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Abstract

Objectives

Physical frailty is associated with increased risk of cognitive impairment. However, its
impact on sustained cognitive processing as evaluated by intraindividual variability (11V),
and factors beneficial to 11V in physically frail older adults remain unexplored. This study
aimed to quantify differences in IV between older adults with and without physical frailty,
and examine whether education facilitated maintenance of 11V.

Methods

This cross-sectional study included 121 community-dwelling older adults 65-90 years with/
without physical frailty (PF and non-PF; n=41 and n=80 respectively). Physical frailty was
determined via Short Physical Performance Battery. Dispersion across the seven compo-
nents of the Montreal Cognitive Assessment (MoCA) was computed to ascertain IV. Mul-
tivariate analysis of covariance was used to determine group differences in total score and
IIV. Four moderation models were constructed to test the effects of education on age-total
score and age-IIV relationships in PF and non-PF.

Results

Compared with non-PF, PF showed greater IIV (p =.022; partial n2 = 0.044). Among PF,
education moderated age-total score (R-sq = 0.084, F = 5.840, p < 0.021) and age-IIV
(R-sq = 0.101, F = 7454, p = 0.010) relationships. IV increased with age for those with
five years ( = 0.313, p = 0.006) or no formal education (8 = 0.610, p = 0.001). Greater
than seven years of education ( = 0.217, p = 0.050) may be required to maintain 11V at
older age.

Conclusion

IIV may be a sensitive method to differentiate physically frail older adults. Additionally, per-
ceived cognitive benefits of education may be dependent on physical functioning.
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Introduction

Physical frailty is a clinical syndrome characterized by diminished strength, endurance, and
reduced physiological function in individuals [1]. It is a prevalent geriatric condition that
impacts 11% of older adults over 65 years old worldwide [2,3]. Physically frail older adults

are more vulnerable to external and internal stressors than non-frail older adults, leading to a
significantly increased risk for cognitive impairment, a loss of independent living, hospitaliza-
tion, and death [4].

Physical frailty is significantly associated with mild cognitive impairment (MCI) and
dementia [5-7]. Specifically, a longitudinal study involving 2,305 older adults over the age of
70 years found that those with physical frailty showed significantly greater cognitive decline
over 5 years, compared with older adults without physical frailty [8]. Likewise, results from
the Rush Memory and Aging Project showed that each increase of one point in frailty score
(computed as a composite score based on grip strength, timed walk, body composition, and
fatigue) at baseline was correlated with 60% increase in the risk of subsequently developing
MCI after adjusting age, sex, and education [9].

While MCI is commonly identified via evaluating the total score on the Montreal Cognitive
Assessment (MoCA) [10] or the Mini-Mental State Examination [11], such static represen-
tation of cognitive function only reflect one aspect of an individual’s cognitive capabilities;
wherein the ability to sustain cognitive processing across different cognitive domains [12] is
another important facet of cognition.

Intraindividual variability (ITV) is a construct of sustained cognitive processing [13].
Distinct from cognitive performance identified by total scores, IIV is measured by calcu-
lating the variability or fluctuations across different cognitive domains within a standard-
ized neuropsychological test, or across different tests [14]. The three most well-established
indices of IIV include: (1) variability within a person on a single test over long periods of
observation (e.g., across multiple years), referred to as intraindividual changes; (2) vari-
ability within a person on repeated trials of a single test on one occasion or over multiple
occasions (i.e., hours, days, or weeks), referred to as inconsistency; and (3) variability within
a person on a single occasion across multiple cognitive domains, referred to as dispersion
(15,16].

Notably, II'V has been shown to be linked with neurogenerative disorders [17]. For
instance, study showed significant differences in II'V as indexed by inconsistency between
older adults who were cognitively intact vs. those who were cognitively impaired or had
dementia [18]. Burton et al. [19] found that individuals with Alzheimer’s Disease exhibited
greater IIV as indexed by inconsistency compared to those with Parkinson’s disease. More-
over, studies demonstrated that greater IIV, as indexed by dispersion, was associated with
increased risk of MCI and dementia [20,21]. While the majority of the current literature
assessed ITV through inconsistency, a recent meta-analysis concluded that compared with
inconsistency, dispersion is a more sensitive index of IIV in detecting psychiatric and neuro-
logical conditions. Nevertheless, evidence on whether physically frail older adults demonstrate
poorer sustained cognitive processing remains unexplored [17].

Years of education have been widely regarded as a protective factor that mitigated cog-
nitive decline [22]. For example, compared with older adults with more than two years of
education, those with no formal education were ten times more likely to develop cognitive
impairment [23]. A systematic review concluded that lower education level was associated
with an increased risk of AD and dementia [24]. Importantly, Alley et al. [25] suggested that
an average of 16 years of education can slow the rate of decline in global cognitive function in
older adults relative to their counterparts with four years of education. However, no studies to
date have identified the number of years of education required to prevent decline in sustained
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cognitive processing in physically frail older adults who are at significantly greater risk for
cognitive impairment and dementia.

Therefore, this study aimed to address two primary questions: (1) compared with older
adults without physical frailty, whether older adults with physical frailty exhibit greater ITV;
and (2) whether education can moderate the negative effects of aging on IIV in older adults
with physical frailty. We hypothesized that older adults with physical frailty would display
greater ITV, and years of education would significantly moderate the association between age
and IIV as indexed by dispersion.

Materials and methods
Study design and participants

This was a cross-sectional study involving a total of 121 physically frail (PF) (n=41) and
non-PF community-dwelling older adults (n==80) between the age of 65-90 years. Partici-
pants were recruited using convenience sampling from local community centers and non-
government organizations (i.e., institutional research hubs) using posters and advertisements
through email, and mobile phone applications (i.e., WhatsApp) from August 2023, and data
were collected at the Hong Kong Polytechnic University from September 2023 to March 2024.
Ethical approval was obtained from the Institutional Review Board (IRB) of The Hong Kong
Polytechnic University (HSEARS20230131001). Written informed consent was obtained for
all study participants enrolled into the study.

Descriptors

Age of participants was recorded in years. Height and weight were measured in units of centi-
meters (cm) and kilograms (kg).

Physical frailty characterization

As recommended by the European Medicines Agency (EMA) [26-28], physical frailty was
evaluated by the Short Physical Performance Battery (SPPB) [29]. The SPPB is a validated
standardized test for evaluating general mobility and balance [30]. The SPPB has been shown
to have excellent psychometric properties when used in the elderly to discriminate between
frail and non-frail older adults [31]. The test consists of three subscales (balance test, 4-meter
walk at usual pace, and timed chair sit-to-stand test). During the balance test, participants
were first instructed to stand with their feet together, then moving into semi-tandem and
full-tandem positions. Participants were asked to maintain each position for 10 seconds.
During the 4-meter walk, participants were asked to walk four meters at comfortable speed
with an initial and terminal spatial buffer of 1-meter to remove potential effects from accel-
eration/deceleration. The 4-meter walk was performed twice, and the averaged time taken to
perform the test was calculated. During the chair sit-to-stand test, participants were instructed
to fold their arms across their chest, stand up from a sitting position on the designated chair,
and return to the seated position as quickly as possible five times. The time was recorded from
the initial sitting position to the final stand position. Each subscale is scored with a maximum
of four points for a total of 12 points, with a higher score indicating better general mobility. A
score of < 9/12 is indicative of physical frailty [32].

Inclusion criteria

Older adults were included if they: (1) were between 65 and 90 years old; (2) were living in the
community; (3) were able to ambulate up to four meters with or without assistive devices; (4)
were able to provide written informed consent; (5) had access to the internet.
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Exclusion criteria

All participants who met any of the following criteria were excluded: (1) diagnosed with
central nerve system diseases that substantially affect cognitive function (i.e., dementia, Par-
kinson’s, Alzheimer’s disease, Amyotrophic lateral sclerosis, and stroke); (2) living in nursing
home or other care facilities/institutions; (3) taking psychotropic medication that influ-
ences cognitive and physical function; (4) unable to understand, speak, and read Cantonese/
Chinese/English.

Primary outcome measures

Education. Education level attained by each study participant was recorded in units of
years.

Cognitive function. The Hong Kong version of the MoCA was administered [33]. The
MoCA is a validated measure of global cognitive function with high specificity and sensitivity
in identifying individuals with MCI [10]. The MoCA is comprised of seven domain-specific
components (visual-spatial, naming, attention, language, abstraction, delay, and orientation).
An additional point was given to participants who received < 12 years of education [10].

The total score ranges from 0-30 points, with a score > 26/30 indicating unimpaired global
cognition [10], 18-25/30 indicating MCI, and < 18/30 indicating signs of dementia [34]. The
MoCA was used to compute ITV.

Computation of intra-individual variability. Computation of IIV as indexed by
dispersion was performed through four steps. For clarity, within the context of the
present paper we refer to IIV as ITV indexed by dispersion. First, each raw subset score of
MoCA was Z-transformed separately according to the distribution of entire older adults
(n = 121) (Eq. (1)) [35]. Second, the sum of each participant’s z-transformed score for
each of the seven components of MoCA - A, was calculated by Eq. (2) [20]. Third, the
variability in each of the seven components of MoCA was calculated by Eq. (3) [20].
Finally, the square root of the sum of variability in the seven components of MoCA was
calculated by Eq. (4) to derive the amount of dispersion across the seven components of
MoCA [36].

Z, = (1)
o
A= ézik )
PR FPE (Z,'k _A,' )2
Variability = —(k Yy (3)
v = (4)

Z, was the kth cognitive test score for the ith individual. 4 was the mean value of all tests. X
was the raw score of each test. o represented the standard deviation of all tests. K represented
the number of cognitive tests. A, was the individual’s sum Z transformed score based on the
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number of tests. Note that the number of tests reflects the number of components within the
MoCA.

Statistical analysis

R software v.4.3.2 (R Development Core Team, 2010) was used to perform all statistical
analyses. First, the Shapiro-Wilk’s test was used to ensure the normality of the distribution of
all variables [37]. Independent t-tests, Mann-Whitney U tests, and chi-squared tests (for ratio
and nominal data, respectively) were performed to compare the differences in demographic
variables and clinical parameters between the two groups. Mahalanobis distance was used to
detect multivariable outliers.

Multivariate Analysis of Covariance (MANCOVA) was used to determine whether there
were differences between groups in MoCA total score and IV adjusting for the effects of age
[38]. The statistics significance level was set at p < 0.05, with correction for multiple compari-
sons via Bonferroni adjustments at p < 0.025. The effect size of the difference between groups
was calculated by partial eta squared, where 0.01, 0.06, and 0.14 represented small, medium,
and large effect sizes, respectively [39].

Moderation analyses were conducted using the PROCESS macro in R software version
4.3.2 [40]. Four separate moderation models were constructed (Fig 1). Two separate models
were constructed (one for the non-PF group and one for the PF group) to test the direct
effect of age on the MoCA total score and investigate the moderation effect of education
on the association between age and the MoCA total score. Two additional models were
constructed (one for the non-PF group and one for the PF group) to test the direct effect of
age on ITV and investigate the moderation effect of education on the association between
age and IIV. The bias-corrected bootstrap confidence intervals were calculated to test the
significance of the interaction effect and to control for the possibility of the non-normal
distribution of sampling [41]. The bootstrap estimates were based on 10,000 bootstrap sam-
ples. The interaction effects were considered significant if the upper and lower limits of the
95th percentile CI did not contain zero. To further understand the nature of this interaction,
the conditional effect of age (simple slopes) on MoCA total score and IIV was estimated,
independently, at five levels of the values of the moderator (i.e., years of education): very
low (i.e., 10" percentile), low (i.e., 25" percentile), middle (i.e., 50 percentile), high (i.e., 75"
percentile), and very high (i.e., 90" percentile). We also utilized the Johnson-Neyman tech-
nique to identify the values of the moderator (i.e., years of education) where the slope of the

Education (Years)

MoCA Total Score

Age (Years) > or

IIV derived from the MoCA

Fig 1. Moderation model.

https://doi.org/10.1371/journal.pone.0304545.9001
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predictors (i.e., age) is statistically significant [40]. The statistical significance level was set at
p < 0.05 for all tests.

Results
Participants

Study participants were stratified into the PF (n=41) or the non-PF (n=_80) groups. After
removing one outlier (i.e., in MoCA and IIV) from the PF group, the PF group included 40
older adults. Participant characteristics are reported in Table 1. The PF group was older and
shorter in height than the non-PF group (p <0.01 and p <0.05 respectively). No other signifi-
cant differences in characteristics were observed (p >0.05). There were trend-level differences
in the number of males and females between the two groups (p <0.08) (Table 1).

MoCA total score and ITV between the two groups

The mean MoCA total score, mean ITV, and the group differences adjusted for age are
reported in Table 1. We found that compared with the non-PF group, the PF group had a
significantly lower MoCA total score (mean difference = -3.550; p <.001; partial n* = 0.221).
Further, compared with the non-PF group, the PF group showed significantly greater IIV
(mean difference = 1.220; p =.022; partial n> = 0.044). Fig 2 illustrates the differences in the
MoCA total score and ITV between non-PF and PF groups.

Moderation effects of education on the association between age and MoCA
total score

Years of education had a significant moderation effect on the association between age and
MoCA total score in the PF group. The overall model was statistically significant (R-sq =
0.482, F = 11.146, p < 0.001) (Table 2). Specifically, age exerted a significant negative main
effect on the MoCA total score (p = -0.671, SE = 0.182, p = 0.001, 95% CI [-1.041, -0.301]).
We found a significant two-way interaction between education and age in the PF group (f =
0.058, SE = 0.024, t = 2.417, p = 0.021, 95% CI [0.009, 0.107]; Fig 3A) (Table 2), accounting
for 8.410% of the variance in the MoCA total score (F = 5.840, p = 0.021).

Table 1. Participant characteristics.

Demographic data Physically Frail Group Non-Physically Frail Group | p value
(n=40) Mean (SD) (n=80) Mean (SD)
Age (years) 76.250 (4.960) 72.938 (3.931) <0.001%*
Sex (M/F) 9/31 33/47 0.068
Education (years) 8.225 (5.512) 11.900 (4.040) <0.001%*
Weight (kg) 56.799 (10.389) 59.125 (9.926) 0.320
Height (cm) 156.087 (8.282) 160.666 (8.222) 0.013*
SPPB (max 12 points) 7.325(1.439) 11.188 (0.731) <0.001%*
MoCA total score (max 30 points)* 22.642 (0.493) ® 26.192 (0.342) * <0.001%*2
v 3.945 (0.419) ® 2.725(0.290) * 0.022%2
*p < 0.05.

M, male; F, female; SPPB, short physical performance battery; MoCA, montreal cognitive assessment; ITV, intraindi-
vidual variability as indexed by dispersion.

*Covariate was evaluated at age = 74.084; mean (SE); SE, standard error.

https://doi.org/10.1371/journal.pone.0304545.t001

PLOS ONE | https://doi.org/10.1371/journal.pone.0304545 March 11, 2025 6/17



https://doi.org/10.1371/journal.pone.0304545.t001

PLOS ONE Intraindividual variability in older adults with physical frailty

MoCA Total Score v

p <0.001

254

20 -

p =0.022
15 | |

Score

10.00 +

8.00

6.00 -

4.00 4

2.00 -

0.00 -

Grovp Grovp ¥ GrovP Grovy

?Y

Non-P¥ oo P

Group

Fig 2. Differences in MoCA total score and ITV between PF group and non-PF group.
https://doi.org/10.1371/journal.pone.0304545.9002

In the PF group, for older adults who had no formal education, a negative association
between age and the MoCA total score was observed (p = -0.671, SE = 0. 182, p = 0.001, 95%
CI [-1.041, -0.301]; Fig 3A). For those with five years of education, we observed a significantly
weaker negative association between age and MoCA total score (p = -0.380, SE = 0.118,

p = 0.003, 95% CI [-0.620, -0.140]; Fig 3A). For those with 12 and 16 years of education, we
observed a notable but non-statistically significant positive relationship between age and
MoCA total score (p = 0.029, SE = 0.190, p = 0.879, 95% CI [-0.356, 0.414] and 3 = 0.263, SE
= 0.273, p = 0.342,95% CI [-0.290, 0.815] respectively; Fig 3A). Using the Johnson-Neyman
technique, we found that the negative association between age and MoCA total score weak-
ened as years of education increased (Fig 4A). Similarly, after applying bootstrap estimation,
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Table 2. Line regression models for the physically frail group.

B se t 4 95% CI
LL UL
MoCA total score
Constant 70.918 14.241 4.980 0.000 42.036 99.800
Age -0.671 0.182 -3.680 0.001 -1.041 -0.301
Education -4.096 1.829 -2.240 0.031 -7.805 -0.387
Age * Education 0.058 0.024 2.417 0.021 0.009 0.107
Education Levels 10th -0.671 0.182 -3.680 0.001 -1.041 -0.301
25th -0.380 0.118 -3.208 0.003 -0.620 -0.140
50th -0.263 0.120 -2.186 0.035 -0.507 -0.019
* -0.247 0.122 -2.028 0.050 -0.495 -0.000
75th 0.029 0.190 0.153 0.879 -0.356 0.414
90th 0.263 0.273 0.963 0.342 -0.290 0.815
v
Constant -39.720 12.847 -3.092 0.004 -65.776 -13.665
Age 0.610 0.165 3.706 0.001 0.276 0.944
Education 4.158 1.650 2.520 0.016 0.812 7.504
Age * Education -0.060 0.022 -2.730 0.010 -0.104 -0.015
Education Levels 10th 0.610 0.165 3.706 0.001 0.276 0.944
25th 0.313 0.107 2.927 0.006 0.096 0.529
# 0.217 0.107 2.028 0.050 0.000 0.433
50th 0.194 0.109 1.784 0.083 -0.027 0.414
75th -0.104 0.171 -0.607 0.548 -0.451 0.243
90th -0.342 0.246 -1.391 0.173 -0.841 0.157

{ are unstandardized coefficients.
Bootstrap method: Age*Education on MoCA score (f = 0.058, SE = 0.029, 95% CI [0.001, 0.116]).
Bootstrap method: Age*Education on IIV (f = -0.060, SE = 0.028, 95% CI [-0.115, -0.007]).

10" No formal education; 25": five years of education; 50": seven years of education; 75 twelve years of education; 90": sixteen years of education

*Moderator value(s) defining Johnson-Neyman significance: 7.266 for MoCA total score and 6.613 for ITV.

https://doi.org/10.1371/journal.pone.0304545.t002

we found a significant two-way interaction effect between education and age on MoCA total
score (B = 0.058, SE = 0.029, 95% CI [0.001, 0.116]).

No significant moderation effect of education on the associations between age and MoCA
total score was observed in the non-PF group (R-sq = 0.019, F = 1.507, p = 0.223).

Moderation effects of education on the association between age and 1TV

Years of education had a significant moderation effect on the association between age and IIV
in the PF group. The overall model was statistically significant (R-sq = 0.512, F = 12.573,p <
0.001) (Table 2). Specifically, age exerted a significant positive main effect on II'V (i.e., older
age was correlated with greater IIV) (p = 0.610, SE = 0.165, p = 0.001, 95% CI [0.276, 0.944]).
We found a significant two-way interaction between education and age in the PF group (

= -0.060, SE = 0.022, p = 0.010, 95% CI [-0.104, -0.015]; Fig 4A) (Table 2), accounting for
10.110% of the variance in IIV (F = 7.454, p = 0.010).

In the PF group, for older adults who had no formal education, a positive association
between age and IV was observed (B = 0.610, SE = 0.165, p = 0.001, 95% CI [0.276, 0.944];
Fig 3B). For those with five years of education, we observed a significantly weaker positive
association between age and IIV (f = 0.313, SE = 0.107, p = 0.006, 95% CI [0.096, 0.529];
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Education (Years)

. 10th = No Formal Education
. 25th = Five Years

. 50th = Seven Years

== 75th = Twelve Years

“ 90th = Sixteen Years

MoCA Total Score

70 75 80 85 90
Age (Years)

Education (Years)

. 10th = No Formal Education
. 25th = Five Years

. 50th = Seven Years

== 75th = Twelve Years

= 90th = Sixteen Years

v

70 75 80 85 90
Age (Years)

Fig 3. Moderation Effects of Education on the Association between age-MoCA and age-IIV in the Physically Frail
Group. (A) the association between age and MoCA total score. (B) the association between age and ITV.

https://doi.org/10.1371/journal.pone.0304545.g003
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Conditional Effect of Age
on MoCA Total Score

0 5 7266 10 15 20
Education (Years)

[=]

Conditional Effect of
Age on IIV

0 5 6.63 10 S 20
Education (Years)

Fig 4. Moderation Effects of Education on the Association between age-MoCA and age-IIV in the Physically Frail
Group. (A) Jonnson-Neyman plot for visualizing the moderating effect of education between age and MoCA total
score. (B) Jonnson-Neyman plot for visualizing the moderating effect of education between age and IIV.

https://doi.org/10.1371/journal.pone.0304545.9004
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Fig 3B); for those with 12 and 16 years of education, there was also a non-statistically signif-
icant negative association between age and IIV (i.e., older age was correlated with reduced
IIV) (B = -0.104, SE = 0.171, p = 0.548, 95% CI [-0.451, 0.243] and = -0.342, SE = 0.246,
p=0.173,95% CI [-0.841, 0.157] respectively; Fig 3B). Using the Johnson-Neyman technique,
we observed that the positive association between age and IIV weakened as years of educa-
tion increased (Fig 4B). Similarly, after applying bootstrap estimation, we found a significant
two-way interaction effect between education and age on IIV (p = -0.060, SE = 0.028, 95% CI
[-0.115, -0.007]).

No significant moderation effect of education on the associations between age and IIV was
observed in the non-PF group (R-sq = 0.006, F = 0.439, p = 0.510).

Discussion

In this cross-sectional study, we compared differences in IIV between older adults with and
without physical frailty, and subsequently examined whether education level moderated the
effects of aging on MoCA performance as assessed via MoCA total score as well as IIV. We
found that compared with older adults without physical frailty, those with physical frailty
demonstrated significantly lower MoCA total score and greater ITV. Additionally, our find-
ings revealed that the cognitive benefits of education may vary depending on the health status
of the individuals (i.e., with or without physical frailty); and whether cognitive function was
evaluated as a static representation of their general cognition (i.e., MoCA total score), or as an
index of sustained cognitive processing (i.e., I[IV).

Comparing total score between the PF and the non-PF groups

Our findings revealed that compared with non-physically frail older adults, physically frail
older adults had lower global cognitive function. This finding was in agreement with earlier
studies [42, 43]. For example, a cross-sectional that examined 4649 individuals aged 50 years
and older indicated that physically frail individuals had worse MMSE and MoCA total scores
compared with non-physically frail individuals [43].

Comparing ITV between the PF and the non-PF groups

We found that individuals with physical frailty showed greater IIV than those without physical
frailty. These findings were in line with evidence documented in both healthy and cognitively
impaired populations. Specifically, a study demonstrated that ITV, as indexed by dispersion
across four cognitive domains (i.e., perceptual speed, semantic memory, episodic memory,
and fluid reasoning) assessed by nine separate cognitive tests, can effectively discriminate
between older adults with and without signs of cognitive decline [44]. Halliday et al. [45] have
also found that greater IIV as indexed by dispersion was associated with greater impairment
in cognitive function across eight cognitive domains (i.e., attention, memory, executive func-
tion, processing speed, etc.) assessed by twelve separate cognitive tests among healthy older
adults, older adults with MCI, and older adults with AD. Our results confirmed and extended
these findings to the physically frail older population and showed that it may be possible to
distinguish older adults with and without physical frailty via IIV calculated from a single
cognitive test.

Notably, it is plausible that greater IIV displayed among PF older adults may be reflective
of an impaired neural underpinnings of cognitive processing. A recent study suggested that
greater IIV as indexed by dispersion was linked to neural noises - irregular neural activities
that hinder cognitive processing - and reductions in the efficiency of neural information
processing in the central nervous system (CNS) [46]. Several neuroimaging studies indicated
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that the greater IIV as indexed by dispersion was notably associated with aberrant rest-state
functional connectivity of the default mode network (DMN) [47,48]. For instance, greater
intranetwork DMN connectivity was correlated with poorer dual-task performance; and
greater connectivity between DMN and supplementary motor area was correlated with
slower gait speed and greater postural sway in older adults with MCI [49]. These findings
further support the notion that IIV as indexed by dispersion may be a sensitive and prom-
ising indicator for cognitive decline and CNS dysfunction among older adults with physical
frailty.

Moderation effects of education on the impact of aging on IIV between the
PF and the non-PF groups

Early evidence suggested that the protective effects of education against cognitive decline
may be dependent on physical frailty status. Specifically, study showed that compared with
healthy older adults, physically frail older adults exhibited a stronger positive correlation
between education and MMSE [50]. Extending these findings, we found that education
level moderated the association of age with sustained cognitive processing only in older
adults with physical frailty. Education level is a well-established proxy of cognitive reserve
[50,51]. Importantly, cognitive reserve describes an individual’s intrinsic capacity to with-
stand age- or disease-related pathologies and maintain cognitive function through efficient
and effective adaptation of brain networks [52,53]. Stern [53,54] proposed that older adults
with higher cognitive reserve would be able to process cognitive tasks more efficiently, as
the brain networks of those with high cognitive reserve were more adaptive, thereby these
individuals were more capable in slowing aging-related cognitive decline when faced with
the similar levels of age- or disease-related brain pathology. This was supported by neu-
roimaging studies. One study used graph theory compute human brain connectome and
found that greater cognitive reserve was linked to greater global efficiency of brain networks
[55]. Additionally, by using years of education and scores of intelligence tests as proxies

of cognitive reserve, Steffener et al. [56] found that cognitive reserve had a significantly
indirect effect on memory performance through reducing the activation (i.e., greater neural
efficiency) of the functional networks in older adults. These results suggest that older adults
with higher education levels may have greater neural efficiency compared with those with
lower education levels. Importantly, our findings aligned with a cross-sectional investigation
that showed when compared with those with less education, older adults with 16 or more
years of education displayed less IIV as indexed by dispersion (i.e., more stable, robust
cognitive processing) [44].

Additionally, our results suggest that cognitive benefits from education may be more
related to the ability to sustain robust cognitive processing (i.e., IIV), as opposed to a snap-
shot of the overall cognitive function (i.e., MoCA total score). This aligns well with previous
study that administered 14 cognitive tests to older adults and only found notable differences
in cognitive function indexed by ITV between the old and very older groups [57]. It is plausible
that education may mitigate impairments to sustained cognitive processing via maintaining
neural efficiency of the neural networks that underpinned sustained cognitive processing. For
instance, previous study found that education level was positively associated with local effi-
ciency of brain networks by promoting more modular network configuration that is condu-
cive to nodal communication and integration of information [55].

Notably, our findings suggest that the relationship between aging, cognitive function
(i.e., MoCA total score and IIV), and education may be complex. Previous evidence also
demonstrated the complex association between education and global cognitive function in
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older adults. Specifically, a longitudinal study that examined 260 older adults aged 60 years
or older showed that eight years of education was linked to slower decline in MMSE score,
but greater than nine years of education did not offer additional protection against cognitive
decline [58]. Similarly, in a cohort study, Mathuranath and colleagues [59] administered
MMSE to 488 cognitively intact older adults and found that more than nine years of educa-
tion did not offer further benefits in preventing cognitive decline. We extended these findings
to physically frail older adults by reporting that years of education of more than 6.6 years did
not further protect older physically frail individuals against decline in sustained cognitive
processing. However, it is important to also note that while it was not statistically significant,
the protective effects of education persisted beyond 6.6 years and were observed in those
with more than 12 years, as well as 14 years with incremental increases in the protective
effects. This suggests that there may be a ceiling effect in the obtainable cognitive benefits

of education. Also, it is plausible that this ceiling effect may be population-dependent, as we
observed significantly different moderation effects of education between those with and with-
out physical frailty.

In the non-PF group, no significant moderation effect of education on the association
between age and IV was observed. It is probable that the non-PF group may exhibit greater
brain reserve capacity. Brain reserve capacity is determined by brain structural integrity [53].
The construct posited that individuals with greater brain reserve capacity have greater toler-
ance to pathologies, enabling the brain to have a higher threshold against insults [52]. Hence,
within the context of our findings, non-frail older adults may inherently possess greater brain
reserve capacity such that the neuroprotective benefits of education were not required in these
healthier individuals. Of note, our results align with previous study that reported no signifi-
cant interaction effect between age and education on memory and general fluid intelligence
among 603 healthy older adults over 70 [60]. This evidence, in conjunction with our findings,
suggests that attainable cognitive-protective effects of education may vary depending on the
amount of available reserve capacity whereby the ceiling may be lower for those with a greater
amount of reserve capacity. However, future studies will be needed to elucidate the relation-
ship between physical frailty, brain reserve, and sustained cognitive processing.

The primary strength of our study is the novelty in using IIV computed from a single cog-
nitive test to discriminate older adults with and without physical frailty. This may potentially
reduce the time and effort required for clinical diagnosis. However, this study has several lim-
itations. First, we enrolled physically frail older adults who were healthy enough to take part in
research studies, therefore our findings cannot be generalized beyond this population. Second,
some of the study participants included may be cognitively impaired, therefore we cannot rule
out the potential confounding effects of mild cognitive impairment. Third, a single cognitive
test was used to compute ITV, therefore our results cannot reflect sustained cognitive process-
ing across multiple cognitive tests in this population. Fourth, longitudinal studies are needed
to fully understand the impact of physical frailty on the trajectory of cognitive decline. Addi-
tionally, due to the employed convenience sampling, there may be biases in the participants
enrolled into the study, thereby affecting the generalizability of our results.

Conclusion

This cross-section study provided evidence to support the use of IIV as a measure to iden-
tify physically frail older adults. Our findings also suggested that among older adults, the
cognitive-protective benefits of education may be directly related to mitigating impaired
capacity to sustain robust cognitive processing. However, the attainable protective effects of
education may be dependent upon the overall health status of the older individuals.
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