aMCI
participants scored significantly lower on measures of verbal episodic memory function,
obtaining lower scores on Logical Memory immediate (LM-I, p < 0.001) and delayed
(LM-11, p< 0.001) recall compared to HC participants. aMCI participants also scored lower
overall on the MMSE, measuring global cognition (p < 0.001).

Coghnitive reserve and memory proxy scores

The resultant CR composite score from the dimensionality reduction of educational and
occupational complexity variables accounted for 42% of the variance in the data across
groups. Factor loadings for years of education and occupational complexity with people
contributed the most to the CR composite (PC1) score. In all PCA analyses, occupational
complexity with things loaded in the opposite direction as educational attainment and
occupational complexity with people, consistent with results reported by Smart et al. [42],
where individuals displaying higher occupational complexity with data or people generally
displayed lower occupational complexity with things. The quantified composite memory
scores were significantly lower in aMCI compared with HC (p= 0.002).
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MRI outcome measures

Between-group differences in MRI outcomes have been described in our previous
publications [26, 27]. ICV was not significantly different between groups. However,

groups differed significantly on white matter hyperintensity volume (WMHV) (mL), where,
unexpectedly, the HC group presented with greater WMHV (p= 0.017) compared to

aMClI participants, and one aMCI participant was excluded because of excessive WMHV.
Therefore, we ran all subsequent analyses both with and without including WMHYV as a
covariate, which yielded similar outcomes.

Group differences in associations between CR and MTV

The regression analysis indicated significant (FDR corrected) group differences in the
association between CR and MTV in the left (T = 2.81, p= 0.007) and right (T = 3.65,

p < 0.001) dorsal cingulum, right parahippocampal cingulum (T = 2.54, p= 0.014), callosum
forceps major (T = 3.33, p= 0.002), right IFOF (T = 3.08, p=0.003), right ILF (T = 2.41,
p=0.019), left (T = 2.93, p= 0.004) and right (T = 2.81, p= 0.007) SLF, and right (T
=3.72, p< 0.001) thalamic radiation (Fig. 1a). For all of these associations, the regression
slopes were significantly lower in aMCI compared with HC (Fig. 2). We additionally

ran these analyses with and without including WMHYV as covariates, and these analyses
yielded similar outcomes. We also ran all analyses substituting categorical education with
continuous education (measured in years of education completed), and results remained
essentially similar.

Post-hoc within-group analyses in aMCIl and HC

Post-hoc within-group regression analyses for the associations between CR and MTV values
in the aMCI group revealed significant (FDR corrected) negative associations between CR
and MTV values in the left (T = -2.73, p= 0.002) and right (T = -3.06, p=—0.005)

dorsal cingulum, callosum forceps major (T = -3.4, p= 0.002), right IFOF (T =-2.37, p=
0.025) right SLF (T =-2.78, p= 0.009), and right (T = -3.35, p = 0.002) thalamic radiation
when age, gender, ICV, and composite memory ability were included as covariates (Fig.

1b). Regression analyses within the HC group indicated that increasing CR was significantly
associated with higher MTV values in the right parahippocampal cingulum (T = 2.15, p=
0.043), left SLF (T = 2.33, p= 0.029), and right thalamic radiation (T = 2.25, p= 0.035)
(Fig. 1c).

DISCUSSION

In the current study, we investigated group differences in the association of CR with white
matter tract MTV in aMCI versus HC participants, where MTV values were derived from
gMRI measurements and reflected the level of myelination in white matter tracts [25, 27].
Results of the current study indicated significant (FDR corrected) group differences in the
association between CR and white matter tract MTV in aMCI versus HC participants in

a subset of major white matter tracts known to be affected in pre-clinical and prodromal
AD. In all tracts displaying significant CR-by-group interactions with tract MTV outcomes,
higher CR in aMCI participants was associated with lower MTV, indicating decreased

tract myelination in aMCI patients with higher CR when age, gender, ICV, and overall
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memory ability were held constant. Results suggest that aMCI subjects with higher CR were
therefore able to tolerate higher levels of white matter tract pathology given the same level
of clinical severity, which is consistent with prior structural MRI evidence of CR in aMCI
and AD patients which support a compensatory role for CR in these patient populations

[19, 21, 47]. In HC participants, the opposite pattern was observed, and higher CR was
associated with increased MTYV, or higher white matter tract myelination, which is consistent
with prior evidence that CR may promote neuroprotective or brain maintenance mechanisms
among healthy participants which results in enhanced brain structure [17, 22-24].

Factors contributing to overall CR

We initially defined a composite CR proxy score via factor analysis of educational
attainment, defined categorically, and occupational complexity variables, as outlined under
the Dictionary of Occupational Titles (DOT). Of the education-occupational variables,
complexity of work with people contributed most to the overall CR composite score

across groups, consistent with prior evidence that involvement in complex interpersonal
interactions contributes significantly to overall CR [48]. This is also consistent with findings
by Boots et al. [18], where authors demonstrated that among the occupational complexity
variables, complexity of work with people led to the greatest effect on brain outcomes in
healthy middle-aged individuals at high risk for AD.

Early alterations to white matter tract microstructure in prodromal AD

Of the tracts displaying significant CR-by-group interactions, the dorsal cingulum,
parahippocampal cingulum, callosum forceps major, and IFOF tracts have consistently

been shown to display early white matter microstructural alterations in pre-clinical and
prodromal AD and are also implicated in memory function [49]. The dorsal cingulum and
parahippocampal cingulum tracts constitute the cingulum bundle, which is associated with
episodic memory decline in AD [26]. Additionally, the cingulum bundle interconnects the
posterior cingulate cortex with the entorhinal cortex and hippocampus, all of which are
among the first brain regions targeted by AD pathology [49]. Further, the dorsal cingulum,
callosum forceps major, and SLF tracts interconnect major hubs of the default mode network
(DMN), a large-scale, distributed cognitive network that is disrupted across a variety of
neurological conditions, including in AD [50]. The DMN is composed of a network of brain
regions that deactivate during cognitive tasks and display increased activity during episodic
memory tasks [51]. Resting-state functional connectivity of the DMN has also been shown
to reflect structural connectivity within the network, assessed using diffusion tensor imaging
[51], and decreased functional connectivity of the DMN in older adults has been shown

to correlate with declines in white matter integrity (mean regional anisotropy) [33, 52].
Additionally, results from our previous study indicated that decreased MTV in white matter
tracts, namely in tracts connecting integral DMN regions, was sensitive to macromolecular
volume loss in aMCI and distinguished aMCI from HC participants [27]. The DMN has also
previously been implicated in CR studies, where generally, higher CR was associated with
increased DMN functional connectivity across resting-sate fMRI studies of CR [17].
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Compensatory effect of CR in aMClI

Results in the aMCI group support compensatory models of reserve which posit that CR
acts by increasing the brain’s ability to buffer against cognitive decline with increasing
pathology, possibly by means of neural or cognitive compensation, and thus allowing
individuals with higher levels of CR to sustain higher levels of brain pathology while
maintaining a given level of cognitive functioning [14]. While the cross-sectional nature

of the current study does not allow for direct evidence that compensation underlies the
results observed in the aMCI group, previous CR research among the AD spectrum has
supported compensatory CR models across neuroimaging modalities, where patients with
higher CR have tolerated higher levels of brain pathology when matched for clinical
severity. Matching patients for clinical severity allows for the comparison of brain pathology
outcomes in a given sample assuming that all participants perform cognitively similar in
regards to memory or cognitive functioning. This pattern of findings has been demonstrated
across neuroimaging outcomes, including with measures of cortical volume and thickness,
white matter diffusion measures, fMRI, FDG-PET, cerebral blood flow, and postmortem
histopathology measures [7, 14, 17, 21, 53, 54]. For example, in a study by Boots et al.
[18], higher occupational attainment was associated with decreased hippocampal volume in
otherwise healthy middle-aged older adults at high risk for developing AD, as evidenced by
APOE status. Higher educational attainment was also correlated with decreased whole brain
and regional gray matter volumes in aMCI and AD patients [44, 55] and with increased
cortical thinning in frontal and temporoparietal association cortices in AD [56]. Studies
probing the relationship between CR and white matter microstructure in aMCI and AD
patients have also observed similar outcomes. One study found that higher composite CR
derived from education-occupational variables as well as from measures of participation in
stimulating leisure and physical activities was associated with decreased white matter tract
integrity in aMCI and AD patients, as evidenced by negative associations between CR and
FA in the genum and callosal body, bilateral cingulum bundle, ILF, SLF, and IFOF [19].
Another recent study [21] also observed that greater educational attainment in AD patients
was associated with lower FA in medial temporal and association tracts when patients were
matched for cognitive ability. The ability of aMCI and AD individuals with higher CR to
maintain similar cognition despite harboring higher levels of AD pathology may therefore
be attributed to an increase in compensatory cognitive or neural mechanisms. The latter
attribution is supported by fMRI studies showing that patients with higher CR displayed
higher activations in task-related regions and greater task-induced de-activations of the
DMN, indicating decreased task network efficiency which is paired with increased activation
in other (compensatory) regions [17]. Despite these lines of evidence, it is noteworthy that
results in the aMCI group may also reflect the fact that aMCI patients with lower MTV and
higher CR were likely in a more advanced stage of disease progression while aMCI patients
with higher MTV and lower CR may reflect an earlier disease stage.

Neuroprotective or brain maintenance effect of CR in HC

In contrast, results in the HC group indicated higher white matter tract MTV in response to
increasing CR, supporting potential neuroprotective or brain maintenance models of reserve.
While the current analysis does not allow us to determine if neuroprotective mechanisms
underlie the positive associations observed between CR and tract MTV outcomes in
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HC, results in the HC group are consistent with prior neuroimaging evidence supporting
neuroprotective effects of CR on brain structure among healthy participants from across
the aging spectrum [23, 24, 47, 53]. Higher composite CR in healthy elders has been
associated with increased whole brain [20] as well as regional [5, 53, 57] volumes. Higher
CR in healthy participants has also been associated with preservation of white matter in
inferior frontal regions [23], as well as with increased white matter integrity, as evidenced
by increased FA, with increasing education in the medial temporal lobe and association
fibers among healthy elders [21]. Higher CR has also been associated with increased whole
brain FA (but not gray matter volumes) in response to higher occupational complexity

in middle-aged, healthy adults [22], as well as with lower hippocampal mean diffusivity
(MD) in response to higher educational attainment in healthy, middle-aged controls [24].
Haut et al. [58] also found that in healthy young adults, higher CR derived through

factor analysis of years of education, Full Scale Intelligence Quotient (FSIQ), as well as
reading scores was associated with increased FA in the right ILF tract, possibly indicating
increased anterior-posterior connectivity in higher CR individuals. In a review of functional
neuroimaging studies of CR, Anthony and Lin (2017) [17] concluded that among healthy
participants, higher CR was associated with stronger functional connectivity of the ACC
with other DMN regions, providing support for neural reserve. Additionally, in a group of
healthy elders, higher CR was associated with increased gray matter volumes in the left
supramarginal gyrus and left middle frontal gyrus, even after including voxel-by-voxel fMRI
regional activations as covariates in the model, suggesting that CR affects neuronal structural
integrity [53].

Previous literature exploring the effects of CR in healthy individuals, however, has produced
mixed outcomes, where studies have observed no association, positive associations, or
negative associations of CR with brain outcomes. A recent study [38] found no association
between education and hippocampal MD or hippocampal volumes in a sample of healthy
older adults. In white matter, Arenaza-Urquijo et al. [19] observed a significant negative
correlation between CR and FA in the genu of the corpus callosum, where authors noted

the possibility that some participants classified as healthy controls may have been harboring
pre-clinical AD pathology, so it is possible that inconsistent outcomes across CR studies
may be in part due to the heterogeneity of healthy control samples [20].

Contrasting effect of CR on brain outcomes in aMCl versus HC

Finally, contrasting effects of CR in HC and aMCI/AD participants similar to outcomes
observed in the current study have also been reported in prior studies of CR that

have utilized other imaging modalities. Teipel et al. [21] observed that higher education
was associated with decreased white matter tract integrity (FA) in medial temporal and
association fibers in AD patients but increased white matter integrity in similar tracts

in healthy controls. Arenaza-Urquijo et al. [19] also reported evidence supporting brain
maintenance mechanisms in healthy elders compared with an increased ability to tolerate
pathological brain changes to white matter FA at similar memory performance in aMClI
subjects. An fMRI study [20] demonstrated significant CR-by-group interactions in healthy
elders and AD participants, where higher CR in healthy elders led to larger brain volumes
and increased neural efficiency (fMRI task activation) and lower brain volumes and less
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efficient activation of task-related networks in aMCl and AD. Bosch et al. [33] also
observed contrasting effects of composite CR on task-related fMRI signal during a speech
comprehension task, where higher CR led to increased activity in task-related regions

in addition to decreased DMN activity in aMCI and AD participants compared with
decreased activity in task-related regions and increased DMN activity in healthy elders
[17]. Furthermore, Ewers et al. [59] observed a significant interaction effect between level
of education and amyloid-p (Ap) burden in the posterior cingulate and angular gyrus when
age, gender, and global cognition were included as covariates, with higher education (CR)
associating with lower glucose metabolism in Ap+ (considered to be pre-clinical AD)
patients and vice versa in Ap—(considered as healthy control) participants.

While initially the aspects of reserve affecting structural (i.e., neuroprotective or brain
maintenance CR mechanisms) versus functional (i.e., compensation) components of CR
were thought of as distinct conceptual frameworks, much recent literature has suggested that
participation in enriching life experiences such as obtaining higher educational attainment
or greater occupational complexity affects both the structure and function of the brain

and therefore influences both neuroprotective/brain maintenance as well as compensatory
aspects of reserve [55, 60]. Participation in enriching life experiences may influence both
neural network efficiency as well as increase neuronal capacity, which is evidenced by
outcomes of increased volumetric measures or increased measures of white matter integrity
with increasing CR in healthy populations [53]. For example, the act of learning has

been speculated to influence white matter tracts by influencing the diameter of axons,
myelin thickness, the number of myelinated axons contained within white matter tracts,

in addition to other features of white matter microstructure [61]. Complementary research
in animals, as well as cross-sectional studies and longitudinal cognitive training studies

in humans have supported the idea that participating in enriching life experiences has the
potential to induce lasting structural brain morphological changes that in turn increase the
efficiency, capacity, or flexibility of brain networks underlying cognition [7, 62]. Engaging
in cognitively stimulating activities also promotes BDNF production, which is a known
promotor of neurogenesis and has been previously associated with neuronal plasticity [8]

as well as with the preservation of white matter integrity [63, 64]. Additionally, rats placed
in enriched environments have displayed increases in myelination of neuronal white matter
(measured using electron microscopy) in the splenium of the corpus callosum compared to
rats reared in impoverished conditions [65, 66]. Finally, numerous cognitive training studies
have demonstrated significant alterations to white matter microstructure (i.e., increasing FA)
in response to completing cognitive training programs [67], suggesting that experienced-
induced neuronal plasticity is reflected by measurable changes in neuronal white matter
[68]. Together, these studies suggest that engagement in enriching life experiences may
increase the structural integrity of the brain, which may also lead to an increased ability

to resist developing AD pathology and result in greater cognitive efficiency with increasing
CR [69]. Under the condition of developing AD pathology, such as in pre-clinical and
prodromal stages of AD, the protective effects of CR on brain structure may become
attenuated due to increasing pathological load [70]. Higher CR may then help in resisting
cognitive decline in the face of AD pathology, as evidenced by reduced neural efficiency
and increased neural compensation in functional neuroimaging studies or by worse structural
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pathology outcomes in aMCI and AD patients matched for cognitive ability. One theory

is that the mechanistic role for CR changes as AD progresses, conferring neuroprotection
and resistance to developing pathology (brain maintenance) in early disease stages until
reaching a critical point where developing pathology surpasses the neuroprotective functions
of CR. The mechanistic role for CR may then switch to one that is compensatory as AD
pathology continues to develop [55, 71]. However, further longitudinal studies of CR in
healthy and AD populations are warranted in order to both probe the neural underpinnings of
CR mechanisms as well as to determine if the neural implementations of CR change as AD
pathology progresses.

One limitation of the current study is that the analyses were performed on cross-sectional
data, and we were therefore unable to determine the underlying causal mechanistic
influences of CR on white matter tract myelination outcomes. Another limitation is that

we did not acquire PET measures as part of the current study and were therefore unable to
confirm amyloid or tau pathology burden within our sample. Additionally, other factors that
may contribute to CR were not included in our model. Contributions of lifestyle factors to
CR are likely to be quite complex, with many variables potentially influencing CR through
differential mechanisms that affect both active and passive CR components. Consequently,
an additional limitation of our study is that models in the current analysis did not adjust for
other important AD-risk factors also known to affect brain structure and health with aging
such as measures of diet, vascular health, sleep, exercise, early-life exposure to adverse or
traumatic experiences, engagement in stimulating late life leisure activities, or personality
measures such as resilience or self-efficacy measures [72]. Additionally, other environmental
factors influencing tract measures were not included as covariates in the regression models.
For example, we did not include socioeconomic status as a covariate in our regression
models; however, prior research has shown that associations between education and AD risk
persist, even when controlling for socioeconomic factors [10]. The current study also did
not consider APOE genotype since this measure was not collected as part of the study, and
possessing the APOE 4 gene variant confers higher AD risk and additionally has important
implications on cholesterol and lipid transport in the brain and has been hypothesized to
affect the growth and regeneration of neurons [49]. Epigenetic factors have also been shown
to influence white matter integrity [61]. A fully comprehensive CR model should therefore
integrate all factors impacting reserve in order to accurately predict outcomes of CR on both
brain imaging as well as on cognitive outcomes. Another challenge is in comparing brain
outcomes with other CR studies, since definitions of CR are inconsistent across studies.
Current education-occupation derived CR proxies such as the CR proxy utilized in the
current study are additionally limited to broad definitions of educational and occupational
attainment. These general educational and occupational classifications may result in variable
modifications on CR in different people. With regard to occupational complexity, individuals
holding the same occupational title may have variable work responsibilities as well as
different workloads. Additionally, the amount of time spent in a given occupation may
impact occupational complexity contributions to CR.

Overall, the results of the current study provide unique support for the effect of CR on white
matter tract macromolecular content in aMCI compared to HC subjects. In aMCI subjects,
positive associations of CR with white matter tract MTV outcomes indicated that higher CR
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individuals could sustain worse tract pathology while controlling for memory differences,
suggesting that these individuals may revert to compensatory neural or cognitive means of
maintaining cognition when AD white matter tract pathology is present. In contrast, results
in HC indicated that higher CR was associated with increased MTV outcomes (increased
myelination), suggesting that CR may even confer some level of neuroprotection through
experienced-induced tract myelination and aide in resisting pathological changes with aging.
Further research delineating more sensitive and robust definitions for CR and its constituents
as well as further elucidation of which neural mechanisms underlie CR in both healthy
elders as well as AD participants will supplement our understanding of how experience
modulates brain structure and function in both pathological and normal aging. Evidence
suggesting CR may delay behavioral symptom presentations of AD or prevent its onset
exhort further investigations of CR mechanisms, as even delaying the onset of AD would
greatly reduce its prevalence in the population [73]. Additionally, further research on the
neural underpinnings of CR will eventually reveal how we can harness this knowledge in
order to develop novel, experience-based cognitive therapies for preventing or delaying AD
onset and aide our understanding how these modifiable life experiences influence cognitive
outcomes in healthy and pathological aging.
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Fig. 1.
a) Tracts displaying significant (FDR corrected) between-group differences in the

association between CR with MTV outcomes: left and right dorsal cingulum, right
parahippocampal cingulum, callosum forceps major, right IFOF, right ILF, left and right
SLF, and right thalamic radiation. b) Significant (uncorrected) within-group associations
between CR and MTV in aMCI: left and right dorsal cingulum, callosum forceps major,
right IFOF, right SLF, and right thalamic radiation. c) Significant (uncorrected) within-group
associations between CR and MTV in HC: right parahippocampal cingulum, left SLF, and
right thalamic radiation.
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Fig. 2.

Significant group differences in the association between CR and MTV outcomes in the

(a) left dorsal cingulum (b) right parahippocampal cingulum, (c) right IFOF, and (d) right
ILF. MTV values were adjusted for age, gender, ICV, and memory ability. The relationship
between CR and MTV was more negative in aMCI versus HC participants in all tracts
showing significant CR-by-group interactions. HC, healthy elders; aMCI, amnestic mild
cognitive impairment; MTV, macromolecular tissue volume; IFOF, inferior fronto-occipital
fasciculus; ILF, inferior longitudinal fasciculus
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