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Abstract

Objective: Cognitive reserve is a concept that explains individual differences in resilience to
brain pathology and susceptibility to poor late-life cognitive outcomes. We evaluate the analogous
concept of ‘Functional Reserve,” defined as the difference between observed functional abilities
and those predicted by brain structure, cognitive performance, and demographics. This study aims
to validate the construct of functional reserve by testing its utility in predicting clinical outcomes
and exploring its predictors.

Method: Longitudinal data collected annually for up to seven years from 1,084 older adults
(Ngementia=163; Nnpmc1=333; ncny=523) were analyzed. Functional reserve was operationalized as
the residual variance in the Lawton-Brody Instrumental Activities of Daily Living (IADL) Scale
after accounting for demographics (sex/gender, race, ethnicity, education), neuropathology (grey
matter, hippocampal, and white matter hyperintensity volumes), and cognition (executive function,
verbal episodic memory, semantic memory, and spatial function). Structural equation models
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estimated (1) functional reserve’s associations with 7-year changes in clinical diagnosis and
disease severity and (2) predictors of functional reserve.

Results: Functional reserve was lower in dementia versus cognitively normal individuals. Higher
baseline functional reserve was associated with lower concurrent dementia severity and slower
clinical progression, and attenuated the association of cognition with concurrent dementia severity.
Physical function and apathy were the strongest predictors of functional reserve.

Conclusions: Results provide preliminary validation of functional reserve for explaining
individual differences in susceptibility to IADL dysfunction independent of neuropathology,
cognition, and demographics. Physical functioning and apathy are promising modifiable
intervention targets to enhance functional reserve in the context of brain atrophy and cognitive
decline.

Keywords

cognitive reserve; dementia; functional abilities; instrumental activities of daily living (IADLS);
older adults

Older adulthood is characterized by increases in age-associated brain pathology as well as
declines in cognitive and functional abilities, with substantial inter-individual heterogeneity
in trajectories of decline. The concept of cognitive reserve was developed to describe
observed variability in late-life cognition (Reed et al., 2010; Satz, 1993; Stern, 2002; Stern
et al., 2018; Stern & Barulli, 2019), particularly with respect to cognitive health outcomes.
However, less is known about variability in late-life functional ability and its relationship

to clinical outcomes such as dementia, independent of cognition and neuropathology. For
example, we do not yet fully understand why some individuals with relatively high degree
of cognitive impairment remain functionally independent and others with comparatively
lower levels of cognitive impairment are much more disabled. This has considerable clinical
importance. For example, the concept of mild cognitive impairment (MCI) is defined as

a transitional state between normal cognition and dementia. A primary difference between
MCI and dementia is the relative absence of functional deficits and associated loss of
independence in MCI compared with dementia (Albert et al., 2011). Accordingly, two
individuals who have the same level of cognitive impairment and neuropathologic changes
could have considerably different degrees of functional impairment, wherein one individual
has intact instrumental activities of daily living (IADLSs) and the other has impaired

IADLs. Despite having identical brain and cognitive status, the former person would be
diagnosed with MCI and the latter person would be diagnosed with dementia. Beyond

the (somewhat arbitrary) diagnostic label, elucidating the mechanisms that help maintain
functional independence is important for enhancing quality of life and decreasing burden on
families, caregivers, and society (Callahan et al., 2015; Hurd, Martorell, Delavande, Mullen,
& Langa, 2013; Kawaharada et al., 2019).

Beyond diagnositic importance, there is a large body of work demonstrating that
neuropsychological performance (particularly episodic memory and executive functioning)
helps to explain degree of functional impairment (Bell-McGinty, Podell, Franzen, Baird,
& Williams, 2002; Farias, Mungas, Reed, Haan, & Jagust, 2004; Grigsby, Kaye, Baxter,
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Shetterly, & Hamman, 1998). However, neuropsychological performance, alone or in
combination with demographic variables, typically accounts for only a quarter to a third

of the variance in functional outcomes (Royall et al., 2007). Inclusion of structural and/or
functional brain integrity measures may account for additional variance in functional
abilities (Nadkarni, Levy-Cooperman, & Black, 2012; Overdorp, Kessels, Claassen, &
Oosterman, 2016; Roy et al., 2014) beyond cognitive test performance. For example,
findings from a systematic review of 20 studies conducted in older adult samples concluded
that alterations in brain morphology, including hippocampal atrophy and white matter
changes, were associated with poorer IADL performance independent of neuropsychological
test scores (Overdorp et al., 2016). Therefore, the literature described above suggests that
cognition and brain integrity contribute both shared and unique sources of variance toward
maintaining intact IADLs. Nonetheless, much of the variance in IADL function remains
unexplained even after accounting for these variables plus demographic data.

This remaining unexplained variance can therefore be interpreted to represent the construct
of “functional reserve,” which we define here as the residual variance in functional abilities
after accounting for cognition, brain integrity, and demographics. One prior study measured
functional reserve as the protective influence of participating in IADLs thoughout life,
operationalized as a proxy variable calculated by summing participants history of ever
conducting various IADLs (Berezuk et al., 2017). The study found that less participation in
IADIs was a risk for greater dependence, supporting the potential usefulness of the concept
of functional reserve. Extending this prior cross-sectional work, the current study explicitly
models functional reserve as the mismatch between actual and expected functional (IADL)
performance predicted by brain integrity, cognitive test scores, and demographic variables
(e.g., education, sex/gender, and race/ethnicity). Using this operationalization, a person with
high reserve has better functional performance than predicted, and conversely, a person with
low reserve has worse functional performance than predicted. This same method has been
applied to defining cognitive reserve (McKenzie et al., 2020; Reed et al., 2010; Zahodne et
al., 2013), which has demonstrated validity as a construct that buffers cognitive ability from
the effects of brain disease.

Conceptually, functional reserve is posited to operate analogously to cognitive reserve; that
is, to modify the expected association of cognitive performance with dementia-relevant
clinical outcomes such as clinical diagnosis and progression. As with the residualized
cognitive reserve variable (Reed et al., 2010), demographics, brain, and cognitive variables
are included as covariates in our proposed functional reserve model as they represent sources
of variability in IADL performance. Furthermore, all else equal, greater functional reserve
should be associated with less severe dementia and a slower rate of clinical progression.
Similar to theoretical and empirical work on cognitive reserve (Stern, 2002; Stern et al.,
2018), functional reserve should buffer against the deleterious effects of lower cognitive
performance on clinical dementia severity outcomes. Within this ‘reserve’ framework,
individuals with high functional reserve are expected to demonstrate greater functional
independence and lower dementia severity than would be predicted on the basis of their
cognitive functioning, whereas the opposite pattern would be expected in people with low
functional reserve.

Neuropsychology. Author manuscript; available in PMC 2022 January 12.
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One advantage of modeling functional reserve as the residual variance in IADL performance
not explained by cognition, brain variables, and demographics, is that such an approach
allows for the elucidation of factors that contribute to better or worse functional reserve.
There are a multitude of such candidate factors (Verbrugge & Jette, 1994). For example,
previous studies have shown that neuropsychiatric symptoms, particularly depression

and apathy, can negatively impact functional abilities independent of cognition (Hinton,
Tomaszewski Farias, & Wegelin, 2008; Okura et al., 2010; Rog et al., 2014). Depression
and apathy may be particularly salient in the context of cognitive health outcomes. Indeed,
they have been observed to be two of the most prevalent neuropsychiatric symptoms in a
sample of older adults with normal cognition, cognitive impairment, and dementia (Okura
et al., 2010). Conversely, intrapersonal characteristics and habits, such as use of good
compensatory strategies (e.g., keeping a calendar and taking notes) are associated with better
functional abilities and slower rates of functional decline, independent of cognitive function
(Farias et al., 2019, 2018). Additionally, physical impairments that affect ambulation or
other motor functions can contribute to functional disability independent of other health
issues. Importantly, many of these factors are potentially modifiable and thus could be the
target of interventions to support greater functional reserve and preserved independence in
the context of neurodegenerative disease.

In summary, the aims of this paper are threefold: (1) to empirically operationalize the
construct of functional reserve as the variance not explained by cognitive impairment and
brain degeneration and examine its validity with respect to its association with clinical
outcomes, (2) to test whether baseline functional reserve modifies associations between
cognitive performance and clinical outcomes, and (3) to identify potentially modifiable
factors that predict functional reserve. Regarding the first aim, we hypothesize that greater
functional reserve will be associated with better clinical outcomes in terms of both dementia
severity (i.e., lower initial dementia severity and slower clinical progression over the follow-
up period up to seven years) and diagnosis (i.e., less impaired diagnosis concurrently and
lower likelihood of conversion from cognitively normal or MCI to dementia). Regarding the
second aim, we hypothesize that greater functional reserve will attenuate the associations of
cognitive performance with clinical dementia severity outcomes. Regarding the third aim,
we hypothesize that greater compensatory abilities, better physical function, and lower levels
of depression and apathy will predict higher functional reserve.

Method

Participants

Participants (V= 1,084) underwent evaluation at the University of California, Davis
Alzheimer’s Disease Center as part of a longitudinal study of cognitive aging and dementia.
Participants were recruited via memory clinic referrals and community outreach. All
participants were tested in their preferred language of either English or Spanish. Recruitment
method and cohort composition have been described elsewhere (Hinton et al., 2010); of
note, the recruitment methods were designed to build a diverse cohort of participants with
respect to race, ethnicity, language, referral source (clinic vs. community), and cognitive
status.

Neuropsychology. Author manuscript; available in PMC 2022 January 12.
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Participants were included in the study if they were age 60 years or older. They were
excluded if they had any unstable major medical illness, major primary psychiatric disorder
(e.g., history of schizophrenia or bipolar disorder), or a substance abuse or dependence
diagnosis in the last five years. Participants unable to undergo magnetic resonance imaging
(MRI) scanning were excluded. All participants provided written informed consent. The
study was approved by Institutional Review Boards at the University of California, Davis,
the Veterans Administration Northern California Health Care System, and the San Joaquin
General Hospital in Stockton, California.

Clinical Dementia Rating.—The Clinical Dementia Rating (CDR; Morris, 1993) is a
structured caregiver and participant interview that assesses six functional domains, including
memory, orientation, judgment and problem solving, community affairs, home and hobbies,
and personal care. The current study used the CDR sum of boxes (CDR-SB) as the primary
dementia severity measure, which was calculated by summing scores across the six domains
(Daly et al., 2000). Higher scores reflect greater dementia severity.

Clinical Diagnosis.—Clinical diagnoses were categorized as normal cognition, MCI, or
dementia, as described in detail previously (Chen et al., 2017; Farias et al., 2013; Fletcher

et al., 2018). All participants received annual multidisciplinary clinical evaluations that
included a physical and neurological exam, neuroimaging, lab work, and neuropsychological
testing from the Alzheimer’s Disease Uniform Dataset Neuropsychological Battery
(Weintraub et al., 2009). Diagnosis was categorized as normal cognition, MCI, or dementia
based on a multidisciplinary adjudication process according to standard clinical criteria
using the current Alzheimer’s Disease Centers Uniform Data Set guidelines (Morris et al.,
2006).

Decomposed Functional Reserve Variables

IADL.—The Lawton-Brody Instrumental Activities of Daily Living Scale (Lawton & Brody,
1969) measures independent living skills. The informant-reported 8-item scale assesses
participants’ ability to complete daily tasks such as medication management and food
preparation. In analytic models, scores were recoded so that higher scores reflect a higher
functional level (0 = the task must now be completed by someone else, 1= the task requires
some assistance, 2 = can complete the task independently), with total scores ranging

from 0 to 16. The total score was computed by summing responses to each item. Scores

on this measure were used to decompose variance attributed to brain health, cognitive
functioning, demographic factors, and the residualized functional reserve variable. The
internal consistency reliability (McDonald’s omega; McDonald, 1999) of the Lawton-Brody
in the current sample was w = .92.

Neuropsychological Functioning.—The Spanish and English Neuropsychological
Assessment Scale (SENAS) is a comprehensive, well-developed neuropsychological battery,
psychometrically matched across English and Spanish versions. Details regarding the battery
and its psychometric properties have been described elsewhere (Mungas, Reed, Crane, Haan,
& Gonzélez, 2004; Mungas, Reed, Marshall, & Gonzélez, 2000). Briefly, the current study

Neuropsychology. Author manuscript; available in PMC 2022 January 12.
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includes neuropsychological test performance from four cognitive domains (verbal episodic
memory, semantic memory, spatial functioning, and executive functioning). Verbal episodic
memory is a composite score from performance on a multi-trial word list learning test.
Semantic memory is a composite of highly correlated nonverbal (Picture Association) and
verbal (Object Naming) tasks. Spatial functioning is a composite of Spatial Localization

and Pattern Recognition subtests. Executive functioning is a composite of Category Fluency,
Phonemic (letter) Fluency, and Working Memory tasks. Z-scores were computed using
means and standard deviations from the current study sample for the four cognitive domains.

Brain Variables.—MRI scans were performed at the University of California, Davis
Imaging Research Center using a 1.5T GE Signa Horizon LX Echospeed system or at

the Veterans Administration at Martinez on a 1.5T Marconi system. The comparability

of images and scan parameters in the two sites have been previously described (DeCarli

et al., 2008). Brain measures used in our analysis were obtained by a standard in-house
pipeline at the Imaging of Dementia and Aging Laboratory, UC Davis. Briefly, intra-cranial
masks (ICC) comprising the brain and surrounding space to the pia mater were segmented
using an atlas-based segmentation approach (Aljabar, Heckemann, Hammers, Hajnal, &
Rueckert, 2009). Hippocampal masks were obtained by a similar procedure applied to the
hippocampus. In each of these processes, a set of atlas whole-head images with carefully
segmented masks (i.e. for intra-cranial volume or hippocampus) are non-linearly matched to
the target native space whole head structural MRI, followed by a voting scheme based on
the transformed masks to determine the native voxels belonging to a given structure. For the
ICC segmentations, human quality control is additionally used for any minor cleanup after
the atlas segmentation. White matter hyperintensities (WMH) volumes were segmented from
the native structural T1 and FLAIR images by an in-house Bayesian maximal likelihood
procedure described previously (Decarli, Maillard, & Fletcher, 2013). WMH volumes were
log transformed to normalize their distribution. Brain total gray volume measurements
were taken using an in-house tissue segmentation algorithm to designate gray, white and
CSF tissues in native space structural brain MRI (Fletcher, Singh, Harvey, Carmichael, &
DeCarli, 2012).

Neuropsychiatric symptoms.—Depression and apathy were assessed using the
Neuropsychiatric Inventory Questionnaire (NPI-Q; Kaufer et al., 2000) administered via
structured clinical interview to the participant’s informant, with responses ranging from 0
(no reported symptoms) to 3 (severe symptoms). The NPI-Q has been used to quantify
symptoms in normal aging, MCI, and dementia samples (Geda et al., 2008; Hwang,
Masterman, Ortiz, Fairbanks, & Cummings, 2004; Okura et al., 2010; Rog et al., 2014).
Depression and apathy were included in the current study as single items given previous
findings showing that these two neuropsychiatric symptoms in particular can negatively
impact functional abilities independent of cognition (Hinton et al., 2008; Okura et al., 2010;
Rog et al., 2014).

Physical Function.—Physical function was assessed using the Short Physical

Performance Battery (Guralnik et al., 1994), which is a performance-based test of lower-
extremity function in older adults. It has been shown to predict functional abilities

Neuropsychology. Author manuscript; available in PMC 2022 January 12.
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(Guralnik, Ferrucci, Simonsick, Salive, & Wallace, 1995) and has high test-retest reliability
(Ostir, Volpato, Fried, Chaves, & Guralnik, 2002). Scores range from 0 to 12, with higher
scores indicating better physical function.

Compensation Abilities.—The Everyday Compensation (EComp) informant-reported
70-item questionnaire assesses compensation strategies used to complete IADL tasks across
six domains of everyday life, including managing appointments and transportation (Farias et
al., 2018). Items are rated for frequency ranging from 0 (never) to 4 (always) and averaged
across all items completed for a total score (possible range = 0 to 4). Internal consistency
across all EComp items is high (Cronbach’s alpha = .94) and scores on this measure have
been shown to predict IADL performance independent of cognition (Farias et al., 2018).

Analytic Strategy

Model for Estimating Functional Reserve—Statistical analyses were conducted using
Mplus Version 8. Missing data were handled using full information maximum likelihood
using all available data. The MLR (maximum likelihood estimation with robust standard
errors) estimator in MPlus was employed, as this is preferred when data are not normally
distributed (Yuan & Bentler, 2000). Time was parameterized as years from the baseline
visit. Syntax is provided in Supplemental Material. As depicted in Figure 1, IADL scores
were regressed onto independent cognitive (verbal episodic memory, semantic memory,
spatial function, and executive function), brain (total gray matter and hippocampal volumes
regression-adjusted for total intracranial volume, and white matter hyperintensity volume),
and demographics (sex/gender with female as the reference group, ethnicity with non-
Hispanic as the reference group, race with white as the reference group, and education

in years) predictors. Here we extend methods previously utlilized by Reed et al. (2010) to
functional reserve, which was modeled as a latent variable representing the residual variance
in IADL scores not explained by and orthogonal to these predictors (Figure 1). Model fit
was determined using commonly used criteria: root mean square error of approximation
(RMSEA) < 0.06, standardized root mean square residual (SRMR) < .08, weighted root
mean square residual (WRMR) < 1.0, comparative fit index (CFI) > 0.95, and Tucker-Lewis
index (TLI)> 0.95 (Hu & Bentler, 1999).

Functional Reserve Associations with Clinical Outcomes—Next, we tested
independent associations between the primary IADL components (i.e., the functional reserve
residual, cognitive performance, brain characteristics, and demographics) and the clinical
outcome variables, as hypothesized. Latent growth curve analysis was used to model the
association between baseline functional reserve and the CDR-SB intercept (estimated initial
dementia severity) and linear slope (estimated rate of change in dementia severity) over the
seven-year follow-up period (Figure 2). Because of floor effects in the CDR-SB scores in
cognitively healthy individuals, a Tobit regression model was used to account for the fact
that CDR-SB is below-censored at 0.

In a separate analysis, the baseline functional reserve residual was regressed on concurrent
clinical diagnosis (i.e., dummy-coded variables representing MCI and dementia), with
cognitively normal as the reference group. Finally, logistic regression was used to determine

Neuropsychology. Author manuscript; available in PMC 2022 January 12.
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whether baseline functional reserve could predict subsequent conversion to dementia in a
subset of participants without a baseline dementia diagnosis.

Functional Reserve as a Moderator of Cognition-Outcomes Associations—For
the second aim, an interaction term (baseline functional reserve x baseline cognition) was
added to the analytic models. Interaction effects with executive functioning and verbal
episodic memory were explored (Figure 2). Two separate models, one for each of these

two cognitive domains, tested whether baseline functional reserve modified the association
of baseline cognitive performance with initial dementia severity (CDR-SB intercept) and
rate of progression (CDR-SB slope) over the follow-up period. Executive function and
verbal episodic memory were selected as the cognitive variables of interest given their
well-documented associations with clinical outcomes in aging and dementia (Bell-McGinty
et al., 2002; Farias et al., 2004; Grigsby et al., 1998).

Predictors of Functional Reserve—For Aim 3, we first tested the independent
effects of predictors (i.e., physical function, apathy, depression, and compensatory
abilities) on functional reserve in four univariable models (including covariates; Figure
2). Next, predictors demonstrating significant univariable associations were entered into a
multivariable model to quantify their joint ability to predict functional reserve.

Data from a total of 1,084 participants contributed to the analysis (163 had dementia, 333
had MCI, 523 had normal cognition, and 65 participants with missing data for diagnosis).
Not all participants provided data on each instrument. As can be seen in Table 1, the
dementia group was the oldest and the cognitively normal group had a higher proportion
of women. As expected, cognitive, functional, and brain variables generally showed the
expected gradient (greatest level of impairment and brain disease in the dementia group,
followed by the MCI and then the cognitively normal groups). For compensation use, the
cognitively normal and MCI groups were both very low in their use of compensatory
strategies, which is consistent with our previous findings (Farias et al., 2020, 2018).

Before testing our hypotheses, we first operationally defined functional reserve using a latent
variable model. This model decomposed the variance in IADL scores into four orthogonal
components: (1) variance explained by three brain variables (intracranial volume-adjusted
total gray matter and hippocampus volumes plus white matter hyperintensity volume),

(2) four cognitive variables (measures of verbal episodic memory, executive functioning,
semantic memory, and spatial skills), (3) four demographic variables (years of education,
race, ethnicity, and sex/gender) and (4) a latent variable to capture the residual variance not
explained by the first three classes of predictors (Figure 1).

The three observed brain variables and the four observed cognitive test scores were modeled
as single indicator latent variables, which can help prevent measurement error from being
included in the residual variable conceptualized as functional reserve. For the observed
brain variables, measurement error was constrained to .10, which corresponds to a reliability
coefficient of .90 for an indicator with a variance of 1.00; this procedure is consistent with

Neuropsychology. Author manuscript; available in PMC 2022 January 12.
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Reed et al. (2010). For the cognitive variables, measurement error estimates of .15 were
chosen to correspond to conservatively estimated reliability coefficients of .85, as reported in
previous research (Mungas et al., 2004). The measurement error of the standardized IADL
score was also fixed to 1 minus its observed internal consistency reliability (i.e., 1.00 - .92 =
.08).

The functional reserve decomposition model fit the data very well: RMSEA = 0.023, 90%
CI [0.000, 0.041], CFI =0.998, TLI =0.990, SRMR = 0.022 (Figure 1), supporting its use in
further validation models, whose results are summarized below.

Functional Reserve and Clinical Outcomes

The structural equation model regressing the baseline functional reserve residual on
concurrent clinical diagnosis fit very well: RMSEA = 0.023, 90% CI [0.000, 0.040], CFI
=0.998, TLI =0.990, SRMR = 0.020. A baseline diagnosis of dementia was associated
with lower baseline functional reserve (6= —-1.695, SE = 0.328, p< .001) compared to
cognitively normal older adults. Although baseline functional reserve was not significantly
lower in participants with a baseline diagnosis of MCI compared to those with normal
cognition (b=-0.189, SE = 0.174, p=.278), the pattern of association was in the expected
direction (slightly higher in those who were cognitively normal).

Latent growth curve modeling was used to estimate the intercept and slope of dementia
severity, as measured by CDR-SB scores, and to determine the impact of functional reserve
on these outcomes after accounting for the effects of brain, cognitive, and demographic
covariates. Higher functional reserve at baseline was associated with lower initial dementia
severity (b=1.243, SE = 0.141, p<.001) and predicted slower clinical progression over the
seven-year follow-up period (6=-0.163, SE = 0.065, p=0.012) (Figure 3). Results for the
covariates are shown in Table 2.

In a logistic regression model, higher baseline functional reserve was associated with
reduced odds of conversion to dementia over the follow-up period; however, this effect
did not reach statistical significance (OR = 0.765, 95% CI [0.562, 1.042]), in part because
the parameters were not estimated precisely.

Functional Reserve Modifies Cognition-Outcome Associations

Baseline functional reserve interacted with baseline executive functioning to influence initial
dementia severity (6= 0.483, SE = 0.159, p=.002). Specifically, the negative association
between low executive function and concurrent dementia severity was mitigated by high
baseline functional reserve (Figure 4). In contrast, baseline functional reserve did not
interact with baseline executive functioning to influence rate of clinical progression (6=
0.060, SE = 0.112, p=.591). However, there were main effects of baseline functional
reserve on initial disease severity (6=-1.088, SE = 0.135, p <.001) and rate of clinical
progression (b= -0.154, SE = 0.063, p=.014). A similar pattern of associations was found
for the interaction between baseline functional reserve and verbal episodic memory on initial
dementia severity and subsequent clinical progression (Table 3), but without a significant
baseline functional reserve by baseline episodic memory interaction effect on the CDR-SB
intercept. In a logistic regression model, baseline functional reserve did not significantly

Neuropsychology. Author manuscript; available in PMC 2022 January 12.
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interact with baseline executive function or baseline verbal episodic memory to influence the
odds of conversion to dementia (functional reserve by executive function: OR=1.210, 95%
CI [0.762, 1.922]; functional reserve by verbal episodic memory: OR=1.239, 95% CI [0.197,
7.798]), in large part due to imprecision (i.e., large standard errors and associated confidence
intervals) in estimating these effects.

Predictors of Functional Reserve

Separate univariable models (with covariates) showed that better physical function (p =
0.303, SE = 0.125, p=.015), less severe informant-rated apathy (p = —0.241, SE = 0.069,
p<.001), and less severe informant-rated depression (f = —-0.160, SE = 0.066, p = .016),
were associated with higher functional reserve concurrently, whereas compensation ability
was not associated (f = 0.169, SE = 0.465, p=.717). In a multivariable model that included
these three significant predictors of functional reserve, patterns of association persisted for
physical function (f = 0.325, SE = 0.116, p = .005) and apathy (p = —0.236, SE = 0.073, p=
.001) but not depression symptoms (B = —0.044, SE = 0.075, p= .556).

Secondary Analyses

As a measure of dementia severity, the CDR contains some items that more strongly
emphasize cognition (memory, judgment and problem solving, orientation) and others

that more strongly emphasize functioning (community activities, personal care, home and
hobbies; Cedarbaum et al. 2013; Tractenberg et al., 2005). Results from secondary analyses
revealed similar patterns of association between functional reserve and the intercepts and
slopes for both CDR components (data not shown).

Discussion

Extending previous work on the residual-based approach to estimating cognitive reserve
(Reed et al., 2010; McKenzie et al., 2020; Zahodne et al., 2013), the current study defined
the construct of functional reserve in a similar way: the discrepancy between observed

and expected functional performance based on three brain volume measures (derived

from structural MRI), cognitive function, and relevant demographics. Functional reserve
quantified by this IADL residual variable predicted important clinical outcomes related

to cognitive aging and dementia. Specifically, greater functional reserve was concurrently
associated with lower dementia severity and, importantly, it predicted subsequently slower
clinical progression. A 1-SD increase in functional reserve was also associated with
approximately a 25% reduction in odds of converting from non-demented to clinically-
diagnosed dementia during the seven-year follow-up period. Although this finding suggests
that functional reserve may be associated with a meaningful reduction in future dementia
risk, the effect was not estimated precisely enough to be considered statistically significant
due to its large standard errors. The functional reserve residual variable also mitigated the
negative effects of low baseline executive function on initial dementia severity, although

it did not mitigate the impact of baseline cognitive (i.e., memory or executive) function

on subsequent rate of clinical progression. Nonetheless, even when cognitive ability

was accounted for in a model predicting clinical progression, functional reserve had an
independent main effect on rate of clinical progression.

Neuropsychology. Author manuscript; available in PMC 2022 January 12.
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The term “functional reserve’ has been used to describe individual differences in reserve
capacities of other aspects of everyday functioning in the context of aging. For instance,

in studies of physical fitness, functional reserve has been separately operationalized to
capture interindividual differences in one’s capacity to mitigate cardiovascular health and
musculoskeletal system deterioration (Goldspink, 2005) and to maintain physical fitness
(Gonzalez, Cofré, & Cabello, 2016). Functional reserve has also been operationalized as a
variable to determine person-specific oxygen uptake values (Arnett et al., 2008). The current
study extends prior work on functional reserve to IADLs in older adulthood, highlighting
the application and potential utility of functional reserve in cognitive aging and dementia
research.

How does functional reserve differ from cognitive reserve? Cognitive reserve would, in
theory, be captured by the neuropsychological test scores used to predict IADL functioning.
In fact, Reed et al. (2010) defined cognitive reserve by decomposing the variance in

the same episodic memory test that was used to create the residual in the current study
(SENAS Verbal Episodic Memory). Thus, by ensuring that our functional reserve residual
was modeled as orthogonal to SENAS Verbal Episodic Memory, we could ensure that it
was — at least from a measurement perspective — independent from cognitive reserve. In
other words, functional reserve here is defined as the variance in IADL performance not
explained by brain, cognition/cognitive reserve, and demographics. Measurement issues
aside, it is possible that cognitive reserve and functional reserve may share some of the
same mechanisms and associations with relevant outcomes. This study thus sets the stage for
future research that can test these and other hypotheses.

This study also lays important groundwork in terms of identifying the importance of
functional reserve on clinical outcomes. However, another valuable attribute of the residual
approach may lie in its ability to identify factors that contribute to higher or lower functional
reserve. In turn, these factors may ultimately inform the development of interventions to
improve cognitive health and functional outcomes in older adulthood. To this end, in the
current study we evaluated different factors that may account for higher or lower functional
reserve. Specifically, three types of predictors were evaluated: neuropsychiatric symptoms,
physical functioning, and behavioral compensation tendencies. In clinical contexts, it is
often observed that some older adults present as more functionally impaired than expected
given their neuropsychological performance (i.e., major loss of independence in various
activities of daily function in the setting of relatively mild cognitive deficits). In this case,
the question about the impact of depression or other neuropsychiatric symptoms is often
considered. In fact, a large number of studies have found that depressive symptoms are often
negatively associated with IADLSs, independent of cognition (Baune et al., 2010; Hybels,
Pieper, & Blazer, 2009; Lenze et al., 2005). Additionally, apathy is a multidimensional
construct comprising cognitive, affective, and behavioral components (Marin, Biedrzycki, &
Firinciogullari, 1991; Robert et al., 2018) and has well-established associations with late-life
functional independence and neurocognitive health (for a review, see Lanct6t et al., 2017).
Furthermore, in a sample of older adults with normal cognition, cognitive impairment,

and dementia, depression and apathy were observed to be two of the most prevalent
neuropsychiatric symptoms (Okura et al., 2010). In the current study, while we also found
that both depression and apathy were associated with lower functional reserve in univariable
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models, in a multivariable model, only apathy had an independent effect on functional
reserve. Previous studies examining the impact of both depression and apathy on functional
outcomes have been mixed, with some studies finding an independent association for both
(Rog et al., 2014) and others suggesting a more important role of apathy (Ruthirakuhan,
Herrmann, Vieira, Gallagher, & Lanct6t, 2019; Vicini Chilovi et al., 2009; Zahodne &
Tremont, 2013). Differences in results may be attributable to different methodologies used to
measure psychiatric symptoms and/or functional outcomes.

Excessive IADL difficulties compared to degree of cognitive impairment may also occur

in the context of physical limitations. Physical limitations such as reduced gait, balance,

or strength have been previously associated with poor functional outcomes (Kojima, 2017;
Paterson & Warburton, 2010; Vaughan et al., 2016). Most often, these limitations are more
strongly associated with basic activities of daily living, such as dressing, grooming and other
activities that have a major physical component but relatively less of a cognitive component
(Beswick et al., 2008; Vaughan et al., 2016). However, instrumental activities such as
shopping, driving, completing household chores, and cooking can be impacted by physical
limitations. Consistent with this idea, we found that functional reserve was predicted by
performance on the Short Physical Performance Battery, which is a combined score based on
gait, balance, and lower body strength.

In contrast to low functional reserve or excessive disability, patients can also present as less
functionally impaired than expected given their degree of deficits on neuropsychological
testing and degree of brain atrophy. In this case, one potential explanation may be the use
of behavioral strategies in daily life that assist in compensating for cognitive loss. Such
compensatory strategies may include increasing reliance on the use of lists, calendars, and
other internal or external aids. Previous studies have shown that more frequent use of
compensatory strategies was associated with both a higher level of concurrent functional
abilities (Farias et al., 2018) and slower subsequent decline in functional abilities over

time (Farias et al., 2020); furthermore, these relationships were independent of cognitive
function. Similarly, in other studies using behaviorally observed measures of compensation,
those who use more compensatory strategies seemed to function better (Weakley, Weakley,
& Schmitter-Edgecombe, 2019). Based on these previous findings, we hypothesized that
functional reserve would be explained, in part, by degree of compensation. However, we
did not find evidence to support this hypothesis in the current study. One possible reason
for this finding is that the variance in IADL function that could have been attributable

to compensatory strategies may at least be partially accounted for by variance ultimately
attributable to brain or cognitive variables (which was regressed out of the functional
residual variable but not accounted for in our previous work on compensation).

Examining other predictors of functional reserve will be an important future direction.
There are likely a variety of intrapersonal characteristics, behavioral and lifestyle patterns,
and personality factors that contribute to greater or lower functional reserve. For

example, a number of previous studies have demonstrated that personality traits such as
conscientiousness are associated with a host of health outcomes including IADL disability
(Bogg & Roberts, 2013; Chapman, Roberts, & Duberstein, 2011; Kaup, Harmell, & Yaffe,
2019). A sense of mastery and self efficacy may also be important predictors of functional
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status (Chang, Latham, Ni, & Jette, 2015) not attributable to cognitive and disease/brain
variables.

Another potential advantage of our approach to quantifying functional reserve is that it
can be measured longitudinally (e.g., change in functional reserve after residualizing out
change in cognition and brain variables) to examine how it fluctuates in relation to various
factors. This parallels an approach already applied to change in cognitive reserve (Bettcher
et al., 2019). Measuring functional reserve longitudinally would allow characterization

of intra- and inter-individual differences in stability versus decline in functional reserve.
Specifically, a longitudinal investigation may show that reductions in functional reserve
may not necessarily occur in conjunction with greater brain pathology and/or decreasing
cognitive performance. In some cases, worsening pathology and cognitive performance may
minimally affect IADL performance, resulting in minor change in the reserve variable.
Identifying factors that are associated with maintaining a stable level of functional reserve
over time will likely be even more important in informing interventions than factors that
influence a static measure of functional reserve.

As with previous studies using the residual-reserve approach (McKenzie et al., 2020; Reed
et al., 2010; Zahodne et al., 2013), the model is dependent on accurate and comprehensive
assessment of cognition and brain variables. Any improvements in either or both of these
variables would be expected to potentially decrease the amount of residual variance in
IADL function that is left unexplained. Total gray matter, hippocampal, and white matter
hyperintensity volumes were selected as general markers of brain integrity, consistent with
a well-established body of research documenting the sensitivity of these markers to age-
related neurodegenerative disease and their associations with cognitive trajectories of aging.
However, it is possible that more precise measurement of brain structures — for example,
brain “signature regions” associated with cognition (Bakkour, Morris, & Dickerson, 2009;
Dickerson et al., 2009) — and brain and lifestyle factors, for example, as outlined in
scaffolding theories (Park & Reuter-Lorenz, 2008; Reuter-Lorenz & Park, 2014), known to
impact cognition and function — could change the residual measure of functional reserve we
propose here. Indeed, very recent work shows the ability of the signature region approach to
produce a maximized accounting of brain contributions to cognition (Fletcher et al., 2020),
thereby reducing the magnitude of unmeasured brain factors in the residual measure of
reserve. This same approach could be applied for developing more precise brain signatures
of functional outcomes. Further, incorporation of functional brain imaging measures, which
have been associated with functional capacities (Halawa et al., 2019; Nadkarni et al., 2012),
may impact the residualized functional reserve variable. Future work should evaluate other
neuroimaging methodologies such as tau or amyloid PET (e.g., Marshall et al., 2019).

Although participants’ cognitive abilities were measured across multiple domains by an
instrument with extensive previous validation, we did not measure some aspects of cognition
including processing speed, prospective memory, and executive functioning subdomains like
reasoning and problem solving, which could be important to everday functions (Beaver &
Schmitter-Edgecombe, 2017; Brown et al., 2013). In particular, processing speed has been
shown to mediate the cross-sectional association between depression and everyday function
(Brown et al., 2013). Future work could incorporate tests of cognitive domains not included
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in the current study and examine how they impact the measurement of functional reserve.
Furthermore, as with most longitudinal studies, not all participants had complete data.
However, missing data in the current study were managed with full information maximum
likelihood, which makes use of all available data.

Finally, the IADL measure used in the current study may be less sensitive to the early
manifestations of neurodegenerative changes than some other functional measures that have
been specifically developed for early disease (Farias et al., 2008). Functional abilities in the
current study were reported by an informant. Performance-based measures provide another
method of measurement that has both strengths (less subject to recall bias) and limitations
(functional tasks are often not performend in real-world settings) (Schmitter-Edgecombe,
Parsey, & Cook, 2011). The current study also does not consider the role of basic activities
of daily living (ADL) as measures of ADLs have well-documented ceiling effects among
older adults with no or mild cognitive impairment and are weakly associated with cognition
(Cahn-Weiner et al., 2007; Hopman-Rock, vam Hirtum, de Vreede, & Freiberger, 2019;
West, McCue, & Golden, 2012). Future investigations are needed to determine whether the
current study’s findings can be replicated using other functional measures.

In conclusion, the functional reserve construct quantified as the residual variance in IADL
performance after accounting for brain, cognitive, and sociodemographic variables predicted
the clinical progression of dementia and attenuated the impact of poor cognition on initial
dementia severity. Physical function and apathy were the strongest predictors of functional
reserve. Thus, the quantified functional reserve variable has potential to facilitate research
regarding the pathways and predictors of functional reserve. Future investigations using

this method are needed to examine how this residualized variable relates to worsening
neuropathology and cognition over time in older adulthood.
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Key Points
. Question: Is there a functional analogue to cognitive reserve (“functional
reserve”) that explains individual differences in performance of activities of
daily living?
. Findings: Functional reserve is a construct that represents the variance in

instrumental activities of daily living performance that is not accounted for by
brain variables, cognition, and demographics, and is associated with apathy
severity and physical functioning.

. Importance: This study provides preliminary validation for the construct of
functional reserve and provides a method for evaluating other modifiable
factors that influence functional independence despite brain and cognitive
changes.

. Next Steps: Examining how functional reserve changes in parallel with
age-related brain and cognitive decline and identifying factors that promote
maintence of functional reserve over time will inform future interventions
aimed at helping older adults remain independent.
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Figure 1.

Legend: Schematic of the functional reserve conceptual model. EF=executive function.
FR=functional reserve. GM=grey matter. GMV=grey matter volume. HC=hippocampus.
HCV=hippocampal volume. ICV=intracranial volume. SF=spatial function. SM=semantic
memory. VM=verbal episodic memory. WMH=white matter hyperintensities.

Neuropsychology. Author manuscript; available in PMC 2022 January 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Zarina Kraal et al.

Page 23

A.

B1.
Aim 2: FR Moderates Executive Function
Effects on Clinical Outcomes

C.
Aim 3: Identify Predictors of FR

Depression

Apathy

o Physical Performance

Compensation

|
|
|
|

B2.
Aim 2: FR Moderates Verbal Episodic Memory
Effects on Clinical Qutcomes

Figure 2.

Legend: Schematic of conceptual models depicting study aims. For simplicity, covariates are
not depicted. CDR-SB=clinical dementia rating sum of boxes score. EF=executive function.
FR=functional reserve. VM=verbal episodic memory.
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Figure 3.
Legend: Model predicted associations between functional reserve and longitudinal dementia

trajectories. The red (black) line represents —1SD. The green (dark grey) line represents the
mean (i.e., 0 SD). The blue (light grey) line represents +1SD. CDR=clinical dementia rating.
SD=standard deviation.
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Figure 4.
Legend: Model predicted associations of the interaction between functional reserve and

executive function with longitudinal dementia trajectories. The red (black) line represents
-1SD. The green (dark grey) line represents the mean (i.e., 0 SD). The blue (light grey)
line represents +1SD. CDR=clinical dementia rating. SD=standard deviation. EF=executive
function.
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