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Abstract.

Background: Cognitive reserve (CR) is hypothesized to partially explain the discrepancy between Alzheimer’s disease
related brain pathology and cognitive performance. Educational attainment is often used as a proxy for CR.

Objective: To examine the association of years of education and the relationship between atrophy in the medial temporal
lobe and episodic memory, in a cross-sectional ecological multi-center memory clinic cohort.

Methods: Included patients (n = 702) had undergone memory clinic examination and were diagnosed with subjective cognitive
impairment (n=99), mild cognitive impairment (n=471), or dementia (n =132). Total years of education were used as a
moderating variable and neuropathology was operationalized as visual ratings of medial temporal lobe atrophy (MTA) on
magnetic resonance imaging and computer tomography images. Weighted least squares regression and multiple regression
were used to analyze moderation and the effect of education separately by diagnostic group. A composite score of two
episodic memory tests constituted the dependent variable.

Results: After controlling for age and gender the interaction term between MTA and years of education was significant
indicating moderation. In particular, the regression model showed that at low levels of MTA, high education individuals had
better episodic memory performance. However, at higher MTA levels, high education individuals had the lowest episodic
memory performance. Education had a significant positive effect on episodic memory in SCI and MCI, but not dementia.
Conclusion: These results extend the findings of education moderating the effect of MTA on cognition to a naturalistic
memory clinic setting. Implications of the findings for theories on CR are discussed.
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INTRODUCTION

In aging and Alzheimer’s disease (AD), compa-
rable degrees of brain pathology exhibit varying
clinical impact across individuals [1], which could
be partly explained by cognitive reserve (CR). The
Collaboratory on Research Definitions for Reserve
and Resilience recently suggested a framework for
terms used in reserve related research where CR is
defined as ... a property of the brain that allows for
cognitive performance that is better than expected
given the degree of life-course related brain changes
and brain injury or disease” [2]. Functional neural
underpinnings for reserve have been theorized, such
as an ability to employ task-related and alternative
compensatory neural networks more efficiently [3].
Although not a direct measure of CR, sociobehav-
ioral proxy measures (such as education) are often
used in reserve-related research. This is done with the
assumption that more cognitively stimulating activi-
ties throughout the lifespan build greater reserve [4].
In the present study, we investigate whether years of
education moderates the relationship between brain
atrophy and episodic memory in a clinical aging pop-
ulation with heterogenous cognitive status. We also
investigate how the effect of education on episodic
memory potentially differs by clinical diagnosis.

In AD brain atrophy typically begins in the medial
temporal lobe [5]. Therefore, a visual rating scale
for medial temporal lobe atrophy (MTA) is rou-
tinely used in clinical settings to aid the diagnosis
and classification of AD [6, 7]. The rating scale
assesses atrophy of the hippocampus and parahip-
pocampal region, which are integral structures for the
encoding and retrieval of episodic memory [8]. Con-
sequently, episodic memory is a cognitive domain
usually affected in AD, and MTA as well as other
measures of regional atrophy in the temporal lobes
have been found to be linked to episodic memory
deficits [9, 10]. Similar memory deficits are linked
to MTA in patients with mild cognitive impairment
(MCI) [11], the clinical stage that often progresses
to AD dementia. Interestingly, there are also findings
of reduced volume in the medial temporal lobe and
related structures in patients with subjective cogni-
tive impairment (SCI) [12, 13], which is thought to
be a preclinical stage of AD preceding MCI, in some
individuals [14, 15].

Vascular dementia (VaD) is the second most com-
mon form of dementia, caused by cerebrovascular
disease. There is partial clinical and pathophysio-
logical overlap between AD and VaD regarding, for

example, subcortical vascular lesions and specific
cognitive domain deficits [16, 17]. AD and VaD also
share several risk factors including hypertension and
smoking [18, 19]. Moreover, dementia can be caused
by concurrent AD-related pathology and cerebrovas-
cular disease, then labeled mixed dementia (MD).
While the role of CR has been investigated in vascular
conditions such as white matter lesions, stroke, and
vascular risk factors [20-22] with some studies lend-
ing support to the CR hypothesis, CR is understudied
among patients with MD.

Recent years have seen an increased interest in
(potentially modifiable) risk factors for AD, the seem-
ingly multifactorial genesis of the disease, and how
these interact throughout the entire lifespan [23-25].
In parallel, interventions targeting lifestyle-related
modifiable risk factors that may reduce the risk of
dementia or improve symptoms have been exper-
imentally tried, with some promising results [26].
Similar efforts are currently being adapted globally,
with geographical and cultural adaptions [27]. With
a cure for AD not being available at this time and
since the worldwide prevalence of dementia is pre-
dicted to rapidly increase [28] one could argue for
the need of structured preventive interventions target-
ing large portions of the population. In such efforts,
concepts such as CR are of interest since it is hypoth-
esized to add to resilience against AD symptoms.
This, in turn, requires a better understanding of which
lifestyle-related factors contribute to CR, and how
these interact with cognition and functioning in clin-
ical populations.

The clinical impact of MTA on cognition has
been demonstrated, and level of education relates
to the risk of developing dementia [29]. Moreover,
it is suggested that in healthy older adults, educa-
tion moderates the relationship between hippocampal
volume and memory performance on neuropsycho-
logical tests [30]. In AD patients, education has been
shown to moderate the effect of MTA on cognitive
performance [31]. To further the understanding of
how years of education relates to memory in AD and
increase generalizability, studying larger more unse-
lected clinical samples is of interest. Because of the
role of MTA in AD and its association with episodic
memory, which is a core clinical symptom in typical
AD, we investigated the relationship between MTA
and education in that context. AD dementia is pre-
ceded by MCI and, in some cases, SCI and since CR is
conceptualized as a dynamic construct, we decided to
study patients in all clinical stages including patients
diagnosed with MD where AD-pathology is present.
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This is performed to expand findings of how years
of education potentially moderates cognition in the
entire theoretical AD-continuum, and how the effect
of education on episodic memory may differ across
different clinical stages. Based on previous findings
and theories of CR we hypothesized that years of edu-
cation would moderate the association between MTA
and episodic memory.

MATERIALS AND METHODS
Farticipants

All patients in the present study were part of
the MemClin-cohort [32]. In short, MemClin is a
Sweden-based initiative to collect memory clinic
patient data from nine out of ten memory clinics in
the Stockholm area. The cohort consisted of patients
who underwent an extended dementia examination
at one of the (at the time six) MemClin associated
memory clinics, from the onset of data collection
during 2016 through early 2019 and who had given
their written consent to be involved in the project.
At the point of data collection only clinics that
evaluates individuals over the age of 65 had con-
tributed with data. MemClin follows the Helsinki
declaration and has ethical approval from the regional
ethics committee in Stockholm (Dnr: 2016/29-31/1).
The included patients provided signed written con-
sent. The different clinical procedures included in
the dementia examinations and diagnostic proce-
dures have been previously described [32]. In short,
all patients receive a clinical consensus diagnosis
through interdisciplinary rounds at the respective
clinic in accordance with the International Classifi-
cation of Diseases (ICD-10). Patients diagnosed with
ICD codes R418A, Z032A, 7033, and Z038, where
no objective cognitive impairment had been veri-
fied, were classified as SCI. Furthermore, patients
with MCI (ICD code F067), AD (ICD code F001),
or mixed AD and vascular dementia (AD/VaD, ICD
code F002) were included. In the MD group VaD
is clinically characterized as subcortical, mixed sub-
cortical/cortical, multi-infarct, or unspecified based
on neuroradiological findings. Included patients were
divided into three groups, one SCI group, one MCI
group, and one dementia group including patients
with both “pure” AD and MD with AD-pathology.
Patients with vascular dementia without concomitant
AD or patients with other types of dementia were
excluded. In those cases where a patient had been
evaluated at the memory clinic more than once, data

Written consent and underwent
neuropsychological assessment
between 2016-2019

(n=1262)
e VaD no AD or other dementias
(n=129)
N o No neuropsychological data
(n=87)
e MTA not reported (n=332)
o Education not reported (n=12)
Included for analysis
(n=702)

Fig. 1. Sample inclusion flowchart MTA, medial temporal lobe
atrophy; AD, Alzheimer’s disease.

from the first evaluation where neuropsychological
tests were administered was used. Lastly all patients
who did not have an MTA score, years of education
reported, or any neuropsychological test data regis-
tered were excluded (Fig. 1).

Brain imaging and medial temporal atrophy

In the present sample, 160 patients had undergone
a 1.5T/3T magnetic resonance imaging scan and 542
patients a computed tomography scan at one of the
local centers as part of their clinical examination.
Radiologists at the respective centers then examined
and analyzed the images based on the Scheltens scale
for MTA [6]. The MTA scale includes scores from 0 to
4, with a higher value indicating more brain atrophy.
The patients MTA scores were extracted from their
patient journals. Since separate scores for left and
right temporal lobe are not always routinely reported,
in some cases an average score for the MTA range
reported was used.

Years of education

Self-reported total years of education was ana-
lyzed as a moderating independent variable. This was
ascertained in clinical interviews with an assessing
neuropsychologist at one of the MemClin centers and
extracted to the database from the patient journals.

Episodic memory

Neuropsychological test scores from the
following tests were used

Rey Auditory Verbal Learning Test (RAVLT)
delayed recall considered a measure of verbal
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episodic memory [33]. Some individuals had been
tested with an alternative version of RAVLT that also
contained a distraction task in the form of a separate
wordlist being presented once after the learning trial
of the task. In order to examine if there was any differ-
ence in the performance of delayed recall between the
group tested with distraction (n=202) and without
(n=392), an independent samples #-test was con-
ducted. No significant difference was found and the
results from both groups were therefore treated as a
single variable (see the Supplementary Material).

Rey-Osterieth Complex Figure Test (RCFT)
delayed recall considered a measure of visual
episodic memory [34].

Standardized Z-scores for the two tests were calcu-
lated from the raw scores of each individual using the
mean and standard deviation (SD) of the SCI group
in the present sample. The two scores were then aver-
aged together to obtain a composite memory domain
score for each participant.

Statistical analyses

SPSS version 26.0 was used for all statistical analy-
ses. Differences in the independent variables between
genders (female versus male) and diagnostic groups
(SCI versus MCI versus Dementia) were assessed
with one-way ANOVA or independent samples t-test,
where appropriate.

Missing values analysis revealed 10.8% missing-
ness in the RAVLT delayed recall variable and 33.3%
missingness in the RCFT delayed recall variable and
the result of Little’s MCAR [35] was significant
(p<0.05). Therefore, multiple imputation by chained
equations (MICE) was used to create 25 datasets, with
different values multiply imputed, using the fully con-
ditional Markov chain Monte Carlo (MCMC) method
provided in SPSS. Where appropriate pooled results
were analyzed and are presented.

During analysis of the full sample, visual inspec-
tion of the residual plot revealed unequal variance
thought to be caused by disproportionate number of
patients having received a score of zero on one or two
of the neuropsychological tests. Because of the result-
ing distribution of the neuropsychological test data
weighted least squares (WLS) regression was used
to assess the moderating effect of education on the
relationship between MTA and episodic memory. In
WLS, “weights” are assigned to each observation to
account for the fact that error variance is not constant.
In theory these weights should be known a priori but
in practice, as is the case in the current study, the

weights are unknown and must be estimated. As such
a regular ordinary least squares regression was per-
formed, and the absolute residuals was regressed on
the predicted values (standard deviation function) to
estimate the weights and run the WLS. The model
was hierarchically built in two steps: 1) The episodic
memory composite score was used as the outcome
and MTA and years of education were added as pre-
dictors. Age and gender were also added as predictors
to control for any effects. 2) An interaction term
was created by centering the general MTA and years
of education variables (x — X) and the factor of the
two was added to the model. To receive standard-
ized beta weights in the pooled results provided by
SPSS, all categorical independent variables were Z-
standardized before being entered in the regression
models. After the full sample analysis, we exam-
ined the effect of education on episodic memory
separately in the three diagnostic groups (SCI, MCI,
and dementia) by performing multiple linear regres-
sions in all three groups with the episodic memory
composite as the dependent variable and years of edu-
cation as the independent variable, controlling for
age, gender, and MTA. Assumptions of normality
was assessed with a Q-Q-plot of residuals. Toler-
ance values indicated that multicollinearity was not
present.

RESULTS

Descriptive statistics, including information on the
neuropsychological test data after imputation, are
reported in Table 1. Distribution of MTA scores in
the sample are presented in Fig. 2. Total years of
education ranged from 6 to 26 years in the sample.

Moderation analysis

Correlations between the variables used in regres-
sion and the neuropsychological test variables are
presented in Table 2. All variables were significantly
correlated with each other except for the interaction
term (MTA*Education). The interaction term was
significantly correlated with the neuropsychological
tests and memory composite.

The results from the hierarchical WLS regression
are presented in Table 3. Age, MTA, and education all
had a significant effect on memory composite scores
and gender did not. In the final model (model 2) when
controlling for age, years of education and level of
MTA, the interaction term had a significant effect
(pooled p =0.003) indicating moderation. Pooled R?
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Table 1
Sample descriptive statistics
Total SCI MCI Dementia (n=132),
(n=702) (n=99) (n=471) (AD =66; AD/VaD = 66)

Agey 77.8 (6.15)* 75.4 (6.08) 77.8 (6.07) 79.3 (5.98)°
Sex %female 50.3 59.6 49.3 47
Years of education 12.62 (3.67) 13.72 (3.93)° 12.6 (3.57) 11.85 (3.65)
MTA 1.37 (.90)* 0.81 (0.73) 1.36 (.88) 1.83 (0.85)¢
Before imputation:

Verbal memory Z* -1.40 (1.21) - —1.46 (1.07) -2.27 (0.76)

Visual memory Z —-1.16 (1.15) - -1.25(1.01) -2.15(0.71)

Memory composite —1.21 (1.05) —0.00 (0.83) —1.34 (0.86) —2.24 (0.58)
After imputation:

Verbal memory Z -1.43 -0.03 -1.49 -2.24

Visual memory Z -1.27 —0.12 -1.31 -2.00

Memory composite -1.35 -0.07 -1.40 -2.12

MTA, medial temporal lobe atrophy; SCI, subjective cognitive impairment; MCI, mild cognitive impairment; AD, Alzheimer’s disease; VaD,
vascular dementia. ?Females >males. ®SCI >MCI > Dementia. Dementia > MCI>SCI* Z values calculated using the mean and standard
deviation of the SCI group.

300

250

200

Frequency
T
(=]

100
50
8 5
0
0 0.5 1 15 2 25 3 3.5 4

MTA

Fig. 2. Distribution of MTA scores in the sample. MTA, medial temporal lobe atrophy; X-axis, a higher value indicating more atrophy;
Y-axis, number of patients.

Table 2
Correlation matrix of variables used in regression
Age Education MTA Verbal memory Visual memory Memory composite
Age -
Education -0.212** -
MTA 0.304** -0.100** -
Verbal memory -0.277** 0.165** -0.277** -
Visual memory —0.280** 0.252** —0.258** 0.498** -
Memory composite —0.321** 0.239** -0.310** 0.875** 0.855** -
MTA*Education 0.058 -0.040 -0.016 —-0.101** —0.085* —0.108**

MTA, medial temporal lobe atrophy. **Significant effect at p <0.001; *Significant effect at p <0.05.

increased from 0.162 in model 2 to 0.173 in model 3 Simple slope analysis
(AR?>=0.011, p<0.01) and the pooled standard error
(SE) of the estimate was reduced indicating a better The quantitative moderation effect is illustrated

model fit when accounting for interaction. with a simple slope analysis (Fig. 3) where the effect
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Table 3 Table 4
B-values, standard errors (SE), and pooled R? from the regression B-values and standard errors from episodic memory being
model regressed on years of education in all diagnostic groups
Model 1 Model 2 SCI MCI Dementia
R?=0.162 R?=0.173 B SE B SE B SE
B SE B SE Age -0.296** 0.089 -0.204** 0.040 0.060 0.058
Age -0.204** 0.037 —0.196** 0.037 Gender 0.103 0.162 0.082 0.077 0.308* 0.111
Gender 0.092 0.072 0.092 0.071 MTA 0.037 0.107 -0.085* 0.041 -0.113 0.060
Education 0.134** 0.036 0.155** 0.037 Education 0.167*  0.080 0.144** 0.039 -0.075 0.056
MTA -0.215* 0.036 -0.228* 0.036 SCI, subjective cognitive impairment; MCIL, mild cognitive impair-
Education*MTA —0.097** 0.032

MTA, medial temporal lobe atrophy. **Significant effect at
p<0.001; *Significant effect at p <0.05.

of MTA on episodic memory is shown for those in the
sample one SD above and below the mean for years of
education (which in the present sample roughly rep-
resents individuals who have completed elementary
schooling or less versus individuals with a tertiary
education level).

Effect of education on episodic memory by
diagnosis

Standardized beta weights from episodic memory
being regressed on years of education, while con-
trolling for age, gender, and MTA, are presented for
each diagnostic group in Table 4. In SCI and MCI,
but not dementia, education had a significant positive
effect on episodic memory performance. In demen-
tia male gender had a positive effect on episodic
memory.

'
N
(93]

EPISODIC MEMORY Z
N
a0

]
w
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o

-4

ment; MTA, medial temporal lobe atrophy **Significant effect at
p<0.001; *Significant effect at p <0.05.

DISCUSSION

In the present cross-sectional study, years of edu-
cation had a significant moderating effect on the
relationship between MTA and episodic memory.
In addition, when separately analyzing the clinical
stages, years of education was found to have a signif-
icant effect on episodic memory performance in SCI
and MCI, but not dementia. This was hypothesized
based on the concept of CR and previous findings on
the effect of education on the relationship between
brain imaging indices in the medial temporal lobe and
cognition, in clinical and non-clinical settings [30,
31]. The regression model indicated better memory
performance at lower levels of MTA for patients with
more years of education. Moreover, when visualizing
the interaction effect between years of education and
MTA the predicted level of cognitive performance
is lower in the high education group, at higher lev-
els of MTA. By studying data from the MemClin
cohort, which involves multiple memory clinics, we
were able to extend the findings of education as a

—¢— High
Education +

- & -Low
| Education |

2 3 4
MTA

Fig. 3. Predicted memory composite Z score from the regression model for individuals with high (>16.29 years of education) and low
education (<8.95 years of education). MTA, medial temporal lobe atrophy.
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moderator to a cognitively heterogenous group with
differing diagnoses (including mixed AD/VaD) and
a wide distribution of education.

Our findings of a significant moderation effect
for education corresponds to some previous research
[36-38] but the findings have differed regarding the
direction of the interaction effect. Also, when com-
paring the effect of education on cognition stratified
by diagnosis, some findings have been in line with
to ours (that is education affects episodic memory in
SCI and MCI, but not dementia) [37], while others
have found education to have the strongest effect on
cognition in dementia [36]. Methodological differ-
ences such as choice of neuropathological markers,
neuropsychological tests used and how education
is operationalized most likely contributes to these
somewhat differing results. Moreover, there are pre-
liminary findings that education and other measures
of CR impart differing effects depending on the cog-
nitive domain being investigated [39, 40]. In the
present study, preliminary analyses revealed similar
effects of years of education on both visual and ver-
bal episodic memory and for conceptual clarity the
choice was made to combine the measures, in order
to achieve a more domain-general episodic memory
composite. It should also be noted that the findings
from the current sample could have been influenced
by MCI and dementia patients having somewhat
lower levels of MTA, which could in part be because
of the inclusion of MD in the dementia group.

The fact that the slopes for high, and low edu-
cation intersect in our regression model, does not
necessarily mean that individuals with more years of
education in a memory clinic setting eventually will
develop poorer memory performance than individu-
als with less years of education at a group level. Such
an interaction effect could instead be indicative of a
nonlinear relationship between cognition and brain
pathology in the presence of level of education or CR
[41], which has been implicated in the CR literature
[42]. The predicted steeper slope for individuals with
more years of education in the present study, and edu-
cation having a significant effect on cognition in SCI
and MCI but not dementia, could be said to some-
what correspond to findings of high CR individuals
showing a faster cognitive decline, at certain clini-
cal stages [43—45]. Taken together this could also be
argued in accordance with the original hypothetical
model CR, where in high CR cognition is maintained
longer but the decline is faster once an inflection point
is reached. The theoretical explanation for this is that
once cognitive decline begins in individuals with high

CR, they are closer to a level of brain pathology where
cognitive functioning cannot be maintained, despite
CR. This would also correspond to our finding of edu-
cation no longer having a positive effect on episodic
memory in the dementia group.

CR remains a theoretical construct and neuro-
biological correlates of reserve are still lacking.
However, repeated findings of different measures of
education moderating the effect of neuropathology
on cognition highlights the need to consider variance
in educational levels in memory clinic patients as it
can impact the association of biomarkers with clinical
expression and motivates further investigation. That
being said, differences in the nature of the interactions
being found and in what clinical stages education
affects cognition also calls for robust methodology to
untangle these effects. Trajectories of separate cogni-
tive domains, multiple measures of brain pathology
and how these interact with different lifestyle related
sociobehavioral variables should be longitudinally
investigated. Such studies could be used to construe
demographically adjusted predictions of prognosis in
aclinical setting and definitions of disease thresholds,
which are urgently needed in the clinic. Furthermore,
with a clearer understanding of how lifestyle related
factors may promote healthy cognitive aging, and
how these factors potentially relate to CR, preven-
tive interventions that combine such factors could be
tailored to reduce cognitive decline.

Strengths and limitations

MemClin being an ecological multi-center mem-
ory clinic sample constitutes a major strength of the
current study. The cognitive and demographic het-
erogeneity in the sample reduces the risk of some
sampling-related bias. Furthermore, the ecological
validity of the results facilitates generalization to
memory clinic patients and the aging population at
large.

There were also some limitations to the present
study. We observed a proportion of missing data in the
neuropsychological test results. Following Madley-
Dowd et al. [46], we decided to impute the missing
values to minimize potential bias. Years of educa-
tion is not by itself an optimal proxy for CR as it
might not accurately correspond to the level or qual-
ity of individual educational attainment. Total years
of education was used since many of the demographic
variables in the MemClin-cohort are self-reported
and extracted from the clinical interviews at the mem-
ory clinics, and highest level of education is therefore
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not routinely reported. This is also why other sociobe-
havioral variables, such as occupational attainment
and leisure activities, were not included in the present
study. Unfortunately, we did not have reliable infor-
mation on MClI-subtypes and APOE status which
potentially could have given additional explanatory
value. In this study, both magnetic resonance and
computed tomography imaging was used to assess
MTA. Although having all the MTA scores done on
the same imaging modality would be preferable, Wat-
tjes et al. [47] demonstrated that MTA scores from
magnetic resonance and computer tomography imag-
ing can be combined. This motivated the combined
use of images from both modalities in our current
study, achieving greater statistical power. The present
study is a multi-center study with somewhat differ-
ent practices and clinicians at the centers in respect to
cognitive testing, CSF sampling, additional CT/MRI
evaluations, and other health measures. This potential
inconsistency between centers is common in large-
scale clinical studies, and we cannot exclude that this,
at least to some degree, have affected the variability
in the present study.

Conclusion

In a multi-center memory clinic sample, we
showed that years of education was a moderator of
the association between MTA and episodic memory.
At lower levels of MTA high education patients had
better memory performance, but as MTA goes above
1.5 its predicted effect on episodic memory is also
greater in this group. Education had a significant pos-
itive effect on episodic memory in SCI and MCI,
but not dementia. Longitudinal studies are needed to
investigate how education interacts with neuropathol-
ogy to affect cognition and disease progression over
time, and what the neurobiological correlates of these
interactions are.
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