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Background—The influence of reserve variables and Alzheimer’s disease (AD) biomarkers on
cognitive test performance has been fairly well-characterized. However, less is known about the
influence of these factors on “non-cognitive” outcomes, including functional abilities and mood.

Objective—We examined whether cognitive and brain reserve variables mediate how AD
biomarker levels in cognitively normal persons predict future changes in function, mood, and
neuropsychiatric behavior.

Methods—Non-cognitive outcomes were examined in 328 individuals 50 years and older
enrolled in ongoing studies of aging and dementia at the Knight Alzheimer Disease Research
Center (ADRC). All participants were cognitively normal at baseline (Clinical Dementia Rating
[CDR] 0), completed cerebrospinal fluid (CSF) and structural neuroimaging studies within one
year of baseline, and were followed for an average of 4.6 annual visits. Linear mixed effects
models explored how cognitive reserve and brain reserve variables mediate the relationships
between AD biomarker levels and changes in function, mood, and neuropsychiatric behavior in
cognitively normal participants.

Results—Education levels did not have a significant effect on predicting non-cognitive decline.
However, participants with smaller brain volumes exhibited the worst outcomes on measures of
mood, functional abilities, and behavioral disturbance. This effect was most pronounced in
individuals who also had abnormal CSF biomarkers.

Conclusions—The findings suggest that brain reserve plays a stronger, or earlier, role than

cognitive reserve in protecting against non-cognitive impairment in AD.

Keywords
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INTRODUCTION

Evidence suggests that the pathophysiological process of AD begins years, possibly decades,
before symptoms emerge and a diagnosis of clinical dementia is made [1-4]. Thus a
“preclinical” or “asymptomatic” stage of AD exists, where underlying pathology is present
in the brain but symptoms have yet to be expressed [5]. The goal of this study was to use
biomarkers and variables representing cognitive and brain reserve in the preclinical stage to
predict future “non-cognitive” changes. Importantly, the preclinical stage offers a strategic
and underutilized opportunity for therapeutic intervention [5]. Such interventions would aim
to combat progression of the underlying disease process to slow or halt conversion from
asymptomatic to symptomatic AD.

The concept of reserve arose when studies noted a disjunction between the presence of AD
pathology in brains examined at autopsy and its clinical expression during life. One of the
earliest findings in this area noted advanced AD pathology in the brains of older adults who
were clearly cognitively normal during life, particularly those with larger brains [6]. This
suggested that individuals with more and larger neurons could harbor advanced AD
pathology while remaining cognitively normal. The idea of a buffer or “reserve” between
pathology and its clinical expression was hypothesized to explain this disjunction—
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individuals with greater reserve can withstand more pathology without becoming cognitively
impaired than individuals with less reserve. Stern and colleagues proposed two models of
reserve, brain reserve and cognitive reserve, to explain how the brain copes with
neuropathology [7]. The brain reserve hypothesis is a passive model whereby differences in
innate anatomic features, such as larger brain size, allow certain individuals to withstand
more damage from AD pathology before dementiarelated cognitive impairment emerges [7,
8]. Under this model, a fixed threshold exists between clinical normality and impairment.
Anatomical advantages may represent a physical buffer that must be depleted before the
critical threshold for clinical expression is reached. Brain volume is commonly used to
assess brain reserve [7]. In contrast to brain reserve, the cognitive reserve hypothesis
proposes an active model whereby high reserve individuals actively cope with
neuropathology. Cognitive reserve concerns the efficiency of the handling of neural
resources; for example, high cognitive reserve individuals may employ alternate cognitive
processing paradigms when the primary paradigm becomes impaired. This may take the
form of the use of compensatory brain networks [7]. Cognitive reserve is influenced by
certain environmental exposures, such as years of education. Other measures, including
participation in cognitively stimulating leisure activities, are also believed to reflect
cognitive reserve [9].

Advances in AD research have identified biomarkers that allow for the /n vivo assessment of
AD pathology [5, 10]. These biomarkers can be used to detect evidence of AD pathology in
the preclinical stage of the disorder. Cerebrospinal fluid (CSF) biomarkers are ascertained
via lumbar puncture [5, 11-15]. Commonly used CSF biomarkers include levels of soluble
AB (AB1_42) as well as tau and phosphorylated tau (ptau;g1). Additionally, the ratios of tau/
AB1-_42 and ptauygi/AP1_42 are commonly studied [16]. All of the aforementioned CSF
biomarkers have been demonstrated to predict progression to symptomatic AD [16, 17] and
are used in this study.

It has also been demonstrated that the inclusion of reserve variables in predictive biomarker
models increases the accuracy of predicting future cognitive impairment [17]. The ability to
predict future impairment years in advance is of particular interest to medical professionals
and healthcare providers, as it would quantify the rate of progression to symptomatic AD
and may help in identifying the optimal time of treatment administration.

“Non-cognitive” outcomes of AD, although often overlooked, are important features of the
disease [18]. Many studies address AD in the scope of cognitive deficits, but the impact of
the disease on functional abilities and other non-cognitive disease features that are important
to daily living is addressed much less frequently. Important non-cognitive outcomes include
the ability to perform instrumental activities of daily living (IADLs) and mood dysregulation
such as anxiety and depression. Although we refer to these non-traditional outcomes as non-
cognitive outcomes, we understand that they are not entirely exclusive from cognitive
changes, since function is always to some extent dependent on cognition [19, 20].
Researchers are just beginning to examine the relationship between AD biomarkers and non-
cognitive outcomes; one longitudinal study found that CSF biomarkers of Ap1_4o, tau, and
ptauq g1 predicted future functional decline among participants who were cognitively normal
at baseline [21].
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It is unknown how cognitive and brain reserve mediate associations between AD biomarkers
and non-cognitive outcomes of the disease. Longitudinal data available in large-scale
repositories is supportive of such studies. These repositories allow detailed examination of a
large sample of individuals followed over a period of several years. The Washington
University Knight ADRC is well-positioned to examine these associations.

This study used longitudinal data from participants enrolled in ongoing studies of normal
aging and dementia at the Knight ADRC. Linear mixed effects models explored how
cognitive reserve and brain reserve variables mediate the relationships between AD
biomarker levels and changes with time in function, mood, and neuropsychiatric behavior in
cognitively normal participants. To our knowledge, this study is the first of its kind to
examine these temporal outcomes in this manner.

MATERIALS AND METHODS

Participants

Data from participants enrolled in longitudinal studies at the Knight ADRC were used in this
study. Specifically, participants were a subset of the participants enrolled in the Knight
ADRC whose data were used for a 2013 study by Roe et al. [22], who had completed CSF
and structural neuroimaging studies. The Knight ADRC recruits participants for yearly
assessments from the greater St. Louis area through word-of-mouth, advertisements, and
community events. The recruitment process has been previously described in detail [23].
Unless individuals have health conditions that may interfere with longitudinal follow-up,
they are not excluded from participation [24].

Standard protocol approvals, registrations, and patient consents

Study protocols were approved by the Washington University Human Research Protection
Office, and written informed consent was obtained for all participants.

Clinical assessments

Accompanied by a collateral source, participants complete a general physical and neurologic
examination, psychometric testing, and also provide their health and medication histories at
yearly follow-up visits. Experienced clinicians who are blind to each participant’s CSF and
neuroimaging results as well as current and prior clinical and psychometric assessments
complete a clinical assessment, the results of which yield a Clinical Dementia Rating [25,
26] (CDR). The CDR is derived from the synthesis of information obtained from the
neurologic examination and interviews with the participant and separately with the collateral
source. The clinician’s judgment about the presence of dementia is based on the principle of
intraindividual change where the individual is used as his or her own control. The CDR is
derived in accordance with a standard scoring algorithm: 0= no dementia, 0.5 = very mild
dementia, 1.5= mild dementia, 2.5= moderate dementia, and 3 = severe dementia. A CDR
>0.5 indicates clinically significant cognitive impairment [26]. Participants also complete a
Mini-Mental State Examination (MMSE) [27] at each visit. Additionally, several tests assess
non-cognitive impairment associated with AD.
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Non-cognitive outcomes

Functional Activities Questionnaire (FAQ)—The FAQ assesses the ability to perform
IADLs [28]. The FAQ asks whether in the last 4 weeks the patient had difficulty or needed
help with tasks such as handling financial and business affairs, participating in leisure
activities, preparing meals, keeping track of current events, and managing other daily
personal affairs. Higher scores indicate greater functional impairment [29].

Neuropsychiatric Inventory Questionnaire (NPI-Q)—The NPI-Q assesses
neuropsychiatric symptoms and psychopathology in patients with AD or similar
neurodegenerative diseases [30]. It addresses the frequency and severity of several
behavioral and psychological symptoms including delusions, hallucinations, aggression, and
anxiety. Higher scores indicate greater frequency and severity [31].

Geriatric Depression Scale (GDS)—The GDS is used to identify symptoms of
depression specific to older adult populations. Higher scores on the GDS indicate greater
depressive symptomatology [32].

Structural MRI

MR acquisition and image processing—All participants underwent baseline magnetic
resonance imaging (MRI). Image processing steps have been described in detail in previous
publications [33-35] and included averaging across scans, inhomogeneity correction, and
inter- and intra-scan motion correction. Intracranial volumes (ICV) were derived using the
Atlas Scaling Factor (ASF) method described in detail by Buckner et al. [33]

Regional volumetry—Regional volume estimates are obtained using the FreeSurfer
image analysis suite [36—-38]. Each voxel in an MR image is assigned a neuroanatomical
label based on probabilistic information from a manually labeled training set. This technique
generates volumes with a high correspondence to manually generated volumes [38]. The
total brain volume estimate was taken as the sum of white and gray matter voxels. Primary
analyses did not include the cerebellum in the total brain volume calculation. Whole brain
volumes were normalized for differences in ICV using linear regression prior to completion
of the main analyses [33].

CSF measurement

Trained neurologists performed lumbar punctures at 8:00 AM following an overnight fast to
draw 20-30 mL of CSF from participants using a 22-gauge Sprotte spinal needle. Samples
were then gently inverted and centrifuged at low speed to avoid possible gradient effects and
frozen at —84°C after aliquotion into propylene tubes [39]. Samples were analyzed using
enzyme-linked immunosorbant assay (INNOTEST; Fujirebio, formerly Innogenetics, Ghent,
Belgium) to ascertain AP;_sp, tau, and ptausg; levels. CSF abnormality is indicated by high
tau, ptauq gy, tau/Ap1_42, and ptausg1/AP1_4p values, whereas low values of ABq_4» are
abnormal [10].
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Inclusion criteria

Data from participants who (1) donated CSF within one year of a clinical assessment
indicating that the participant had normal cognition (CDR 0), (2) had at least one additional
assessment following the baseline index assessment, and (3) were age 50 years or older at
the time of the index assessment were included in analyses.

Statistical analyses

Analyses examined whether each of the CSF biomarkers in conjunction with reserve
variables predicted decline in selected non-cognitive outcomes over time using linear mixed
models, which included the intercept and slope terms as random effects. Due to the large
number of comparisons, p-values less than 0.01 were considered significant.

Dichotomization of education—Two education groups were defined and each
participant was categorized as (1) low education (less than or equal to 16 years;
undergraduate studies or less) or (2) high education (greater than 16 years; postgraduate
studies).

Dichotomization of intracranial volume and normalized brain volume—Each
participant was categorized into one of two groups (high or low) for ICV and total brain
volume (normalized by ICV) using a median split.

Dichotomization of CSF biomarker values—Each participant was categorized into
one of two groups (normal or abnormal) for each CSF biomarker value based on previously
used cutoffs: 500 pg/mL for AB1_4, 440 pg/mL for tau, 78 pg/mL for ptausg;, 0.94 for tau/
AB1_42, and 0.15 for ptauig1/AB1-42 [40].

Creation of multilevel variables—Several four-level variables were then created using
the dichotomized variables in order to examine the combined effects of variables of interest.
These combinations included (1) each of the biomarkers (normal or abnormal) combined
with education (high or low) and (2) each of the biomarkers (normal or abnormal) combined
with total brain volume (high or low) or total intracranial volume (high or low).

Linear mixed models—For each of the combination variables created, linear mixed
models were used to examine whether there were differences in the slopes of FAQ scores,
NPI-Q scores, and GDS scores across follow-up as a function of the combination variables.
Models included fixed effects for baseline age, gender, time on study (in years from
baseline) and each reserve variable of interest and its interaction with time on study. Random
terms were included for participant and time on study. Analyses were conducted in R 3.0.1
using the Ime4 package [41].

RESULTS

Demographics

Table 1 provides demographic data for the (n7 = 328) participants meeting inclusion criteria.
Fifty-eight of the participants (17.7%) were no longer classified as cognitively normal by the
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end of their follow-up. Follow up times ranged from 0.9 years to 14.5 years. Participants had
a mean of 4.6 (SD = 2.3) follow-ups each with a total of 1506 person-visits. Abnormal
biomarker values were observed in /7 =108 (32.9%) individuals for AB1_42, 7= 51 (15.6%)
individuals for tau, 7= 52 (15.9%) individuals for ptau;gy, 7 =50 (15.2%) individuals for
tau/AB1-42, and n =61 (18.6%) individuals for ptau;g1/AP1_42. The low education group
comprised 64.6% (n= 212) of participants, while the high education group comprised 35.4%
(n=116).

CSF biomarkers and education (Supplementary Table 1; Fig. 1)

Abnormal levels of each biomarker were related to higher NPI-Q, GDS, and FAQ scores
(poorer outcome) with time. The abnormal biomarker groups tended to show significantly
steeper slopes than the normal biomarker groups when biomarker status was combined with
education. However, the slopes of the abnormal biomarkers/high education groups and
abnormal biomarkers/low education groups did not significantly differ, nor did the slopes
between each of the normal biomarkers/high education groups and normal biomarkers/low
education groups. This indicates no significant multiplicative effect of education.

CSF biomarkers and brain volume (Supplementary Table 2; Fig. 2)

Values of each biomarker were associated with change across time in NPI1-Q, GDS, and FAQ
scores such that abnormal levels of each biomarker and low total brain volume were related
to higher scores (poorer outcome) with time. The abnormal biomarkers/low brain volume
groups exhibited the worst outcomes. The slopes between each of the abnormal biomarkers/
high brain volume groups and abnormal biomarkers/low brain volume groups significantly
differed from each other. However, there were no differences in slopes between groups with
normal biomarker levels. From most steep decline to least steep decline, the groups ordered:
(1) abnormal biomarkers/low brain volume, (2) normal biomarkers/low brain volume, (3)
abnormal biomarkers/high brain volume, (4) normal biomarkers/high brain volume.

Our measure of total brain volume did not include the cerebellum. As a sensitivity analysis,
models were repeated using the total brain volume estimate including the cerebellum. The
results were similar to the models that did not include the cerebellum.

CSF biomarkers and intracranial volume (Supplementary Table 3)

Participants with larger intracranial volumes and abnormal biomarker values had
significantly increasing functional impairment on FAQ, neuropsychiatric symptoms on NPI-
Q, and depressive symptoms on GDS. Participants with abnormal CSF biomarkers and
smaller intracranial volumes also showed increases in FAQ, NPI-Q, and GDS relative to
those with normal biomarkers. However, CSF biomarker ratio scores showed little difference
in slopes between smaller and larger intracranial volumes suggesting that abnormal CSF
biomarkers primarily drove associations in these models, whereas levels of maximal brain
growth, as indicated by intracranial volume, had no significant moderating effect on non-
cognitive outcomes.
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DISCUSSION

The results show that non-cognitive decline was linked to baseline biomarker levels and
brain volume. Abnormal biomarker levels and low brain volumes were associated with more
difficulties with IADLs and worsening in neuropsychiatric and mood symptoms. Though
education or maximal brain growth, as measured by intracranial volumes, did not strongly
affect the predictive abilities of CSF biomarkers, brain volume exhibited a pronounced effect
when combined with biomarker status to predict changes in function, mood, and behavior.

We have previously explored whether CSF AP1_42, tau, ptausgs, tau/AB1_4», and ptauqgy/
AB1_42 predict future decline in the same non-cognitive outcomes we explored [22]. They
found that abnormal levels of each biomarker were related to greater impairment over time
in all non-cognitive outcomes tested. Our results extend these findings by suggesting that
normalized whole brain volume, an easily-acquired individual anatomical characteristic, has
a strong mediational effect on this relationship. It is relevant to note that our whole brain
volume measure additionally may reflect, at least in part, the AD pathological process
through neuronal injury or death.

The ability of biomarkers and reserve variables to predict the onset of recognizable cognitive
impairment has been studied [17]. Higher levels of education and greater brain volume seem
to delay or slow the onset of cognitive symptomatology associated with AD pathology.
According to the reserve theory, higher levels of education and cognitive stimulation may
provide resistance to dementia symptoms through promoting the use of alternate or
compensatory cognitive processing paradigms in the presence of brain damage [7].
Likewise, larger brain size may confer a greater amount of neuronal resources available for
use under pathological insult that would allow for those with larger brain to cope with AD
pathology for longer times [7, 8]. Both coping mechanisms, through numerous studies, have
been shown to stave off the manifestation of cognitive impairment in AD. The fact that our
results did not show a significant effect of education may indicate that although education
builds cognitive reserve, it does not protect against non-cognitive impairment. Similarly, we
did not find that levels of maximal brain growth had protective effects on non-cognitive
outcomes. Thus, cognitive reserve may be specific to cognitive outcomes of AD (e.g.,
memory, orientation, judgment, executive function). Brain reserve, as quantified by brain
volume, was shown to be protective against non-cognitive decline, suggesting that the same
anatomical advantages that provide a buffer against cognitive impairment also attenuate non-
cognitive impairment.

Growing evidence suggests that the presence of positive AD biomarkers in clinically normal
individuals is reflective of preclinical AD and may signal imminent dementia. As noted,
approximately 18% of participants developed cognitive problems in our follow-up period.
Future research should explore whether the rate of decline in non-cognitive outcomes is
linear across the course of AD, from the preclinical stage through the symptomatic stages.

Current efforts are working toward the development of therapies to slow or halt the disease
process. It is believed that once these therapies exist, they will likely be most effective if
used during the preclinical stage, before symptoms have emerged. It is imperative that we

J Alzheimers Dis. Author manuscript; available in PMC 2016 September 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ingber et al.

Page 9

understand the temporal relationship between abnormal biomarker values, the onset of
cognitive impairment, and characteristics that affect that relationship to pinpoint the most
effective time for treatment. The findings of this study contribute to this cause, elucidating
the factors that affect the relationship between biomarkers and future non-cognitive
impairment. Recently, Razlighi et al. developed an algorithm that uses data gathered from a
single patient visit to predict time from AD onset to disease endpoints including death,
institutionalization, and need for full-time care [42]. Our study contributes to the growing
body of literature in this field that may lead to the development of individualized risk
profiles that can be used by physicians to predict the time course to the emergence of AD
symptoms, facilitating the design and use of patient-specific treatment strategies.

There are some important limitations to consider when interpreting these results. Due to the
historical legacy of our dataset, our measures of functional ability, neuropsychiatric
symptoms, and mood may not be as sensitive or comprehensive as other measures. Also, due
to the exploratory nature of these analyses, we did not examine how specific features of non-
cognitive outcomes were associated with CSF biomarkers and brain volumes.

In summary, our results indicate that future changes in function, behavior, and mood are
linked to baseline biomarker values and total brain volume. Abnormal biomarkers and low
brain volume were associated with greater and more rapid non-cognitive impairment as
measured by FAQ, NPI-Q, and GDS scores. The lack of an effect of education suggests that
cognitive reserve does not serve as buffer against non-cognitive changes with time in AD, at
least at its earliest stages. The rather strong effect of brain volume on the other hand suggests
that brain reserve acts as a mediating force between increasing AD pathology and non-
cognitive decline over time.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Functional Abilities Questionnaire (FAQ) predicted values adjusted for age and gender and
stratified by levels of cerebrospinal fluid biomarkers and education are shown plotted over
years from baseline biomarker assessment. Higher scores indicate worse outcomes.
Participants with abnormal biomarker levels had the worst outcomes compared to
participants with normal biomarker levels (all p’s < 0.05). Plots were similar for other non-
cognitive outcomes including the Geriatric Depression Scale (GDS) and the

Neuropsychiatric Inventory Questionnaire (NPI-Q).
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Functional Abilities Questionnaire (FAQ) predicted values adjusted for age and gender and
stratified by levels of cerebrospinal fluid biomarkers and brain volume are shown plotted
over years from baseline biomarker assessment. Higher scores indicate worse outcomes.
Participants with abnormal biomarker levels and low brain volumes had the worst outcomes,
compared to all other participants (all p’s < 0.05). Plots were similar for other non-cognitive
outcomes including the Geriatric Depression Scale (GDS) and the Neuropsychiatric
Inventory Questionnaire (NPI-Q).
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Table 1
Demographics (7= 328)

Mean (SD)
Age at first visit, y 68.0 (8.2)
Women, N (%) 206 (62.8)
Minority race, N (%) 20(6.1)
Baseline MMSE 29.15(1.1)
Baseline CDR-SB 0.024 (0.11)
Progressed to CDR >0, NV (%) 58 (17.7)
Education, y 15.70 (4.9)
Time between lumbar puncture and baseline clinical assessment,y ~ 0.28 (0.14)
Time between MRI and baseline clinical assessment, y 0.84 (1.4)
Follow-up visits, N 4.60 (2.3)
Follow-up time, y 4.90 (2.5)
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MMSE, Mini-Mental State Examination; CDR, Clinical Dementia Rating; CDR-SB, Clinical Dementia Rating Sum of Boxes; MRI, magnetic

resonance imaging.

J Alzheimers Dis. Author manuscript; available in PMC 2016 September 21.



	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Participants
	Standard protocol approvals, registrations, and patient consents
	Clinical assessments
	Non-cognitive outcomes
	Functional Activities Questionnaire (FAQ)
	Neuropsychiatric Inventory Questionnaire (NPI-Q)
	Geriatric Depression Scale (GDS)

	Structural MRI
	MR acquisition and image processing
	Regional volumetry

	CSF measurement
	Inclusion criteria
	Statistical analyses
	Dichotomization of education
	Dichotomization of intracranial volume and normalized brain volume
	Dichotomization of CSF biomarker values
	Creation of multilevel variables
	Linear mixed models


	RESULTS
	Demographics
	CSF biomarkers and education (Supplementary Table 1; Fig. 1)
	CSF biomarkers and brain volume (Supplementary Table 2; Fig. 2)
	CSF biomarkers and intracranial volume (Supplementary Table 3)

	DISCUSSION
	References
	Fig. 1
	Fig. 2
	Table 1

