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Abstract

New candidate diagnostics for cognitive decline and dementia have recently been proposed based on effects such as primacy and recency
in word learning memory list tests. The diagnostic value is, however, currently limited by the multiple ways in which raw scores, and in
particular these serial position effects (SPE), have been defined and analyzed to date. In this work, we build on previous analyses taking
a metrological approach to the 10-item word learning list. We show i) how the variation in task difficulty reduces successively for trials
2 and 3, ii) how SPE change with repeated trials as predicted with our entropy-based theory, and iii) how possibilities to separate cohort
members according to cognitive health status are limited. These findings mainly depend on the test design itself: A test with only 10
words, where SPE do not dominate over trials, requires more challenging words to increase the variation in task difficulty, and in turn
to challenge the test persons. The work is novel and also contributes to the endeavour to develop for more consistent ways of defining
and analyzing memory task difficulty, and in turn opens up for more practical and accurate measurement in clinical practice, research
and trials.
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1. Introduction particular putting those claimed changes in relation to
measurement uncertainty (Melin, et al., 2021a; Pendrill et
al., 2021). Our analyses of word learning list tests so far
have focused on the first trial, while the present work
extends our study to include more trials repeated directly

as more complex word recalling sequences. Recently, gztg :;crzcgltlh(e[r),R;ncludmg learning effects, as well as
improved diagnostics for cognitive decline and dementia, y '

particularly when including serjal position eff_e_ct_s (SPE),  An important part of ensuring construct validity and
have been sought when measuring memory abilities based  predictability is to explain how the difficulty of recalling is
on word learning lists (see summary by Weitzner &  caused by a number of effects, particularly how the word
Calamia (2020)). list items are structured. A major result of our research so
far, both of non-verbal, culture-free tests such as block or
digit sequence tests, as well as the verbal lists studied here,
has been to explain recall difficulty in terms of
informational entropy (see section 2.2). It should be easier
to recall a more ordered sequence of less entropy.

Measurement of the memory ability of persons has a long
tradition in neuropsychological assessment. Tests used to
measure a person’s memory ability typically include
language- and cultural-free blocks and digits recall as well

SPE address the relationship between the ordering of
symbols (in the present case, words) in a list and the
likelihood of them being recalled. Specifically, when a test
person is asked to freely recall as many words as possible
from a word list, SPE mean that the first (primacy region,
Pr) and the last (recency region, Rr) words are easier to  our previous studies of IR have included frequency (i.e.,
remember than items in the middle (middle region, Mr)  how frequently each word occurs in its language) as an
(Murdock, 1962). In a recent review, Weitzner & Calamia  explanatory variable, although it is found to contribute little
(2020) conclude that: ‘The analysis of SPE has {5 jtem task difficulty compared with the major
demonstrated some utility as a marker of cognitive  contributions from the sequence length, i.e., the number of
impairment associated with MCI, AD, and other  sympols (words) in each list (Melin et al., 2021a; Pendrill
dementias; however, research is limited by the multiple ¢t 51, 2021). The minor contribution from word frequency
ways in which SPE are defined and analyzed.” Despite the might however be due to the fact that the words in the list
limitations, they found that individuals with MCI and AD studied are all very short and common in everyday
sht_)wed reduced primacy and intact recency, with primacy language, and therefore not expected to lead to any
being more reduced in AD. significant variation in recall difficulty.

In line with that, there are, to our best knowledge, few | contrast to RAVLT with 15 words with a fixed order on
studies which properly handle the ordinal response of atest  yepeated trials 1 - 5, the word learning list (WLL) test
person taking a word learning list test, making any claim of  jncluded in the CERAD test battery has only 10 words and
anew diagnostic questionable. Our previous analyses of the  the word order changes with each of the three repeated
Rey's Auditor Verbal Learning List Test (RAVLT) trial  rials. With only 10 words, SPE are expected to be less

1/immediate recall (IR) have challenged previous claims of  yronounced (Murdock, 1962) but repeated trials may
disease-related changes in serial positions effects (SPE), in 7
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include learning effects similar to RAVLT (Goldberg et al.,
2015; Zhan et al., 2018).

The European NeuroMET2 18HLTQ9 project has brought
together clinicians, academics, metrologists and industry to
address measurement  challenges in current
neurodegenerative diseases. Our part in NeuroMET
includes how to properly handle cognitive data and in this
paper we will present how task difficulty and SPE change
with repeated trials in word recalling tests, as predicted
with our entropy-based theory.

2. Methods

2.1 Participants and data collection

The NeuroMET cohort has been recruited and tested bi-
annually from 2016 to 2022 at Charité hospital in Berlin.
Measurements administered include neuropsychological
assessments with a battery of legacy cognitive tests, clinical
laboratory data for protein biomarkers and ultra-high field
magnetic resonance imaging and spectroscopy (Quaglia et
al., 2021).

For this work, data have been included from baseline and
follow-up visits from the WLL CERAD cognitive tests
(German) from 214 individual assessments of healthy
controls (HC, n=73), persons with subjective cognitive
decline (SCD, n=44) as well as patients with mild cognitive
impairment (MCI, n=43) and suspected dementia due
Alzheimer’s Disease (AD, n=54).

Intrial 1 of WLL CERAD, the test person is asked to freely
recall as many as possible of the 10 common but unrelated
words read by the test leader. In the second trial, the same
10 words are repeated but in a different order and the
person is again asked to freely recall as many as possible.
This is then repeated in a third trial, again with a different
word order.

The study was approved by the Ethics Committee of the
Charité - Universitatsmedizin Berlin, Germany, and was
conducted in accordance with the declaration of Helsinki.

2.2 Data analyses

The ordinal responses (raw scores) to the WLL CERAD
(classification number 1 for pass or classification number O
for fail) were restituted through a logistic regression of the
data to a dichotomous Rasch (1960) model using the
WINSTEPS ® 5.2.0. This restitution process yields
separate and linear measures for each memory task
difficulty, J, and individual person memory ability, 8, and
compensates for ordinality:
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1+e®-9

The focus of this study is primarily on measures of memory
task difficulties, o.

Poyccess =

Secondly, a state-of-the-art multivariate formulation is
made of a construct specification equation (CSE) (Pendrill,
2019) for the quantity Z of the construct (in this case
memory task difficulty, 6), expressed as a sum of a number
of covariates, X, (explanatory variables) in the causal
associative relation: Z = Y, By * Xy
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Explanatory variables X, were identified in line with our
previous work on RAVLT IR (Melin et al., 2021a; Pendrill
et al., 2021) based on information theoretical entropy. In
this case, the amount of information in these messages (G
symbols with N repeats) according to the well-known
Shannon (1948) expression of ‘surprisal’ in the work of
Brillouin (1962), is given by:

I=M-

N
m(G) — ) In(N;)

where the normalisation constant, M = —m:G)

This general expression gave us the following definitions
for explanatory variables for the different contributions to
memory IR task difficulty for each word, j:

Surj =2-M-In(G}); G=L/2
8prj=—M- ln(Gj!); G = itemorder
Sgrrj =—M-In(Gj!); G = L —1— itemorder
8freq,j = —M - Inf;

Finally, formulation of a CSE for overall task difficulty
(Pendrill 2019) for each trial included three steps in a
principal component regression (PCR):

i A PCA amongst the set of explanatory
variables, Xk using the entropy-based
estimates of § given above

ii. A linear regression of the empirical task

difficulty values dj against X' = X - P in terms

of the principal components, P; and

A conversion back from principal components

to the explanatory variables, Xk

3. Results

3.1 Overall task difficulty

Figure 1 presents how task difficulty for individual items is
found empirically to change over the three trials. On the y-
axis lower values imply an easier task and vice versa, and
the x-axis represents each item in order of appearance in
each trial.

Blue dots represent trial 1 with a clear parabolic fit line,
indicating easier tasks in the beginning and at the end, i.e.,
the SPE for Pr and Rr, and qualitatively similar to our
earlier RAVLT observations. The variation in task
difficulty with order is successively reduced for trials 2 and
3 (orange and grey dots in figure 1). Overall task difficulty
also decreases with the three repeated trials.
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Figure 1. Empirical task difficulty values on the y-axis (lower values

implies an easier task), and the x-axis represent each item ordered by

appearance in each trial. Error bars show measurement uncertainties
with coverage factor k=2.

Smaller contributions from SPE to task difficulty in trials 2
and 3 are also confirmed by the CSEs formulated as
described in section 2.2, yielding the following expressions
for the three different trials:

ZRWLLl.j =6(5) + 0.8(6) x 6Pr,j +1.2(1.2) x 6Rr,j (1)
~02(1) X Spreq

ZRWLLZ,j = 1(4) + 03(8) X 6137«']' + 01(6) X 6RT,]' (2)
~0.1(1) X 8rreq s

ZRy113,; = 1(1) +0.2(3) X 8py,j — 0.0(3) X Oy, j (3)

—0.26(4) X 8freq)

Figures 2a-c illustrate contributions from each explanatory
variable according to egs. 1-3 across the ten items, clearly
showing how primacy disappears in the later trials, while
there seems to be a small contribution from recency
remaining also in trial 2 and 3.

Because of the rapidly diminishing SPE due to learning
effects on repeated trials of relatively short word lists, in
contrast to our previous studies on RAVLT IR/trial 1, by
WLL trial 3 frequency has become the dominating
explanatory variable. One must remember, however, that
the variation in empirical task difficulty values is small; in
fact, only the second and last items can be separated from
the others by amounts significantly larger than the
measurement uncertainties.

Furthermore, in figures 2a-c the predicted (zR) can
graphically be compared with the empirical task difficulties
(same as Figure 1). Pearson correlation coefficients were
for trial 1: 0.70, trial 2: 0.65 and trial 3: 0.93, which are of
comparable strength to the results for RAVLT (Melin, et
al., 2021n) but not as strong as for the block and number
recalling tests (Melin et al., 2021b)

In the figures, error bars show measurement uncertainties
with coverage factor k=2 for each memory task’s difficulty,
U(d), which propagate through the PCR (section 2.2). In
turn the U(8) have implications for U(P) and UzR together
with uncertainties in the fit itself, which is an issue of
sample size, collinearity and measurement disturbance. In
the present case when comparing the less cognitive able
patients (MCI and AD) with the more cognitive able
persons (HC and SCD), the un-even sample sizes may bias
the interpretations. However, this can indicate that there are
sources of dispersion when making the multivariate
regression which are not yet accounted for.
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Figures 2a-c. Corresponding plots presenting the contribution from
each explanatory variable as well as the empirical and predicted task
difficulty values for all three WLL trials. Task difficulty values on
the y-axis (lower values implies an easier task), and the x-axis
represents each item ordered by appearance in each trial. Error bars
show measurement uncertainties k=2.

3.2 Differences between sub-groups

For trial 1, the “intercept” value + 6(5) (first term on the
right-hand side (RHS) of each CSE for task difficulty) can
be compared with &y, ; = 2 M - In(5!) = + 4.2 logits for
the whole cohort. Our model for the learning effects
observed for the 5 RAVLT trials (Melin et al., 2022), where
the intercept value decreases in inverse proportion to the
root of the number of trials performed, would predict that

the intercept value would be % = 3 logits at trial 2 and
4

?; = 2.5 logits at trial 3. These predictions are within

measurement uncertainties of the observed intercept values
given in equations (1), (2) and (3).

When comparing CSEs for the two groups of cohort
members, for the second trial the intercepts were found to
differ slightly (albeit with large uncertainties):

ZRWLLZ HC+SCD,j = 1(1) + 00(5) X 6PT‘,]’ (4)
~0.1(2) X &gy,
- 04—(2) X 5freq,j

ZRwii2 mci+ap,j = 2(1) +0.3(4) X &py. (5)

+0.2(4) X Oz,
—0.2(0) x Sfreq,j



In line with what one may expect, this difference in
intercept might indicate a faster learning for the more
cognitive able cohort members. Further, a difference
between the cohort groups was observed in terms of the
contributions to task difficulty from primacy and recency;
for the more cognitive able cohort members, the
contributions from primacy and recency are negligible
already at the second trial.

4. Conclusion

Our entropy-based theory earlier developed for RAVLT
was successfully replicated for WLL CERAD trial 1 in the
present study, although the effects of SPE are not as
pronounced with repeated WLL trials. This may be
explained by the fact that WLL CERAD comprises only 10
words in contrast to RAVLT as well as a different word
ordering per trial.

In the present work we have shown i) how the variation in
task difficulty reduces successively for trials 2 and 3, ii)
how SPE change with repeated trials as predicted with our
entropy-based theory, and iii) how possibilities to separate
cohort members according to cognitive health status are
limited.

These findings depend mainly on the test design itself: A
test with only 10 words, where SPE do not dominate over
trials, requires more challenging words to increase the
variation in task difficulty, and in turn to challenge the test
persons.

In the present case of WLL CERAD, the 10 words are all
common but unrelated. Thus, it was no surprise that
frequency provided relatively little explanation in the CSE,
particularly in the first trial where SPE dominate. However,
including less common, i.e., less frequently used, words is
expected to make a greater contribution to recall difficulty
from frequency. Moreover, other related aspects to
consider could be: word length (Surprenant et al., 2011),
semantics (Earles & Kersten, 2017; Hyde & Jenkins, 1973),
phonetics (Rezvanfard et al., 2011).

The work here is not only novel, but also necessary for
more consistent ways of defining and analyzing memory
task difficulty, and in turn opens up for more practical and
accurate measurement in clinical practice, research and
trials.

The observed response in any word learning list test, as
well as for other tests of human abilities, typically gets
classification numbers. As in the present case, 0 for fail and
1 for pass (section 2.2). Such observed response constitutes
raw data, xj, for test person i and item j, which is
characterized by ordinality and is not a measure of the
person’s memory ability nor the memory task difficulty.
We have previously shown that metrological methods to
simple syntax studies provide opportunities for more
practical and accurate measurement in clinical practice,
research and trials (Melin et al., 2021c). In this work,
together with ongoing work on word learning list test
(Melin et al., 2022; Melin et al., 2021a; Pendrill et al.,
2021) we advance a novel metrological approach to cover
more consistent ways of defining and analysing memory
task difficulty.
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