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Introduction

Abstract

Background and Objectives: To determine whether cognitive reserve (CR) as
measured by verbal intelligence quotient, educational length, and achievement
protects amyotrophic lateral sclerosis (ALS) patients’ verbal fluency, executive
functioning, and memory against brain volume loss over a period of
12 months. Methods: This cohort study was completed between 2013 and
2016 with a follow-up duration of 12 months. ALS patients were recruited
from two specialist out-patient clinics in Rostock and Magdeburg in Ger-
many. Participants underwent cognitive testing and magnetic resonance imag-
ing both at baseline and again after 12 months. The cognitive domains
assessed included verbal memory in addition to executive functions such as
verbal fluency, working memory, shifting and selective attention. Results:
Thirty-eight ALS patients took part; 25 patients had no cognitive impairment
(ALSni), and 13 were cognitively impaired (ALSci). On average, patients lost
294 mm® in their superior frontal gyri, 225 mm° in their orbitofrontal gyri,
and 15.97 mm’ in their hippocampi over 12 months. There was strong evi-
dence that CR protected letter fluency from further decline (Bayes factor
[BF] >10) and moderate evidence that it supported learning effects in letter
flexibility (BF >3). However, there is a lack of evidence supporting the notion
that working memory, shifting, selective attention or verbal memory (BF = 1)
are protected. Discussion: As CR is easily determined and protects ALS-
specific cognitive domains over time, it should be regarded as a valuable pre-
dictive marker.

refers to differences in ability to cope with age- or
disease-related brain changes, such as pathological bur-

The heterogeneous nature of amyotrophic lateral sclerosis
(ALS) impedes predictions of individual disease progres-
sion. The large majority of studies so far has focused on
the progression of motoric decline." However, cognitive
impairment is common in ALS as well and serves as a
negative prognostic indicator of survival.>* Recently, the
long-standing concept of cognitive reserve (CR) has been
adapted to motor and cognitive decline in ALS.® CR
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den, facilitating different levels of clinical impairment at
similar levels of pathology.”'® Examples of key surrogate
markers for CR include educational attainment, occupa-
tional complexity, and vocabulary size.” The CR hypothe-
sis has recently been established in ALS-frontotemporal
spectrum disorders (ALS-FTSD).>® Canosa et al. adopted
a cross-sectional approach which provided evidence that
higher education correlated with increased pathological
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burden in medial frontal regions, regardless of the level
of cognitive impairment.® Consonni et al. showed that
lifestyle factors — namely, high levels of educational and
occupational attainment, social interactivity, physical
activity and multilinguality — were associated with better-
preserved executive functions, verbal fluency and mem-
ory in ALS-FTSD.” Costello et al.® provide the only lon-
gitudinal ~ approach  to-date:  greater  educational
attainment, occupational complexity, and physical activ-
ity correlated with better-preserved cognitive functioning
at baseline but did not protect cognition over
12 months. This was likely because Costello et al’s
cohort® showed no cognitive decline against which CR
could have been protective; such stability is well-
established in ALS.!'' Our own previous work, which
took a cross-sectional approach, presented strong evi-
dence that higher education and verbal intelligence pro-
tected cognitive functioning from regional atrophy.’
Regional atrophy measured by magnetic resonance imag-
ing (MRI) has been related to cognitive impairment in
ALS-FTSD.'*'® The longitudinal study presented here
expands on the previous literature’® by investigating the
extent to which CR protects cognitive functioning in
patients with ALS and whether this protective effect is
moderated by patients’ impairment levels or regional
atrophy. Based on our cross-sectional findings,” we
hypothesised that CR would be associated with better-
preserved verbal fluency and verbal memory performance
and that this association would be stronger than the
association between cognitive trajectories with volume
loss, age, and sex. As evidence for CR’s effect on execu-
tive functions was mixed, we explored the associations
between executive functions and CR.

Methodology

Design

This was a prospective, longitudinal study. The predictor
was CR (see Measurements). The outcomes were decline
across the executive, verbal fluency, and memory
domains. Our markers of neurodegeneration were vol-
ume loss in the superior frontal gyrus, the orbitofrontal
gyrus, and the hippocampus over 12 months. These
markers of neurodegeneration were accounted for by
adding them to the null model, alongside age, sex,
Strong profile at baseline, recruitment location, and total
intracranial volume (TIV). This corrected null model
supports the notion that age, sex, baseline Strong pro-
file, recruitment location, and TIV have an effect on
cognitive performance. Cognitive performance and MRI
measurements were taken at baseline and 12 months’
follow-up.

Longitudinal Cognitive Reserve in ALS

Participants

The ALS-FTD Intersite project recruited persons with
ALS-FTSD from specialist out-patient clinics in Rostock
and Magdeburg, Germany (Fig. 1). Persons with a history
of brain injury, epilepsy, or psychiatric illness were
excluded from the study.

Patients were diagnosed according to the revised El
Escorial criteria'® and cognitive-behavioural profiles were
established according to the most recent Strong and Ras-
covsky criteria.’®*' Participants with ALS-FTD were
excluded from analysis. Details can be found in Table 1.
In longitudinal imaging studies of ALS, high attrition
rates of up to 94% are common due to the disease’s rapid
progression.'>**** We had recruited 125 persons but only
38 participated at follow-up. Figure 1 outlines the flow of
participants throughout the study. At first examination,
five patients had pure upper or lower motor neuron syn-
dromes and did not meet the revised El Escorial criteria
by Brooks et al.'” However, these five patients were diag-
nosed with restrictive phenotypes of ALS (Ludolph
et al.),** see Table 1. Of the 16 patients with possible
ALS, three progressed to probable ALS. All patients
underwent genetic testing: three had SODI mutations and
one had a VAPB mutation.”*® A very low prevalence of
C90rf72 has been documented in Northern German sam-
ples before.”’”

Standard protocol approvals, registrations,
and patient consents

The study was approved by the local medical ethics com-
mittees at Rostock University and Otto-von-Guericke
University, Magdeburg, Germany (reference numbers
A2010-32 and A2011-56) and conducted according to the

ALS-FTD Intersite cohort
N=267

Cognitive Examination

at baseline n=259

Cognitive Examination

after 1 year n=44

Figure 1. The flow of participants throughout this study.
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Table 1. Participants’ background.

ALS without ALS with cognitive
cognitive impairment
Measure impairment (n = 25) (n=13)
Demographic background
Recruitment location 20/5 4/9
(HRO/MD)
Sex (f/m) 9/16 4/9
Age (years) 54.52 (10.20) 60.77 (8.59)
Cogpnitive reserve 9.16 (1.99) 8.62 (0.60)
measure
Education (years) 13.24 (2.44) 11,77 (1.74)
ISCED level 4.80 (1.08) 4.23 (0.60)
Verbal IQ 92.56 (14.81) 90.85 (7.96)

Clinical presentation
Disease duration until
final MRI (months)
ALSFRS-R at baseline
Progression speed &
between baseline &
final MRI
SOD1 mutation
VAPB mutation
Tested, no mutation
found
Disease onset (%)
Bulbar
Spinal
Unknown
El Escorial criteria (%)
Not applicable
Possible ALS
Probable ALS
Definite ALS
Phenotype (%)

Classical ALS
Predominant upper
motor neuron
Primary lateral sclerosis

Progressive muscular
atrophy

Flail arm syndrome

Flail leg syndrome

Uncertain

49.75 (39.82)

39.00 (4.92)
0.61 (0.51)

3(12%)
1 (4%)
21 (84%)

4 (16%)
15 (60%)
6 (24%)

5 (20%)
10 (40%)
2 (24%)
4 (6%)

14 (56%)
2 (8%)

3(12%)
3(12%)

1 (4%)
1 (4%)
1 (4%)

41.64 (30.44)

38.62 (4.81)
0.54 (0.60)

0
0
13 (100%)

2 (15%)
10 (77%)
1 (8%)

ALS, amyotrophic lateral sclerosis; HRO, Rostock; MD, Magdeburg;
ISCED, international standard classification of education; 1Q, intelli-

gence quotient.

declaration of Helsinki. All participants gave written,

informed consent.

Measurements

Cognitive reserve

Cognitive reserve was constructed as a composite mea-
sure by summing up points assigned for: educational

1214
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years, educational attainment, and verbal intelligence as
a proxy for general intelligence. Verbal intelligence was
measured by passive vocabulary; for details see our pre-
vious work.>*® In ALS, performance on this specific test
has repeatedly been shown to remain intact and indis-
tinguishable from healthy controls,”* and unrelated to
physical disability.>*” We assigned points for educational
years following Consonni et al.’s strategy,” and accord-
ing to the international standard classification of educa-
tion (ISCED) to reflect educational length and
achievement. Crucially, the former — educational years —
assigns points purely based on the length of time spent
in formal education while the latter — ISCED levels —
reflects educational achievement. For example, it is pos-
sible to obtain 13 years of education by primary and
secondary education (“Realschule”) followed by 3 years
of vocational training (“Berufsausbildung”), resulting in
ISCED level 4, or instead of “Realschule” by completing
secondary education (“Gymnasium”) without any fur-
ther tertiary education or vocational training —resulting
in ISCED level 3. By combining both measures, our CR
measure reflects standard educational lengths, levels and
achievements.

Neuropsychological assessment

Our participants underwent full
examination, consisting of letter fluency and flexibility,
category fluency and flexibility,”® shifting ability’'; selec-
tive attention within the Stroop paradigm; short-term
and working memory; and verbal memory.”> We derived
the following outcomes from these assessments.

The verbal fluency tasks were limited to 2 minutes,
with the conditions of letter S, H/G switching, animals,
and sports/fruit switching. We indexed all four verbal
fluency tasks by subtracting reading time from produc-
tion time, then dividing the result by the number of
correctly produced words. These verbal fluency indices
correct for the effects of dysarthria on speech tempo,
with a higher index signifying a diminished word pro-
duction or a slower reading speed.”® Shifting ability was
measured by the ratio between trail making tests B and
A to correct for motor-related deceleration.”® A lower

neuropsychological

ratio indicates a slower shifting ability. Response inhibi-
tion was examined using the Stroop task, with the out-
come operationalised as the ratio of the
efficiency between naming and reading: the time needed
to name divided by 1 minus the error naming rate,
divided by the time needed to read, divided by 1 minus
the error reading rate.’® Short-term and working mem-
ory were assessed using digit-span-forward and digit-
span-backward tasks, respectively. Verbal memory was
assessed using the German equivalent of the Raven

inverse
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auditory verbal learning test.’> From this test, we
derived the outcomes of material learnt (the sum of
words learnt over trials 1-5, as a percentage of max. 75
words); the material acquired (trial 1 subtracted from
trial 5, divided by trial 5); immediate recall (trial 6
divided by trial 5); delayed recall (trial 7 divided by trial
5), and recognition (correctly recognised words minus
incorrectly recognised words). To compare between-
outcome performance more easily, we standardised our
participants’ raw scores to z-scores based on healthy age,
sex and education-matched controls.

MRI acquisition

MRI scanning was performed with two 3 T Siemens
Magnetom VERIO scanners (Erlangen, Germany) using
a 32-channel head coil; one single scanner at each site
(Rostock and Magdeburg, Germany). High-resolution
T,-weighted anatomical images were acquired using the
magnetization-prepared rapid gradient echo (MPRAGE)
sequence with the following parameters: 256 x 256
image matrix with 192 sagittal slices, FOV 250 x
250 x 192 mm, voxel size 1 x 1 x 1 mm?, echo time
4.82 msec, repetition time 2500 msec, and flip angle 7°.
The anatomical T,-weighted images from all time points
were co-registered to each other, segmented into grey

Longitudinal Cognitive Reserve in ALS

matter, white matter and cerebrospinal fluid partitions
using the CAT12 toolbox longitudinal pipeline in Matlab
2019ab. Then, the Diffeomorphic Anatomical Registration
Through Exponentiated Lie (DARTEL) algebra algorithm®
was used in combination with the default CAT12 brain
template to normalise the mean T;-weighted image to
the Montreal Neurological Institute (MNI) reference coor-
dinate system. The estimated deformation field was sub-
sequently applied to the grey matter segments of all
time points to bring them in MNI space as well, fol-
lowed by modulation to preserve the total amount of
grey matter and smoothing with an 8 mm Gaussian ker-
nel. In phantom tests according to the American College
of Radiology guidelines,”® both sites’ scanners met the
criteria for geometric accuracy, high contrast spatial res-
olution, slice thickness accuracy, slice position accuracy,
image intensity uniformity, percent signal ghosting and
low contrast object detectability. We subtracted baseline
regional volume from that at 12 months’ follow-up to
determine loss of volume (see Table 2). We assumed
that CR’s protective effect would be most decisive
against volume loss in brain regions where an associa-
tion with cognitive functioning has previously been doc-
umented. Consequently, we focused our hypothesis-
driven testing on the superior frontal gyrus atrophy for

37,38 . 37 .
fluency and working memory functions’’; in

Table 2. The means and standard deviations of the covariates, and the mean with 95% credible intervals of the outcomes.

Measure ALSnci ALSci N
Total intracranial volume (TIV) 1458.60 (146.03) 1438.77 (152.14) 38
Volume loss over 12 months (mm?3)
Superior frontal gyrus —251.38 (850.83) —376.72 (1666.63) 38
Orbitofrontal gyrus —260.01 (553.69) —158.92 (449.58) 38
Hippocampus —28.48 (116.70) 8.09 (98.50) 38
Cognitive performance (z scores) Baseline Follow up Baseline Follow up
Verbal fluency
Letter fluency —0.22 (-0.58, 0.13) —0.06 (—0.40, 0.27) —2.41 (=3.57, —1.25) —2.23 (=3.91, —0.54) 30
Letter flexibility -0.25 (-0.71, 0.22) —0.23 (-0.93, 0.46) —6.31 (=9.59, —3.03) —3.56 (-6.02, —1.11) 29
Category fluency 0.34 (-0.10, 0.79) 0.61(0.21, 1.01) —1.49 (-2.32, —0.66) —2.67 (=3.75, —1.59) 30
Category flexibility 0.08 (—0.35, 0.51) 0.46 (—0.19, 1.10) —2.42 (-4.53, —0.31) —3.92 (-7.22, —-0.62) 29

Executive functions
Working memory
Short-term memory
Shifting
Selective attention

Verbal memory
Learning
Acquired
Immediate recall
Delayed recall
Correct recognition

—0.23(-0.77, 0.32)
—0.14 (-0.64, 0.37)
0.35(-0.02, 0.73)
—0.33 (-0.60, —0.06)

0.59 (0.03, 1.16)
0.04 (—0.49, 0.58)
5.60e-3 (—0.42, 0.43)
—0.08 (—0.45, 0.28)
—0.05 (0.67, 0.56)

—0.08 (-0.70, 0.55)
—0.17 (-0.68, 0.35)
0.10 (-0.11, 0.32)

—0.13 (-0.51, 0.25)

0.43 (-0.15, 1.01)
0.33 (-0.23, 0.89)
0.03 (-0.31, 0.38)
—0.11 (-0.50, 0.27)
—0.73 (-1.61, 0.14)

—0.90 (-0.70, 0.32) —0.90 (-1.82, 0.03) 33
—0.88 (—1.40, —0.36) —0.82 (-1.43, —0.22) 32
0.18 (—0.45, 0.82) 0.22 (-0.59, 1.02) 32
0.67 (—0.24, 1.58) 0.41 (-0.51, 1.33) 22
—1.30 (-2.21, —0.40) —1.44 (-2.85, —0.03) 31
—0.18 (—1.42, 1.05) —1.06 (—3.06, 0.95) 31
—1.00 (=2.23, 0.23) —1.18 (-2.43, 0.08) 31
—0.81 (-1.35, —0.27) —0.63 (—1.60, 0.35) 31
—0.84 (-1.87, 0.19) —2.57 (-4.45, —0.68) 31
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addition to orbitofrontal gyrus atrophy for shifting,
selective attention® and planning’”*; and to hippocam-

pal atrophy for verbal memory.*?

Statistical analysis

As we were interested in establishing support for the CR
hypothesis, we chose Bayes factor (BF) hypothesis test-
ing. This permitted us to compare multiple hypotheses
and select the most plausible one in accordance with
our data.*"** To compare hypotheses, we conducted
mixed-measures analyses of covariance with the within-
subjects independent variable of time, the between-
subjects independent variables Strong criteria at baseline,
sex and recruitment location, andgenetic the covariates
CR, age and regional brain volume loss with the out-
comes of executive, verbal fluency, and memory perfor-
mance (see “Design”). Independent variables and
covariates must not be inter-correlated. We verified this
using Kendall’s tau correlation coefficients. CR and vol-
ume loss did not, notably, correlate with one another,
indicating that the influence of either on cognitive abil-
ity would be independent from the other. We compared
the following hypotheses: (1) the null hypothesis, includ-
ing all relevant potential confounding variables, repre-
sented by the corrected null model including age, sex,
Strong profile at baseline, recruitment location, TIV,
regional volume loss, time; (2) the CR hypothesis, repre-
sented by the sole main effect of CR; and (3) the
hypothesis that patients with different Strong profiles
benefit distinctly from CR, represented by the interaction
between Strong profiles and CR. For statistical purposes,
we combined the ALSbi and ALSni patients into
“ALSnci” as both groups had no cognitive impairment,
and there were only three ALSbi patients in our sample.
Analysing them separately did not seem to affect our
conclusions in a meaningful way, as indicated by the
respective results file on the Open Science Framework
(see Data availability statement). We compared these
ALSnci patients to ALSci patients. Broadly speaking,
three conclusions are possible within the Bayesian frame-
work*': support for either alternative hypothesis (BF
>3), support for the null hypothesis (BF <0.33), or
inconclusive evidence (BF between 0.3 and 3). We will
consider the CR hypothesis supported by our data if the
evidence in its favour is at least moderate compared to
the null hypothesis (BF >3)*! because this would mean
that the effects of CR were supported against all these
confounds, including atrophy and onset type. In BFHT,
there is no sample size below which our inferences
become untrustworthy.*?

Modelling took place in Jeffreys’s Amazing Statistics
Program ( JASP).*> We set JASP to place the best model

A. G. M. Temp et al.

on top, and report BFy; for all models compared to it,
quantifying the top model’s performance over those listed
below. Numerical accuracy was established over 10,000
iterations using a Markov chain Monte Carlo (MCMC)

algorithm.
We report our results according to published guide-
lines.** “P(M)” are the models’ prior probabilities, i.e.,

how likely they were considered to be prior to observing
our data. Prior probabilities were set to be equal so that
the null model and the CR models were equally likely. “P
(M|data)” indicates each model’s posterior probability
after observing our data. “BFy,” indicates the degree to
which our data have changed the prior model odds.*'
“BF,,” indicates the evidence in favour of the best model,
and error% indicates the numerical stability of BF,; over
10,000 MCMC iterations; the latter should be below
20%.*" Effect sizes and coefficients are reported with a
95% credible interval.

Data availability statement

The original MRI files are not publicly available due to
confidentiality restraints. A comma separated values file
containing the data underlying the analyses and figures is
available at: https://osf.io/8ng3p/, accompanied by an
HTML file containing our reported JASP output, and the
JASP output when ALSci and ALSbi patients were anal-
ysed separately.

Results

For brevity’s sake, we report details on those analyses
that produced decisive evidence in any direction. We
summarise the prior and posterior probabilities of anal-
yses with inconclusive evidence, details may be obtained
from our online supplement. Average volume loss, cog-
nitive performance scores and the final number of par-
ticipants included in each analysis may be found in
Table 2. We found at least moderate evidence that
ALSci patients did not exhibit greater volume loss than
ALSnci patients (unidirectional Mann—Whitney U tests,
all BF >3).

Hypotheses with conclusive evidence

Our data were sufficiently informative to provide conclu-
sive evidence for letter fluency, letter flexibility and imme-
diate recall of verbally acquired material. Model
comparisons, and the best models’ R* and the coefficients
are in Table 3. The 95% CI of the volume loss coeffi-
cients, notably, always included zero, meaning that a cor-
relation coefficient with size zero between volume loss
and cognitive ability was always plausible.

1216 © 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
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Table 3. Comparisons for models with conclusive evidence: letter fluency, letter flexibility, immediate recall and recognition.

Best model inference (95% Cl)

Model summary

Volume loss

ALSci

CR

RZ

Error%

BFm

P(M|data)  BFy

P(M)

Name

Function

—3.53e-5 (—3.86e-4, 3.09¢e-4)

—0.76 (—1.21, —0.27)

0.45 (0.06, 0.89)

0.40 (0.24, 0.74)

1.00
1.75
5.55
1.00
4.05

2.66
0.97
0.23
6.38
0.46

0.1

0.57
0.33
0.10
0.76
0.19

CR x Profile 0.33
0.1

CR

Letter fluency

11.63
5.91

0.33
0.33

0.33

Null

—5.19e-3

—1.74 (-2.73, —0.66)

0.58 (—0.08, 1.23)

0.72 (0.59, 0.80)

CR x Strong

CR

Letter flexibility

11.76
6.59

0.33
0.33

0.33

15.07
1.00
2.89
4.98
1.00
2.23
4.02

Null

—8.55e-5 (—3.53e-3, 1.67e-3)

—0.37 (-0.73, —6.81e-3)

—0.63 (—1.24, —0.04)

0.55 (0.52, 0.63)

3.66
0.58
0.30
2.87
0.72
0.34

0.65
0.22
0.13
0.59
0.26
0.15

CR x Strong

Null

Immediate recall

5.81
9.42

0.33
0.33
0.33
0.33

0.33

CR

Not applicable

0.66 (0.52, 0.77)

Null
CR

Recognition

2.61
2.98

CR x Strong

Bold face indicates the best model for our data. Model names: CR = cognitive reserve, main effect-only; CR x Strong = interaction effect between CR and Strong profile; Null = null hypothesis,

corrected for age, sex, TIV, regional volume loss and recruitment location.

Longitudinal Cognitive Reserve in ALS

Letter fluency

Our data were approximately five times more likely under
the interaction between CR and Strong profile compared to
the null model (BF,; = 5.55, Table 3) with an error rate of
6% indicating that the BFy; ranged from 5.5 to 6.4 over the
10,000 MCMC iterations. Analysing our data has increased
our belief in this hypothesis from 33% to 57%. The CR
model explained approximately 40% of the variance in let-
ter fluency. In this model, CR’s influence was stronger than
that of volume loss in the superior frontal gyrus (Fig. 2A).

Letter flexibility

Our data were approximately 15 times more likely under
the interaction between CR and Strong profile at baseline
compared to the null hypothesis (BF,; = 15.07, Table 3).
The error rate of 6.59% indicates that the BF,; ranged
from 14.07 to 16.07 (BFy; = 15.07 £ 1.00). Analysing our
data has increased our belief in the interaction model
from 33% to 76%; it explained 72% of the variance in
letter flexibility. In it, CR’s effect exceeded that of atrophy
in the superior frontal gyrus but not that of ALSci. Fig-
ure 2B shows that ALSci patients with higher CR were
able to improve their performance, while ALSnci patients
performed steadily. In this model, CR’s influence was
stronger than that of volume loss in the superior frontal

gyrus.

Immediate recall

Our data were approximately five times more likely under
the interaction model compared to the pure CR model
(BFy; = 4.98). The error rate of 9.42% indicates that the
BF, varied by 0.46 over 10,000 MCMC iterations. Ana-
lysing our data has increased our belief in the interaction
model from 33% to 65% but reduced our belief in the
pure CR model to 13%. The interaction model was nearly
three times better than the corrected null model
(BFo; = 2.89 £ 0.99) The interaction model explained
55% of variance in immediate recall. In this model, CR’s
influence was stronger than that of volume loss in the
hippocampus (Fig. 2C).

Recognition

Here, we found conclusive evidence that the corrected
null model with the combined main effects of time, sex,
recruitment location, Strong profile, age, TIV and change
in hippocampal volume was four times better than the
interaction  between @~ CR  and  Strong  profile
(BFg; = 4.02 £ 0.12). The null model explained 66% of
the variance in recognition performance.
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Figure 2. The effect of cognitive reserve over 12 months. (A) Higher CR protected letter fluency over 12 months. (B) ALSci patients with higher
CR improved their letter flexibility over 12 months, but ALSnci patients did not. (C) ALSci patients with lower CR experienced worse immediate

recall than ALSnci patients.

Hypotheses with absent evidence

For the following cognitive functions, our data were insuffi-
ciently informative as indicated by small increases in posterior
probability. This means that there is an absence of evidence
within these data, i.e., no support for any hypothesis.

1218

Category fluency

The best model was the main effect of CR. However, our
data only increased our belief in this model from 33% to
40%, thus providing insufficient information to facilitate
a decision in favour of any hypothesis.
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Category flexibility

The best model was the main effect of CR. However, our
data only increased our belief in this model from 33% to
49%, meaning that this sample contained insufficient
information to support or reject any hypothesis.

Working memory

Here, the null model was the best model. Our data
increased our belief in the null model from 33% to 40%,
indicating that they were insufficiently informative to
prompt a decision favouring any hypothesis.

Short-term memory

The best model was the null model, but our belief in it
increased from 33% to 35%, signifying that our data were
insufficiently informative to facilitate a decision between
the competing hypotheses.

Shifting

The null model was the best model, but our belief in it
increased from 33% to only 40%, suggesting that our data
were insufficiently informative to allow any conclusions
about the competing hypotheses.

Selective attention

The null model was the best model, but our belief in this
model increased only from 33% to 44%, indicating that our
data provided insufficient information to support any
hypothesis.

Longitudinal Cognitive Reserve in ALS

Learning

The CR model was the best model, but our data only
increased our belief from 33% to 43%, meaning that they
were insufficiently informative to facilitate decisive evidence.

Material acquired

The corrected null model was the best model, but our
belief in it was only increased from 33% to 44%, indicat-
ing that our data did not provide enough information to
support any hypothesis.

Delayed recall

The null model was the best model; our data increased
our belief in it by 10%: from 33% to 47% — indicating
that they were insufficiently informative to support any
model.

Figure 3 summarises the evidence in favour of CR and
its interaction with Strong profile compared to the cor-
rected null model: there was decisive evidence in our data
to support that CR protects letter fluency and flexibility,
but for the other functions, the data were insufficiently
informative to facilitate a decision in favour of the CR or
the null hypothesis.

Discussion

Based on our previous work,” we had hypothesised that
specific cognitive functions would be protected by CR:
verbal fluency, verbal memory and working memory. Our
data provided evidence that letter fluency and flexibility
were protected from decline moderated by superior

Function Type . ALS-specific ' ALS-unspecific Model . CR-only A Interaction

Recognition
Delayed Recall
Immediate Recall
Acquired

Learning

Selective Attention
Shifting

Short Term Memory
Working Memory
Category Flexibility
Category Fluency
Letter Flexibility
Letter Fluency

absent
evidence

Cognitive Function

»

BF<1/30 BF 0.3t0 3 BF>3

BF>10
Strength of Bayes Factor favouring CR

Figure 3. A summary of evidence favouring the CR hypothesis over the null hypothesis.
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frontal atrophy over 12 months. In letter fluency, patients
with larger reserve were protected from further decline.
In letter flexibility, ALSci patients benefitted more
strongly from CR than ALSnci patients: with higher CR,
their performance improved (Fig. 2B). However, the evi-
dence in our data was not informative enough to support
the CR hypothesis or the null hypothesis for executive
functions and verbal memory. Importantly, this signifies
an absence of evidence, not evidence that CR’s effect is
absent. Verbal fluency — letter fluency in particular — is
the most frequent, disease-specific cognitive impairment
in ALS.*” Our data thus generate the hypothesis that CR’s
long-term protection is limited to disease-specific func-
tions in ALS. As patients with PMA and PLS were part of
our cohort (Table 1), this could be said to undesirably
increase the heterogeneity of our cohort and affect the
results; however, having re-ran the analyses to confirm
the results without both ALS-variants, our findings were
sustained.

Cross-sectionally, Canosa et al.® applied the Edinburgh
Cognitive and Behavioural ALS Screening’s total score to
show that longer education protected overall cognitive
performance from lower fronto-medial glucose metabo-
lism, indicative of higher pathological burden. Our previ-
ous, cross-sectional work® provided strong evidence that
CR had small, protective effects on verbal fluency, work-
ing memory, verbal memory and visuo-constructive abili-
ties against regional atrophy, but not shifting and
planning abilities. Further studies without measures of
neurological damage indicated that while patients with
high and low CR may differ in cognitive performance at
baseline,”” they decline at similar rates.” This indicates
that CR was not protective of functions over time when
neurological damage was not considered.’

Cross-sectional evidence has suggested that cognitive
profiles according to Strong did not interact with CR.>®
The presented longitudinal analyses indicate that ALSci
patients were most likely to benefit from CR, and pro-
vided moderate to strong evidence of medium-sized pro-
tective effects for letter fluency/flexibility against superior
frontal atrophy. Our data extend previous findings® by
showing that ALSci patients benefit from high CR espe-
cially in flexibility tasks. Our patients — like Costello
et al’s patients — remained cognitively stable over time
despite the late stage of their ALS (mean disease duration
47 months, Table 2).° Cognitive stability in ALS is well-
documented.'""?

The CR hypothesis has been applied to explain delayed
disease onset in Alzheimer’s disease®® and slower decline
of global cognitive functions, not just disease-specific
memory.*” Whereas previous, cross-sectional evidence
suggested that CR may protect a wide range of functions
in ALS,>”® our study indicates that CR was exclusively

A. G. M. Temp et al.

protective of disease-specific letter fluency functions. Our
previous work™® further lent support for the brain
reserve hypothesis: between-person differences in brain
size might facilitate better coping with neuronal damage
and in turn, better cognition. While brain atrophy pre-
sents along a continuum ranging from ALSni with less
atrophy in non-primary motor areas to ALS-FTD patients
with severe atrophy,'*'®*® functional impairment presents
as a spectrum with distinct, mutually exclusive profiles of
brain perfusion,* functional connectivity,”® brain glucose
metabolism®" and cognition.”® However, this present
study provides stronger support for the longitudinal bene-
fit of CR over that of brain reserve: the effects of brain
atrophy were minuscule, and centered on zero (Table 3).
This suggests that CR’s influence on cognition exceeds
that of brain reserve because the aforementioned func-
tional impairments are not entirely reliant on atrophy.
However, future research needs to determine conclusive
evidence for executive, language, social cognition and
memory functions across the ALS-FTSD. Given that the
architecture of cognition remains a matter of debate®*>*
and that atrophy is widespread,'® future studies should
direct their attention towards cognitive networks to inves-
tigate the interrelationships between cognitive functions
in ALS-FTSD. Establishing cognitive networks may reveal
structures underlying these vulnerabilities.

The absence of evidence does not warrant the rejection
of the CR hypothesis in these functions (Fig. 2). This
absence is likely because neuroscience overall still strug-
gles to map cognitive functions onto brain areas™ and to
establish the architecture of cognitive functions overall.
Factor analyses have suggested that memory and reason-
ing could be one domain® and that verbal fluency might
be a language function rather than an executive one as it
relates to both domains.”® This necessitates future net-
work analyses, to see if ALS-FTSD patients and healthy
persons differ in their cognitive architecture. Furthermore,
small samples such as ours only serve to detect large effect
sizes, medium to small effect sizes may be undetectable.
Finally, verbal memory and executive domains were
unimpaired in our sample, and remained stable over time
(Table 2; Fig. 2C). While CR may support this stability,
there can be no protection against changes. We propose
that our analyses be replicated in larger, independent
samples. Bayesian modelling techniques are particularly
suitable for such replication analyses. Limitations of our
study include the lack of language and social cognition
tasks and additional measurements of reserve, such as
occupational status,” or physical activity. Additionally,
our operationalization of brain pathology rested on regio-
nal atrophy but — as discussed above — there are meta-
bolic changes also worthy of inclusion when assessing the
CR hypothesis. While our attrition rate of 81% is not
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uncommon in longitudinal ALS studies owing to both
physical deterioration and waning willingness, the result-
ing relatively small sample size may introduce bias
towards the number of patients on the ALS-FID spec-
trum who present with milder neurodegeneration.

Overall, recent endeavours to establish the CR hypothe-
sis across the ALS-FTSDs should be considered successful.
We now know that a considerable subset of cognitive
functions can be protected by CR cross-sectionally, and
that longitudinally, ALSci patients benefit strongly from
high CR in their ALS-specific letter fluency functions.
Across other cognitive domains, further evidence is neces-
sary to support the CR hypothesis.
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