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1. INTRODUCTION 

Worldwide, dementia is one of the most pressing public 
health issues in modern time [1]. At the same time, patients 
remain underdiagnosed or are diagnosed ‘too late’. This can, in 
part, be explained by the limitations of routinely used methods 
for neuropsychological cognitive assessments [2], [3]. Key 
drawbacks are: 

(i) the ordinal scale used to classify human responses to 
items assessing cognitive functioning; and 

(ii) the need to separate the independent attributes – person 
ability and item difficulty – in human responses.  

Ignoring these drawbacks leads to considerable risk of 
incorrect conclusions based on the cognitive assessments, 
subsequently impacting clinical decision-making.  

While not traditionally a part of metrology, ordinal and nominal 
properties can indeed be considered both necessary, for example for 
dementia care [2], [3], and suitable [4]–[6] for metrological quality 
assurance, as is being increasingly recognised. Together with 
methods to both compensate for the ordinality and separate person 
and item attributes, so called Construct Specification Equations 
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list is affected by so-called serial position effects (SPE), meaning that words at the beginning or end of the list are more likely to be 
recalled. In our earlier work, as part of including ordinal and nominal properties in metrology, compensation for ordinality in the raw 
test scores has been performed with psychometric Rasch measurement theory. Thereafter, SPE have been successfully explained with 
construct specification equations (CSE) dominated by information theoretical entropy as candidate reference measurement procedures. 
Here, we present how previous German results for explaining memory difficulty in the immediate recalling (IR, trial 1) task of the Rey’s 
Auditory Verbal Learning Test (RAVLT) can be replicated with a Swedish cohort (the Gothenburg Mild Cognitive Impairment study, n = 
251). This CSE replicability for RAVLT demonstrates comparability across the two cohorts in a kind of inter-laboratory study. Moreover, 
RAVLT includes repeated trials and learning through practice is expected. How memory task difficulty changes over the eight trials in 
RAVLT is studied: SPE are not so prominent for the delayed recalling sequences and there is an overall reduction in the task difficulty 
CSE intercept with trial number, interpreted as an effect of learning. To conclude, the methodology and evidence provided here can be 
clinically used not only to measure a person’s memory ability but also his or her learning ability, as well as understanding the relationship 
between learning ability and other cognitive domains. 
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(CSE) provide a more specific, causal, and rigorously mathematical 
conceptualization of item attributes (e.g., memory task difficulties) 
than any other kind of construct theory [4], advancing both the 
validity and metrological quality assurance of human based 
measurements [4]–[6]. 

The reliable and valid measurement of a person’s memory 
ability is central to diagnosing, treating and monitoring disease 
progression in many medical conditions. Tests used to measure 
a person’s memory ability typically include tasks such as recalling 
sequences of blocks, digits or words. An example of a word recall 
test is the Rey’s Auditory Verbal Learning Test (RAVLT) [7], 
which is made up of a list of 15 unrelated words, in which the 
test person is asked in a trial to recall as many of these words as 
possible. This trial is repeated five times with the same words and 
order, followed by another list of 15 unrelated words (called a 
distractor list, trial 6), before returning to the original word list 
(trial 7), and finally once more, after a delay of 20 to 30 minutes 
(trial 8). As the same word list is repeated in RAVLT, learning 
through practice is expected. 

Practice effects in cognitive tests are typically seen as a 
confounder in assessing the person’s ability in an isolated cognitive 
domain [8], [9], e.g., memory, attention, or executive functions. On 
the other hand, it is well-known that practice is necessary for 
learning, and learning itself is a commonly evaluated cognitive 
domain of interest in neuropsychological assessments [10]. 

Another well-known effect in learning word lists is the serial 
position effect (SPE), which implies that words in the beginning 
(primacy region, Pr) or at the end (recency region, Rr) of the list 
are more likely to be recalled [11]. In the recent literature, SPE 
have been claimed to be potential diagnostic tools, e.g., [12]. 

In our previous work, we have successfully been able to 
mathematically explain, in terms of informational entropy, why 
words in Pr and Rr are easier to remember than items in the 
middle (middle region, Mr) in the RAVLT immediate recall (IR, 
i.e., first trial) [13]-[15]. In contrast to the RAVLT with 15 words 
with a fixed order on repeated trials 1 – 5, the word learning list 
(WLL) test included in the CERAD test battery has only 10 
words and the word order changes with each of the three 
repeated trials. For this test, we have also shown that our 
entropy-based theory developed for RAVLT could also be 
successfully replicated for WLL CERAD trial 1 [16]. However, 
with only 10 words, SPE are expected to be less pronounced [11] 
and the effects of SPE are not as pronounced with repeated WLL 
trials as shown in this study of RAVLT [16]. That work was done 
in the European EMPIR NeuroMET2 project with the German 
version of the RAVLT. Elsewhere, we have also detailed 
presentations of how entropy may have a broad applicability 
when formulating CSE in general [4]–[6]. 

To the best of our knowledge, current analyses of measuring 
a person’s learning ability are often limited by a widespread 
improper handling of the drawbacks (i) and (ii) mentioned above. 
For example, Moradi et al [4] define learning in RAVLT as the 
score of trial 5 minus the score of trial 1. Raw scores equal 1 for 
pass or 0 for fail, i.e., an ordinal scale [17], [18]. However, because 
of ordinality, such classifications have no numerical meaning and 
only serve to clearly indicate the ordered categories [8]. Linear 
separate measures for person and item attributes necessary for 
metrological legitimacy are only attainable by restitution from the 
raw scores through a logistic regression such as the dichotomous 
Rasch model [19].  

By combining our previous work on RAVLT IR with the need 
for better methods to assess learning, we aim in this work to 

(i) test if the previous German cohort results for 
explaining memory task difficulty in RAVLT IR can be 
replicated in a Swedish cohort; and 

(ii) explore how memory task difficulty changes over 
repeated trials of RAVLT. 

2. METHODS 

2.1. Participants and data collection 

The Gothenburg (GBG) mild cognitive impairment (MCI) 
study is an attempt to conduct longitudinal, in-depth 
phenotyping of patients with different forms and degrees of 
cognitive impairment using neuropsychological, neuroimaging, 
and neurochemical tools [20]. The GBG MCI study was started 
in 1999 and has bi-annual visits. 

For this study, we included a subsample with data from 251 
individual assessments. The cohort is dominated by patients with 
MCI (n = 183) and healthy controls (n = 57), although some have 
had a disease progression from the second visit (Alzheimer’s 
disease n = 3; vascular dementia n = 3; mixed type dementia 
[combined Alzheimer’s disease and vascular dementia]) n = 3; 
dementia non-ultra descriptum n = 2). Mean age was 65 years 
(Std dev. 8) and 124 were men and 127 women.  

2.2. Data analysis 

A first step in handling the drawbacks (i) and (ii) mentioned 
above properly was to make a measurand restitution. Specifically, 
linear separate measures for person and item attributes suitable 
for metrological quality assurance were restituted through a 
logistic regression of the dichotomous Rasch model [19] to the 
ordinal response raw score using the software WINSTEPS ® 
5.2.0. The Rasch model yields separate and linear measures for 
each memory task difficulty, δ, and for each individual person 
memory ability, θ, and compensates for ordinality:  

𝑃success =
e𝜃−𝛿

1 + e𝜃−𝛿
 . (1) 

The focus of this study is primarily on measures of memory 

task difficulties, 𝛿. 
We used a so-called racked data entry, which means that items 

from the different trials are treated as individual items. This 
approach was chosen as it can be used to assess how item task 
difficulty changes over time and to compare numerically within 
the same frame of reference [21]. 

Secondly, CSE [4], [5] for memory task difficulty for each trial 
were formulated. Recently, we have provided an extensive 
description of the metrological significance of this and how this 
applies for word-learning list tests [15] (in particular, see 
Appendix B). In short, our approach is based on information 
theoretical entropy – a more ordered task with less entropy is 
expected to be easier [4]. The amount of information, I, in a 
message containing G symbols with N repeats of MN different 
types was formulated in the work of Brillouin [22], based on the 
well-known Shannon [23] expression of ‘surprisal’: 

𝐼 = 𝑀 ∙ [ln(𝐺!) − ∑ ln(𝑁𝑗!)

𝑀𝑁

𝑗=1

] . (2) 

In the present case, the normalisation constant, 𝑀 = 1/ln(𝐿) 
=1/ln(15) = 0.369 for a word list of length, 𝐿 = 15. In our recent 
work [15], the following definitions for explanatory variables for 
SPE were presented: 
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𝛿Mr,0 = 2 ∙ 𝑀 ∙ ln(𝐺𝑗!) ;  𝐺 = 𝐿 2⁄  , (3) 

𝛿Pr,𝑗 = −𝑀 ∙ ln(𝐺𝑗 !) ;  𝐺 =  𝑖𝑡𝑒𝑚 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛, 𝑗 (4) 

𝛿Rr,𝑗 = −𝑀 ∙ ln(𝐺𝑗  !) ;  𝐺 =  𝐿 − 1 −  𝑖𝑡𝑒𝑚 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛, 𝑗 (5) 

𝛿freq,𝑗 = −𝑀 ∙ ln 𝑓𝑗 . (6) 

Based on Equation (2), the average entropy at the middle of a 
list of G words, without SPE or repeats, is given by Equation (3). 
But due to the well-known effects of primacy and recency when 
all other factors being equal, the initial and final symbols in the 
word list should be somewhat easier to recall than the symbols 
in the middle of the sequence Equations (4) and (5). Word 
familiarity might be another effect that may explain the 
difficulties of recalling words from a list, Equation (6). 

A final step in the formulation of a CSE for task difficulty is 
to account for cases where the principal components of variation 
are not the observed explanatory variables. This was done in a 
principal component regression (PCR), including three steps:  

(i) A PCA amongst the set of explanatory variables, Xk 
(ii) A linear regression of the empirical task difficulty values 

δj against X' = X ∙ P in terms of the principal 
components, P; and 

(iii) A conversion back from principal components to the 
explanatory variables, Xk 

3. RESULTS  

3.1. RAVLT IR replication of previous results 

When comparing the empirical task difficulty values for 
RAVLT IR in this study (blue dots in Figure 1) with our previous 
work [13]-[15], similar CSE were observed. Likewise, when 
comparing the CSE based on the two cohorts, differences were 
found to be negligible (numbers in brackets indicate 
measurement uncertainties; coverage factor k = 2): 

NeuroMET RAVLT 

𝑧𝑅Trial 1,𝑗 = 5(3) + 0.7(5) ∙ 𝛿Pr𝑗
+ 0.8(5) ∙ 𝛿Rr𝑗

+ 0.2(2) ∙ 𝛿freq,𝑗  

(7) 

GBG MCI RAVLT 

𝑧𝑅Trial 1,𝑗 = 5(3) + 0.6(4) ∙ 𝛿Pr𝑗
+ 0.6(4) ∙ 𝛿Rr𝑗

− 0.2(2) ∙ 𝛿freq,𝑗  . 

(8) 

3.2. RAVLT learning effects 

With repeated trials, item memory task difficulty was found 
to decrease. This is shown in Figure 1; the blue dots for trial 1 
illustrate that those items are more difficult to recall compared 
with the same words in the subsequent trials.  

When comparing the CSE from trial 1, Equation (8), with the 
CSE from trials 2-5, Equations (9)-(12), all explanatory variable 
coefficients stayed stable within the measurement uncertainties: 
GBG MCI RAVLT 

𝑧𝑅Trial 2,𝑗 = 5(2) + 0.6(3) ∙ 𝛿Pr𝑗
+ 0.7(5) ∙ 𝛿Rr𝑗

+ 0.1(2) ∙ 𝛿freq,𝑗  

 

(9) 

𝑧𝑅Trial 3,𝑗 = 4(2) + 0.6(3) ∙ 𝛿Pr𝑗
+ 0.7(4) ∙ 𝛿Rr𝑗

+ 0.3(1) ∙ 𝛿freq,𝑗  
(10) 

𝑧𝑅Trial 4,𝑗 = 4(2) + 0.5(3) ∙ 𝛿Pr𝑗
+ 0.6(4) ∙ 𝛿Rr𝑗

+ 0.2(1) ∙ 𝛿freq,𝑗  
(11) 

𝑧𝑅Trial 5,𝑗 = 3(2) + 0.5(3) ∙ 𝛿Pr𝑗
+ 0.7(5) ∙ 𝛿Rr𝑗

+ 0.3(2) ∙ 𝛿freq,𝑗  . 
(12) 

An overall decrease in task difficulty is evident in the 
successive lowering of the repeated trial curves shown in 
Figure 1, which can be interpreted as a learning effect. Although 
uncertainties are large, this can be expressed by a lowering of the 
intercept (first term on the right-hand side (RHS) of each CSE 
for task difficulty) which was found to decrease significantly on 
each repeated trial and approximately linearly with trial number, 
as shown in Figure 2.  

The reduction in task difficulty intercept, interpreted as 
learning, can be simply explained with the formula: 

𝛿intercept(𝑡𝑟𝑖𝑎𝑙) =
𝛿Mr,0

√𝑡𝑟𝑖𝑎𝑙
 , (13) 

where 𝛿Mr,0 is given by Equation (3) and trial is the number of 
each trial in order, by analogy to a reduction in uncertainties with 
increasing numbers of degrees of freedom as trials are repeated. 

Memory task difficulty from trials 1, 5, 7 and 8 are compared 
in Figure 3. While trial 1 and 5 both have a parabolic relation 
between difficulty and item order, reflecting SPE (as in Figure 1), 
this is missing from trials 7 and 8. Thus, SPE are not as 
prominent for the later, delayed recalling sequences; words from 
Pr are easier to recall than words from Rr. 

The differences in task difficulty between these trials are also 
evident when comparing the CSE. In Equations (14) and (15), 
the contributions from SPE are more or less negligible. In turn, 

 

Figure 1. Item memory task difficulty on the y-axis and item position on the 
x-axis showing SPE (parabolic curves) and reductions in task difficulty of 
repeated trials. 

 

Figure 2. Item memory task difficulty intercept on the y-axis (Learning: 
experiment; δ_intercept: Equation (13) and trial on the x-axis showing the 
effects of learning. 
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the predictive power was found to decrease over the trials. When 
correlating the empirical task difficulty values with zR, the 
Pearson correlation coefficient was 0.80 for trial 1 but had 
reduced to 0.67 by trial 8. 

GBG MCI RAVLT 

𝑧𝑅Trial 7,𝑗 = −0.2(2.0)  + 0.0(3) ∙ 𝛿Pr𝑗
+ 0.2(4) ∙ 𝛿Rr𝑗

+ 0.2(1) ∙ 𝛿freq,𝑗  

(14) 

𝑧𝑅Trial 8,𝑗 = −0.2(2.6) + 0.0(3) ∙ 𝛿Pr𝑗
+ 0.2(5) ∙ 𝛿Rr𝑗

+ 0.2(2) ∙ 𝛿freq,𝑗  . 
(15) 

4. DISCUSSION 

Inter-laboratory studies are well-established as a means of 
evaluating measurement accuracy and ensuring metrological 
traceability, for instance in chemical and materials metrology. In 
the human and social sciences, including neuropsychological 
assessments, such routines are less developed. This hinders 
ensuring true metrological traceability for individual persons as 
well as between cohorts and over time. In what can be seen as a 
kind of inter-laboratory study, the reproducibility of CSE 
between the German and Swedish versions of RAVLT presented 
here demonstrates comparability between the cohorts in Berlin 
and Gothenburg. 

Our findings when explaining the evolution of SPE over the 
trials give arguably a clearer picture of differences between 
immediate and delayed recall than previously reported with 
classical test theory, e.g., [24]. 

In turn, this may have implications when claiming SPE as 
potential diagnostic tools. In this study, as well as in the WLL 
CERAD-study [16], the reduction in task difficulty intercept 
were both found to decrease in inverse proportion to the root of 
the number of trials performed. However, in the WLL CERAD 
study, we also found a difference in how fast the intercept 
decreases between groups of less or more cognitive able cohorts. 
This might indicate a faster learning for the more cognitive able 
cohort members. In a previous study by Cordier et al [25], in 
which entropy was used as a ‘global variable’ for learning, it was 
found that experts exhibited a faster decline in entropy and came 
earlier to a plateau. In the present study, with less diverse 
cognitive status of participants, we have not, as yet, been able to 
study such learning trajectories for different skilled groups, thus 
further studies are warranted on subjects within the full spectrum 
of AD also when using RAVLT. 

Moreover, SPE may introduce a multidimensionality effect, 
which could seriously challenge the basic assumptions behind the 
metrological Rasch model, particularly its specific objectivity, as 
would arise where significant portions of the cohorts appear to 
experience SPE differently [14], [15]. However, in the present 
study, we have not been able to observe such a breakdown. This 
may be due to the less diverse cognitive status of participants, 
compared with our earlier work where cohort members ranged 
from health controls to patients suffering from dementia due to 
suspected Alzheimer’s Disease [13]-[15]. 

Shifting focus from assessments of item task difficulty to how 
individual person ability varies across the trials may, however, 
can tell us something about different learning trajectories for 
further studies. For example, Figure 4 show person abilities for 
three cohort members for RAVLT trial 1 to 5. Two persons, 
starting at trial 1 from slightly different abilities, both increase in 
ability to reach a comparable plateau at the fourth trial while a 
third person reaches a lower plateau at the fourth trial. 

When items in trial 1 in RAVLT are scaled together with other 
items from short-term memory tests such as Corsi Block Test 
(CBT) and Digit Span Test (DST), RAVLT task difficulties are 
relatively uncertain. One can get a better precision compared to 
CBT and DST if used for the persons with abilities around 0.00 
logits [26]. However, if RAVLT is being used to measure people 
with lower or higher abilities, the precision decreases. When only 
using the first trial with only 15 words might not be sensitive 
enough from a clinical perspective. Thus, further work is needed 
to handle both SPE and learning effects, – potentially causing 
multidimensionality and a breakdown in the Rasch model. More 
consistent ways of defining and analyzing memory task difficulty 
to maintain the unique metrological properties of the Rasch 
model are needed [15]. 

There are some further general methodological limitations to 
CSEs and entropy-based models. Only when all potentially 
important explanatory variables are included can a CSE give a 
true picture [6]. Thus, when formulating CSEs effects of sample 
size, collinearity, a measurement disturbance, and 
multidimensionality on the estimation of component difficulties 
must be considered [27]. However, despite such potential 
limitations, the benefits are more important, specifically, the 
lower measurement uncertainties in the multivariate models 
compared with univariate fits are obtained which is of great 
significance in the present field of memory measurements, and 
beyond [6]. 

 

Figure 3. Item memory task difficulty on the y-axis and item position on the 
x-axis. SPE (parabolic curves) for the earlier trials (1 & 5) disappear for the 
later trials (7 & 8).  

Figure 4. Person memory abilities on the y-axis and trial position on the x-
axis. Error bar corresponds to measurement uncertainties k = 2. 
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5. CONCLUSION 

To conclude, we have presented both a methodology [25] to 
overcome current practice shortcomings in analyzing word 
learning list tests, i.e., using the Rasch model [17] and CSE [4], 
[5], as well as additional evidence for how repeated trials can lead 
to learning effects. This can be clinically used not only to measure 
a person’s memory but also his or her learning ability. Further 
work is needed to find more consistent ways of defining and 
analyzing memory task difficulty, including SPE and learning 
effects, to maintain the unique metrological properties of the 
Rasch model and to improve the estimates and understanding of 
person memory abilities [26]. In turn this should enable a better 
understanding of the relationship between learning ability and 
other cognitive domains as well as more reliable diagnosing, 
treating, and monitoring of disease progression. 
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