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Abstract.

Background: Memory tests using controlled encoding and cued recall paradigm (CECR) have been shown to identify
prodromal Alzheimer’s disease (AD), but information about the effectiveness of CECR compared to other memory tests in
predicting clinical progression is missing.

Objective: The aim was to examine the predictive ability of a memory test based on the CECR paradigm in comparison to
other memory/non-memory tests for conversion to dementia in patients with amnestic mild cognitive impairment (aMCI).
Methods: 270 aMCI patients from the clinical-based Czech Brain Aging Study underwent a comprehensive neuropsycholog-
ical assessment including the Enhanced Cued Recall test (ECR), a memory test with CECR, two verbal memory tests without
controlled encoding: the Auditory Verbal Learning Test (AVLT) and Logical memory test (LM), a visuospatial memory
test: the Rey-Osterrieth Complex Figure test, and cognitive testing based on the Uniform Data Set battery. The patients were
followed prospectively. Conversion to dementia as a function of cognitive performance was examined using Cox proportional
hazard models.

Results: 144 (53%) patients converted to dementia. Most converters (89%) developed dementia due to AD or mixed (AD and
vascular) dementia. Comparing the four memory tests, the delayed recall scores on AVLT and LM best predicted conversion
to dementia. Adjusted hazard ratios (HR) of immediate recall scores on ECR, AVLT, and LM were similar to the HR of
categorical verbal fluency.

Conclusion: Using the CECR memory paradigm in assessment of aMCI patients has no superiority over verbal and non-verbal
memory tests without cued recall in predicting conversion to dementia.
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patients with mild cognitive impairment (MCI), sub-
jective cognitive decline, and in cognitively healthy
older adults [1, 2]. Various neuropsychological tests
are used in the diagnosis of AD, though practice
differs across countries and within countries in rela-
tion to specialization of the clinical sites [3]. There
is a need for consensus as some guidelines recom-
mend the use of memory tests with a controlled
encoding paradigm [4—6] whereas others do not [7,
8]. Controlled learning/encoding with semantic cues
diminishes the interference of attention, strategy, and
working memory during the encoding part of the test,
based on the encoding specificity principle [9].

Patients with MCI are at increased risk of progres-
sion to dementia and those with memory impairment
(amnestic MCI — aMCI) are at particularly high risk
of converting to AD dementia [10]. It was sug-
gested that memory recall deficit in memory tests
with controlled encoding that is not normalized or
significantly improved with cueing or recognition is
specific for hippocampal impairment [11, 12]. Keep-
ing with the current knowledge of localization of
neuropathological changes in early AD, the so-called
hippocampal type of memory impairment was pos-
tulated to be the core neuropsychological marker of
prodromal AD [4, 13].

The most widely used test with the controlled
encoding and cued recall (CECR) paradigm is the
Free and Cued Selective Reminding Test (FCSRT),
which includes free and total recall subtests [14]. The
FCSRT uses category cues at both acquisition and
retrieval in an attempt to ensure semantic encoding
and enhance recall.

The hippocampal type of memory impairment
was found to be highly specific and sensitive when
predicting aMCI conversion to dementia in a longitu-
dinal study with the FCSRT [15]. An additional study
demonstrated the utility of FCSRT in a population-
based cohort of older adults where free and total
recall showed good specificity, sensitivity, and nega-
tive predictive value in predicting dementia; however,
positive predictive values were low, and many sub-
jects with poor free and total recall scores in the
FCSRT remained free of dementia at 5 years [16].
In another longitudinal aging study, a decline in free
recall was detected 7 years before the diagnosis of
dementia [17].

One cross-sectional study brought indirect evi-
dence for the superiority of FCSRT measures for
discrimination between AD and non-AD etiology
of MCI: both free and cued FCSRT recall were
more closely related to a cerebrospinal fluid (CSF)

biomarker signature indicative of AD in compari-
son to two free recall measures without a controlled
encoding paradigm (Logical memory, CERAD test),
though only delayed recalls were compared [18].

Apart from the FCSRT, other studies have been
conducted demonstrating the relation of other mem-
ory tests with dementia conversion, though inclusion
of the CECR paradigm and comparison of several
memory tests in one battery is rare and consensus
on which memory tests best predict conversion is
unclear. One longitudinal study of patients with aMCI
with 3 years follow-up found the TAVEC — Verbal
Learning Test of the Complutense University (a test
using free and cued recall — Spanish version of the
Californian Verbal Learning Test) to be the best pre-
dictor of conversion to dementia in MCI patients
compared to other tests in the battery; however, no
other verbal memory test was used to allow direct
comparison [19].

To the best of our knowledge, only one prior lon-
gitudinal study compared a memory test based on the
CECR paradigm with a wordlist memory test based
on uncontrolled learning and free recall. A short 6-
item test was found to be superior to a 10-item version
of the Auditory Verbal Learning Test (AVLT) in pre-
dicting conversion to AD dementia at 18 months
follow-up [20]. Another longitudinal study used a
modified 15-word version of the FCSRT, in which
controlled encoding was not implemented, and found
free recall in this test to be superior to a memory test
using story recall [21].

Besides the memory tests using a list of words such
as the AVLT or FCSRT, tests using story recall have
been recommended in clinical practice and research
to identify patients likely to convert to dementia.
Among them, the Logical memory test (LM) in par-
ticular has been widely used in the United States,
where it has been a part of the UDS [2, 22] and the
PACC (preclinical AD cognitive composite) battery
[23, 24]. This suggests the need of comparing the LM
to tests using the CECR paradigm.

In summary, the clinical utility of memory tests
with the free and cued paradigm has been demon-
strated in numerous previous studies; however, there
is no conclusive evidence of superiority of tests
using CECR over other memory tests (without this
paradigm) among older adults without dementia.

Recently, attention has been drawn to non-memory
domains. In particular, semantic fluency has been
identified as an independent predictor of the presence
of AD pathology in cognitively normal older adults.
Addition of category fluency to the PACC cognitive
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battery provided unique information about early cog-
nitive decline not currently captured by the episodic
memory, executive function, and global cognition
components, and was suggested to improve detection
of early Amyloid-beta-related cognitive decline [24,
25]. Moreover, recent work by the Czech Brain Aging
Study has suggested that a dysnomic form of aMCI
may exist, and that patients with dysnomic or severe
multi-domain aMCI are more likely to progress to
dementia [26].

In our previous cross-sectional study, we examined
the potential of the Enhanced Cued Recall (ECR) test,
which is an alternative version of the FCSRT based
on the same paradigm, to reflect the hippocampal
atrophy in nondemented older adults. We compared
it with two other frequently used memory tests, the
AVLT—a test with 15 words without this procedure,
and the nonverbal Rey—Osterrieth complex figure test
(ROCFT) and we found no superiority of the ECR test
over the AVLT [27].

Building on previous research, the aim of this lon-
gitudinal clinical based study was to compare the
potential of four memory tests (ECR, AVLT, ROCF,
and LM) and other, non-memory tests to predict
the conversion to dementia in aMCI patients. We
expected that the ECR test using the CECR paradigm
would be superior to other memory and non-memory
tests to predict conversion to dementia.

METHODS
Farticipants

A total of 270 aMCI patients were recruited and
followed prospectively with annual examinations at
the Memory Clinic in Motol University Hospital in
Prague, Czech Republic between 2005 and 2020 in
the Czech Brain Aging Study (CBAS) [28].

All individuals were referred to the clinic by
general practitioners, neurologists, psychiatrists, or
geriatricians based on memory complaints reported
by themselves or their close informants. They under-
went standard clinical and laboratory evaluations,
brain MRI, and comprehensive neuropsychological
examination at baseline and were followed prospec-
tively with yearly clinical and neuropsychological
evaluations, and interviews with informants in order
to detect conversion to dementia. MRI was repeated
every two years. Additional clinical visits were per-
formed in case of unusual clinical worsening reported
by the patient or his/her informant. The diagnosis

was determined at the joint meetings of neuropsy-
chologists with neurologists and was based on mutual
agreement. When establishing the diagnosis, the clin-
icians used all available information including the
results of previous tests and all other clinical infor-
mation. In case of conversion, the patients underwent
a new brain MRI used to confirm the final diagno-
sis. At baseline, all participants fulfilled Petersen’s
criteria for aMCI including memory complaints, evi-
dence of memory dysfunction on neuropsychological
testing, generally intact activities of daily living, and
absence of dementia [8]. The group included both
single domain (isolated memory impairment) and
multiple domain (memory impairment plus impair-
ment of at least one other cognitive domain) aMCI
participants. Memory impairment was established
when the patient scored more than 1.5 standard devi-
ations below the mean of age- and education-adjusted
norms on any memory test

Individuals with a history of neurological or psy-
chiatric disease potentially interfering with cognitive
function (i.e., stroke, multiple sclerosis, Parkinson’s
disease, major depressive symptomatology defined
as >8 points on the 15-item Geriatric Depression
Scale, psychosis, etc.), psychiatric medication usage
excluding SSRI, or abnormal neurological examina-
tion including gait or movement difficulties were not
included. In addition, we did not include patients with
primary progressive aphasia. All participants in this
study had signed written informed consent that was
approved by alocal ethics committee. The procedures
were in accordance with the Helsinki Declaration of
1975 and later revision in 2000. The basic character-
istics and results of neuropsychological assessment
are summarized in Table 1.

The conversion to dementia and its etiology was
established during the regular consensual meetings
of neurologists and neuropsychologists. The diag-
nosis was based on clinical history reported by
the patient and the caregiver, neurological examina-
tion, neuropsychological assessment, and MRI. The
main criterion to diagnose dementia was based on
the impairment of activities of daily living reported
by the patient’s informant [7]. Neuropsychologi-
cal test results were used to assess the cognitive
profile, which helped to specify the dementia’s
etiology.

The diagnosis of different types of dementia was
based on current criteria for probable AD [7], prob-
able vascular dementia [30], probable dementia with
Lewy bodies [31], or probable behavioral variant
of frontotemporal dementia [32]. Patients labeled
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Table 1
Demographic characteristics and cognitive performance
Baseline Follow-Up
Amnestic Non-Converters Dementia
Mild Cognitive (n=126) Converters
Impairment (n=144)

(n=270)
Demographics Mean &+ SD Mean &+ SD Mean + SD
Days of Follow-Up (y) 2.80+£2.02 3.204+2.32 2.44 4+ 1.65*
Gender (male/female) 124/146 66/60 58/86
Age 71.71 £8.45 69.15+8.36 73.97 £7.89*
Education 14.53 +3.39 15.12+3.60 14.01 £3.12*
GDS-15 4.12+£3.25 4.52+3.34 376 +3.13
ANAPOEA4 carriers (>1 allele) 45% (95) 35% (33) 53% (62)*
ANAPOE4/E4 carriers (2 alleles) 6% (13) 4% (4) 8% (9)
Dementia Classification % (n)
AD - - 72% (104)
BV-FTD - - 4% (6)
LBD - - 5% (7)
Mixed Dementia - - 17% (25)
VaD (without AD) - - 1% (2)
Cognitive Performance (Baseline) Mean + SD Mean £+ SD Mean + SD
MMSE 26.30 £2.68 27.49+1.94 25.24 £2.80*
AVLT 1 3.88+1.48 437+1.44 342+ 1.36*
AVLT 5 7.88+2.44 8.91+2.30 6.87+2.14*
AVLT 1-5 31.34 £ 8.46 35.22+7.61 27.55 £7.49*
AVLT 30 3.43+3.03 4.92+£281 1.95+2.48*
ECR-FR 4.58 £3.00 6.13+2.79 3.54 +2.68*
ECR-TR 13.23+3.24 14.50 £2.09 12.38 £3.58*
ROCF-R 7.82+6.16 10.58 £ 6.09 5.27+5.06*
ROCF-C 27.07 £6.33 27.92+5.42 26.29 £+ 6.99*
LOG-I 9.36 £4.25 11.27+4.04 7.35+£3.49*
LOG-D 5.74+£5.08 8.27+4.93 3.08 +3.69*
TMT A 59.94 £27.83 57.56 £27.93 62.30 £27.67
TMT B 173.97 £ 80.76 14591 £71.02 202.28 £ 80.38*
F-DigitSpan-NM 5.68 +1.23 5.85+1.34 554+ 1.11*
F-Digit Span-SC 8.44+2.13 8.59+2.38 8.321+1.89
B-DigitSpan-NM 4.06+1.20 4.23+1.30 391+ 1.09*
B-DigitSpan-SC 5.30+1.94 5.60 +2.08 5.03+1.76*
Digit Symbol 30.29 +10.42 33.62+11.23 26.98 + 8.38*
BNT 53.31+£6.49 53.98 £5.52 52.72+£7.21
P-VF 33.82+11.73 3436+ 11.88 33.35+11.63
S-VF-A 16.83 £5.47 19.00 £5.37 14.37 £ 4.47*
S-VF-V 8911284 9.61 +2.98 8.12+2.47*

*indicates statistical significance between non-converters and converters. Patients who did not convert with less than
360 days of follow-up were excluded (n=12). *Sample size for apolipoprotein (APOE) was 213. AD, Alzheimer’s
disease; BV-FTD, behavioral-variant frontotemporal dementia; LBD, Lewy body dementia; VaD, vascular demen-
tia; MMSE, total score; AVLT 1, trial 1 recall; AVLT 3, trial 5 recall; AVLT 1-5, sum of trials 1 to 5; AVLT 30,
recall after 30 min; ECR-FR, free recall; ECR-TR, total recall after cueing; ROCF-R, visual reproduction after
3 min; ROCF-C, copy score [44]; LOG-I, Logical Memory Immediate Recall from the Uniform Data Set; LOG-D,
Logical Memory Delayed Recall from the Uniform Data Set; TMT A, given in seconds; TMT B, given in seconds;
F-DigitSpan-NM, forward Digit Span — numbers; F-Digit Span-SC, forward Digit Span — score; B-DigitSpan-NM,
backward Digit Span — numbers; B-DigitSpan-SC, backward Digit Span — score; Digit Symbol, Digit Symbol
Score from the WAIS-R; BNT, Boston Naming Test; P-VF, Phonemic Verbal Fluency; S-VF-A, Semantic Verbal
Fluency — Animals; S-VF-V, Semantic Verbal Fluency — Vegetables.

as mixed (AD+vascular) dementia were considered (hippocampus, thalamus). In the clinical phenotype,
to have predominance of AD pathology accompa- the patients manifested episodic memory impairment
nied by evidence of extensive vascular changes or and impaired attention/working memory, executive

vascular changes in areas important for cognition function, and slow processing speed [33].
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Neuropsychological assessment

All individuals were interviewed using the follow-
ing questionnaires: Clinical Dementia Rating [34],
Functional Activities Questionnaire to assess activi-
ties of daily living [35], Hachinski Ischemic Scale,
and 15-item Geriatric Depression Scale (GDS-15)
[36]. The neuropsychological battery included the
Mini-Mental State Examination (MMSE), Digit Span
forward and backward tests, Digit Symbol, Trail
Making Tests (TMT) A and B, Boston Naming Test
(30 odd-items version), Semantic Verbal Fluency
(Animals, Vegetables), Phonemic Verbal Fluency
(Czech version, letters N, K, P) [37, 38] and visu-
ospatial tests (The Rey—Osterrieth complex figure test
(ROCFT) — copy condition) [39].

Four memory tests were used:

1) Memory test with controlled encoding and free
and cued recall — A modified version of the
FCSRT called Enhanced Cued Recall (ECR
test in Czech validated version) [40, 41]. The
test uses category cues at both acquisition and
retrieval to ensure semantic encoding and to
enhance recall. The subject is asked to search
through a card containing line drawings of four
objects and to identify the one that belongs to a
category named by the examiner, such as fruit.
Each of the 16 items to be learned appears on
one of four cards that are used. After each item
is correctly identified on the first card, the card is
removed and immediate recall of the four items
is tested by cueing with the category prompt.
Errors are corrected. The other 12 items are
presented four at a time in the same manner. A
learning phase and subsequent interfering task
(Clock Drawing Test) were followed by one
free recall and subsequent cued recall for items
not freely recalled. Free recall (ECR-FR) and
total recall (ECR-TR =free + cued recall) were
evaluated.

2) Verbal memory test with uncontrolled encoding
and delayed recall — Auditory verbal learning
test (AVLT) [42, 43]. The examiner reads a list
of 15 words from List A at the rate of one word
per 1.5 s after instructing the participant to listen
and remember them. The examiner writes down
the words recalled, then rereads the test for tri-
als IT to V with immediate recall recorded after
every trial. After the fifth trial, the words from
List B are read and recalled. Following the List
B trial, the examiner asks the patient to recall as

many words from List A as possible (trial VI).
A 30-min delayed recall trial is administered
to measure retention. In our study, word span
under overload conditions (trial I: AVLT 1),
final acquisition (trial V: AVLT 5), total acquisi-
tion (X I-V: AVLT 1-5), and delayed recall after
30 min (trial VII- AVLT 30) were analyzed.

3) Story learning memory test — Logical memory
test (LM) [38]. The examiner reads a story and
the subject is asked to recall it immediately and
after a 20-min delay. The number of correctly
recalled items was analyzed.

4) Visuospatial memory test — Rey-Osterrieth
Complex Figure Test (ROCFT) [44]. Partici-
pants were asked to copy and, after a 3-min
delay, recall a line drawing of a figure. The
subject had not been previously instructed to
memorize the figure. The copy and the repro-
duction of the drawing were scored by an
experienced rater (neuropsychologist) using the
36-points Meyers system. Both the copy and
reproduction were used in the final analysis.

To allow the direct comparison of the memory
tests, several verbal tests were used in the neu-
ropsychological battery, potentially leading to the
memory interference effect. To minimize this effect,
we ensured that the administration of memory tests
did not overlap in the battery (i.e., the learning phase
of the new test started after the delayed recall of the
previous one).

Results of the neuropsychological battery includ-
ing memory tests are summarized in Table 1.

Statistical analysis

Initially, demographic characteristics and baseline
cognitive scores were compared for individuals who
did versus did not convert using ¢-tests for differ-
ences in means and chi-square tests for differences
in frequencies. Subsequently, cognitive test scores
were converted to z-scores for ease of comparison
across individual cognitive tests. To allow further
direct comparison, the z-scores for TMT A and B
were reversed. In the main analyses, conversion to
dementia as a function of cognitive performance was
examined using Cox proportional hazard models in
R3.6.1 [45], which yields hazard ratios (HRs). HRs
greater than 1.00 indicate increased risk, those lower
than 1.00 indicate decreased risk. 95% confidence
intervals are also reported. When the entire confi-
dence interval for one cognitive test falls outside the



1402 M. Vyhnalek et al. / Memory Tests Predicting Dementia

confidence interval for another test, we can infer that
the difference in the magnitude of the effect is statis-
tically significant for the two tests.

First, age, sex, and education were included as
covariates in the models and the corresponding HRs
and confidence intervals were extracted. Next, global
cognition as measured by the MMSE was added
as a covariate to all models. We opted to con-
trol for MMSE to better understand whether certain
neuropsychological tests are less predictive of pro-
gression from aMCI to dementia than a simple
measure of global functioning MMSE, and con-
versely to highlight tests that are robust even after
controlling for global cognition. In a third step, we
included the GDS-15 and APOE &4 variant as covari-
ates. If a HR from a non-memory test was statistically
significant in the first step (controlling for age, sex,
education), it was further analyzed after controlling
for delayed LM, which was identified as the best
predictor of conversion in our analyses with respect
to effect magnitude. Multiple logistic regression was
conducted to extract the Area Under the Curve (AUC)
with DeLong 95% confidence intervals from the
first set of models (controlling for age, sex, and
education). Values of 0.80 suggest excellent discrim-
inatory ability for a given neuropsychological test
after adjustment for age, sex, and education. In order
to visualize the time to conversion, a Kaplan-Meier
curve with 95% confidence intervals was provided
with the cumulative number of incident dementia
cases per year.

RESULTS

A total of 270 patients with aMCI who reached
out to the memory clinic were recruited at base-
line. During the follow-up, 144 (53%) individuals
converted to dementia. The majority of converters
developed AD dementia or mixed (AD+vascular)
dementia (72% and 17%, respectively). The mean
and median follow-up times were 2.80 (SD=2.02
years, range 0.23-13.85) and 2.19 respectively for
the full sample. The mean time to conversion was
2.44 years (SD=1.65 years, range 0.23-10.41) and
the median time was 2.12 years. The mean follow-
up time of non-converters was 3.20 years (SD =2.32,
range 0.99-13.85) and the median follow-up time was
2.45 years. The Kaplan-Meier curve analyzing time
to conversion is provided in Fig. 1.

Basic demographic characteristics of the group and
comparison of converters versus non-converters are

in the Table 1. The HRs linked to different neuropsy-
chological scores are listed in Table 2.

Cognitive tests predicting conversion to dementia

At baseline, the converters were significantly older
and less educated, and they differed in the majority
of neuropsychological tests, but not in the number
of depressive symptoms on the GDS-15. In Cox pro-
portional hazard models adjusted for age, sex, and
education, the risk of conversion was best predicted
by the delayed recall in three memory tests (Delayed
LM, AVLT 30, and ROCFT - reproduction), fol-
lowed by MMSE, immediate recall scores and tests of
other cognitive domains. Among the memory tests,
the HR for delayed (HR =2.43) and AVLT delayed
recall after 30 min (HR =2.25) reflected the relatively
greatest effect, followed closely by the ROCFT repro-
duction (HR=2.10), all conferring more than two
times greater risk of conversion per one standard devi-
ation decrease in the scores. The immediate recalls in
other memory tests (AVLT 1-5, LM) and ECR-free
recall score had HRs between 1.68—1.78 which was
similar to semantic verbal fluency animals and veg-
etables (HR =1.68 and 1.78 respectively) and TMT
B (HR=1.70). All digit span tests and the TMT-A
did not reach statistical significance. The results are
summarized in Table 2.

Six neuropsychological tests reported excel-
lent discriminatory ability as determined by the
AUC (>0.80). These tests were: delayed LM
(AUC=0.839), AVLT 30 (AUC=0.826), immedi-
ate LM (AUC=0.819), semantic verbal fluency —
animals (AUC=0.811), AVLT 1-5 (AUC=0.803),
and ROCFT - reproduction (AUC =0.801). In addi-
tion, the MMSE (AUC=0.798), ECR-free recall
(AUC=0.794), and the AVLT 5 (AUC =0.793) also
reported near-excellent discriminatory ability.

Controlling for global cognition and memory
performance

After controlling for MMSE, ROCFT-Copy,
Boston Naming Test, and phonemic verbal fluency
were no longer statistically significant predictors
of conversion to dementia (Table 2). Controlling
for MMSE modestly reduced the HRs of all mem-
ory tests, though Delayed LM, AVLT 30, and
ROCFT-reproduction remained most strongly asso-
ciated with conversion. Among the non-memory tests
that were statistically significant after controlling for
MMSE (TMT B, Digit Symbol Test, and semantic flu-
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ency animals and vegetables), only semantic fluency
vegetables (HR =1.49) and the Digit Symbol Test
(HR =1.38) remained significant predictors of con-
version when controlling for delayed LM (Table 3).

DISCUSSION

Analyzing a neuropsychological battery which
comprised one non-verbal and three widely used ver-
bal memory tests, we found three of them to be better
predictors of conversion to dementia than the tests
representing other cognitive domains. Comparing the
memory tests, we found the delayed recall in LM,
AVLT, and ROCFT to be the best predictors of con-
version to dementia in aMCI. Thus, our results do
not support the superiority of the ECR a memory test
with 16 items using controlled encoding and cued
recall, to the memory tests without this paradigm
(AVLT, LM) or a nonverbal memory test ROCFT.
The predictive power of the immediate recall mem-
ory scores was similar to semantic verbal fluency.

&

)

Time in Years

Fig. 1.

In addition, semantic verbal fluency vegetables was
predictive of conversion to dementia beyond delayed
memory performance, global cognition, and relevant
demographics.

The predictive power of neuropsychological tests
in non-demented older adults has been a topic of
several longitudinal studies. Previous research has
consistently shown the superiority of memory tests
over the tests of other cognitive domains in predict-
ing future dementia in non-demented older adults
[15, 16, 46]. These results are in general agree-
ment with our study demonstrating better predictive
power of three of four memory tests (AVLT, LM,
and ROCFT reproduction) over the tests of executive
functions (TMT B), attention and working memory
(digit span forward and backward), language (Boston
Naming Test), and visuoconstruction (ROCFT copy
condition), as well as general cognition measured by
MMSE.

The superiority of delayed recall over other mem-
ory scores is not surprising as delayed memory
represents the most sensitive measure of the mem-



Table 2
Cox proportional hazard models with neuropsychological tests predicting conversion from amnestic mild cognitive impairment to all-cause dementia
Adjusted Hazard P AUC Adjusted Hazard p Adjusted Hazard Ratio + P
Ratio [DeLong 95% CI] Ratio + MMSE GDS-15 + APOE €4
(Age, Sex, (Age, Sex, (Age, Sex, Education,
Education) Education, MMSE) GDS-15, APOE &4)

YoVl

Neuropsychological Tests

MMSE*

AVLT 1

AVLT 5

AVLT 1-5

AVLT 30
ECR-FR
ECR-TR
ROCF-R
ROCF-C

Log-I*

Log-D*

TMT A*

TMT B*
F-DigitSpan-NM*
F-Digit Span-SC*
B-DigitSpan-NM*
B-DigitSpan-SC*
Digit Symbol*
BNT*

P-VF

S-VF-A*
S-VF-V*

1.82[1.54, 2.14]
1.58 [1.30, 1.92]
1.60 [1.32, 1.93]
1.73 [1.43,2.09]
2.25[1.75, 2.90]
1.78 [1.43, 2.21]
1.44[1.23, 1.69]
2.10[1.62, 2.72]
1.36 [1.14, 1.62]
1.68 [1.35, 2.08]
2.43[1.83,3.22]
1.19[0.98, 1.44]
1.70 [1.39, 2.07]
1.13[0.95, 1.35]
1.12[0.93, 1.35]
1.15 [0.94, 1.40]
1.16 [0.95, 1.42]
1.51[1.24, 1.84]
1.33[1.10, 1.63]
1.35[1.09, 1.67]
1.68 [1.29, 2.20]
1.78 [1.34, 2.38]

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.08
<0.001
0.17
0.22
0.17
0.15
<0.001
0.004
0.007
<0.001
<0.001

0.798 [0.745, 0.852]
0.764 [0.704, 0.823]
0.793 [0.736, 0.849]
0.803 [0.749, 0.858]"
0.826 [0.772, 0.879]"
0.794 [0.731, 0.856]
0.761 [0.695, 0.828]
0.801 [0.745, 0.858]"
0.727 [0.664, 0.791]
0.819 [0.762, 0.876]"
0.839 [0.786, 0.892]"
0.722 [0.649, 0.795]
0.744 [0.679, 0.808]
0.716 [0.654, 0.778]
0.709 [0.647, 0.772]
0.713 [0.651, 0.775]
0.713 [0.651, 0.775]
0.754 [0.692, 0.817]
0.728 [0.661, 0.796]
0.730 [0.662, 0.798]
0.811 [0.745, 0.8771"
0.780 [0.709, 0.851]

1.42[1.15, 1.75]
1.36 [1.11, 1.66]
1.46 [1.19, 1.80]
1.93[1.48, 2.52]
1.46 [1.16, 1.84]
1.26 [1.06, 1.50]
1.76 [1.34, 2.32]
1.13[0.94, 1.37]
1.35[1.06, 1.72]
2.05[1.51,2.78]
1.08 [0.87, 1.33]
1.32[1.04, 1.67]
1.08 [0.90, 1.31]
1.04 [0.86, 1.26]
0.94[0.77, 1.15]
0.90[0.73, 1.12]
1.30 [1.05, 1.62]
1.2310.99, 1.51]
1.21[0.97, 1.51]
1.40 [1.06, 1.85]
1.49 [1.11, 2.00]

0.001
0.003
<0.001
<0.001
0.001
0.009
<0.001
0.19
0.01
<0.001
0.48
0.02
0.40
0.69
0.55
0.35
0.02
0.06
0.08
0.02
0.008

1.71[1.42, 2.06]
1.31 [1.04, 1.66]
1.45[1.15, 1.83]
1.53[1.22,1.93]
1.81[1.34,2.45]
1.62 [1.26, 2.09]
1.31[1.08, 1.58]
1.74 [1.30, 2.33]
1.33[1.09, 1.62]
1.50[1.17, 1.91]
2.52[1.76, 3.60]
1.17 [0.94, 1.45]
1.60 [1.27,2.01]
1.15[0.93, 1.42]
1.130.90, 1.41]
1.1210.90, 1.39]
1.14[0.91, 1.43]
1.97 [1.44,2.70]
1.20 [0.96, 1.49]
1.45[1.14, 1.84]
1.87[1.39,2.53]
1.75[1.29, 2.39]

<0.001
0.02
0.002
<0.001
<0.001
<0.001
0.005
<0.001
0.005
0.001
<0.001
0.16
<0.001
0.19
0.29
0.32
0.25
<0.001
0.11
0.002
<0.001
<0.001

*indicates that this test is part of the Uniform Data Set (UDS). "indicates that this test has an Area Under the Curve (AUC) above 0.80, suggesting excellent discrimination
ability. AUC was extracted from multiple logistic regression with each cognitive test as the main predictor variable and age, sex, and education as covariates. For Hazard
ratios 95% confidence intervals are reported in the brackets. MMSE, total score; AVLT 1, trial 1 recall; AVLT 5, trial 5 recall; AVLT 1-5, sum of trials 1 to 5; AVLT 30,
recall after 30 min; ECR-FR, free recall; ECR-TR, total recall after cueing; ROCF-R, visual reproduction after 3 min; ROCF-C, copy score [44]; LOG-I, Logical Memory
Immediate Recall from the Uniform Data Set; LOG-D, Logical Memory Delayed Recall from the Uniform Data Set; TMT A, given in seconds; TMT B, given in seconds;
F-DigitSpan-NM, forward Digit Span — numbers; F-Digit Span-SC, forward Digit Span — score; B-DigitSpan-NM, backward Digit Span — numbers; B-DigitSpan-SC,
backward Digit Span — score; Digit Symbol, Digit Symbol Score from the WAIS-III; BNT, Boston Naming Test; P-VF, Phonemic Verbal Fluency; S-VF-A, Semantic
Verbal Fluency — Animals; S-VF-V, Semantic Verbal Fluency — Vegetables.
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Table 3

Effect of non-memory tests on conversion after controlling for memory performance

Adjusted Hazard Ratio + MMSE + P

Memory Performance

(Age, Sex, Education, MMSE, Log-D)

Neuropsychological Tests
TMT B*
Digit Symbol*
S-VF-A*
S-VE-V*

1.230.90, 1.68] 0.19
1.38 [1.05, 1.81] 0.02
1.36 [1.00, 1.86] 0.05
1.49[1.10, 2.02] 0.01

For Hazard ratios 95% confidence intervals are reported in the brackets. *indicates that this
test is part of the Uniform Data Set (UDS). TMT B, given in seconds; Digit Symbol, Digit
Symbol Score from the WAIS-III; S-VF-A, Semantic Verbal Fluency — Animals, S-VF-V,

Semantic Verbal Fluency — Vegetables.

ory deficit and its decline precedes the decline in
immediate scores by several years [47, 48].

In our study we found that future dementia was
better predicted by free rather than total recall in ECR,
although the latter score has been considered specific
for hippocampal dysfunction. This paradox can be
explained by the ceiling effect. In arecently published
longitudinal study, the total recall in the FCSRT began
to decline no sooner than 2 years before dementia
onset and its impairment remained rather mild until
the onset of dementia, contrasting with free recall
which began to decline 7 years before dementia onset
[49]

To the best of our knowledge, only one longitudinal
study used several memory tests simultaneously with
different encoding and recall paradigms, and com-
pared a memory test with controlled encoding and
cued recall to a memory test without this paradigm
[20]. The authors tested 40 MCI patients with a
neuropsychological battery comprising two memory
tests: MIS (Memory Impairment Screen) plus — a
memory tests with 6 words using controlled encoding
and cued recall, and a 10-item version of AVLT. They
found cued recall in the MIS plus to be a better pre-
dictor of conversion at 18 months than delayed free
recall in a 10-item version of AVLT. The authors indi-
cated that a score of 0 or 1 out of 6 on the MIS plus
may be a good indicator of future (within 18 months)
conversion to AD dementia among MCI patients. The
low initial performance among future converters sug-
gested a rather substantial memory impairment at
baseline; however, even the non-converters in this
study performed relatively poorly, and it is possi-
ble that the advantage of the MIS over the short
version of AVLT was caused by the presence of
floor effect in the AVLT test in both clinical groups
compared to the considerably less difficult MIS test.
As the authors stated, the other weakness of their

study was a very short period of follow-up raising
questions about the conversion in following years in
the rest of the group. Thus, the application of these
results to non-demented older adults in general seems
problematic.

One more longitudinal study compared a memory
test using free and cued recall with other verbal mem-
ory test [21]. However, according to its description
published elsewhere [50], it seems that the version
of Free and Cued Recall Test (FCRT) used in that
study did not include controlled encoding procedures,
and the paradigm of this test was much closer to the
California verbal learning test than to the original
FCSRT.

In our study, we found delayed recall in LM and
AVLT to be the best predictors of conversion to
dementia in patients with aMCI. For several decades,
delayed free recall has been considered to be the
episodic memory measure with the greatest sensitiv-
ity for early detection of AD [51]. Still, its specificity
was judged to be problematic because other cognitive
deficits beyond pure memory impairment (attentional
difficulties and strategy problems) may interfere with
poor performance. This was one of the reasons why
the tests with controlled encoding and cued recall
were developed. Although the effectiveness of mem-
ory tests based on CECR paradigm in predicting
dementia was demonstrated [15, 16], there is no
longitudinal evidence showing their superiority over
tests without this paradigm.

According to our results, it is possible that mem-
ory tests with the CECR paradigm predict dementia
with less accuracy compared to standard memory
tests challenging also attention and strategy to encode
the to-be-learned material. The reason may be the
ceiling effect, caused by easier learning and recall in
less impaired patients in the predementia stage—the
CECR paradigm probably increases specificity for
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hippocampal impairment, but on the other hand, it
can diminish sensitivity [27].

Previously, several attempts were made to over-
come this issue, including the 48-item version
of FCSRT which was developed but has not
been used probably because of its extensive time
requirement and difficulty for even mildly impaired
patients. Another solution which combines the CECR
paradigm with a novel memory binding paradigm
has been proposed in early AD diagnostics, and
newly developed tests were introduced [52], such as
the Face-Name Associative Memory Exam or Mem-
ory Binding Test (MBT). There is growing evidence
showing performance in these tests to be associ-
ated with biomarkers indicative of AD very early
during the disease trajectory. In one longitudinal
study, the MBT was shown to outperform conven-
tional memory and non-memory tests, including the
FCSRT, in prediction of incident dementia [53]; how-
ever, further studies are needed to support its clinical
usefulness.

Among non-memory tests, the deficit in semantic
verbal fluency conferred the same risk of conver-
sion to dementia as the immediate scores in memory
tests and, contrary to phonemic verbal fluency, pre-
dicted the conversion even when the analysis was
controlled for MMSE score and delayed LM. This is
analogous to the previous results showing semantic
fluency to predict incident dementia even when con-
trolling for memory test scores [53] and brings other
arguments that deficits in semantic fluency may con-
stitute a dysnomic aMCI phenotype that progresses
to dementia more quickly than memory impairment
alone [26]. Ithas been previously shown that semantic
fluency is greatly reduced in early stages of AD [24,
25, 54-56], qualitatively impaired already in patients
with subjective cognitive decline [57], and the predic-
tive power to predict future conversion to dementia
in MCI patients was only slightly inferior to memory
tests [58]. At the functional level, the impairment of
semantic fluency in AD is probably caused mainly by
the degradation of semantic knowledge and impair-
ment of associations between concepts in semantic
knowledge manifesting as reduced cluster size [59].
We believe that analysis of advanced verbal fluency
measures such as clustering and switching strategies
could reveal an even greater potential of semantic flu-
ency test in predicting dementia. Moreover, semantic
fluency impairment in AD is more pronounced com-
pared to phonemic fluency [60]. The reason for this
differential impairment could be the dependence of
semantic verbal fluency on temporal lobes demon-

strated previously on fMRIs [61, 62]. As the majority
of convertors in our study progressed to AD demen-
tia, which affects temporal lobes early in the disease
course, our results are in line with previous evidence.

The major strength of our study is the use of
an extensive neuropsychological battery, including
the UDS and complemented by several widely used
memory tests. To the best of our knowledge, we are
the first study comparing head-to-head four widely
used memory tests in a longitudinal design in order
to compare their power to predict future dementia.
In addition, using longitudinal data from 270 aMCI
patients, this is the largest longitudinal study analyz-
ing the predictive power of several memory tests in
this clinical population (compared to 30 patients in
[20], 105 patients in [19], 38 patients in [46], and 251
patients in [15]).

Our study also has several limitations. We used
two memory tests with almost the same number of
words (15 in AVLT x 16 in ECR), the tests differed
in the encoding paradigm (controlled encoding in
ECR to strengthen acquisition versus uncontrolled
encoding but five consecutive trials in AVLT to
strengthen acquisition) and recall conditions (free
and cued recall in ECR x free recall in AVLT), and
differed in other characteristics: number of learning
trials (5 trials in AVLT x 1 trial in ECR) and time
between learning and recall (10 minin ECR x 30 min
in AVLT), making the interpretation of the results
complex and the generalization difficult.

We used Peterson’s criteria as they are most widely
used in clinical praxis and our paper was intended
mainly for clinical use. We are aware that compared to
other criteria [63], this approach can cause overdiag-
nosing of MCI, leading to more patients classified as
MCI at baseline remaining stable or reverting back to
normal during the follow-ups. In terms of our study,
this could underestimate the predictive power of the
examined neuropsychological tests. As the date of
death was not recorded in the Czech Brain Aging
Study dataset, we were unable to conduct Fine-Gray
competing risks models to control for the competing
risk of death.

Another source of bias may be our long inclu-
sion timeline (i.e., including participants from
2005-2020). However, this methodology is a neces-
sary byproduct of recruitment in prospective cohort
studies. It should be noted that the conversion rate in
our sample was higher than expected in the typical
community-dwelling population, which is common
in memory clinic samples. Some HR confidence
intervals overlapped, suggesting that tests may not
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truly be statistically different from each other when
predicting conversion to dementia. This may be
caused by the real absence of difference but can also
indicate that although we assume to be the largest
study comparing memory tests as predictors of the
conversion to dementia in MCI, still our sample size
and follow-up time did not allow to draw clear differ-
ences among tests. Future work with larger sample
sizes and longer follow-up periods may reduce this
problem and therefore provide more definitive con-
clusions on test superiority or ranking. However, we
also acknowledge that very large sample sizes may
reveal clinically irrelevant results. To this end, we
hope that future work will focus on effect sizes and the
width of confidence intervals rather than conventional
p-values.

In conclusion, we found that delayed scores in
three memory tests (AVLT, LM, and ROCFT) had
the highest power to predict conversion to demen-
tia in aMClI patients. Thus, superiority of the ECR, a
test employing the CECR paradigm previously pro-
posed to be specific for a true memory impairment,
to AVLT and LM, tests previously shown to be more
susceptible to non-memory interference effects, was
not supported by the results of this study. This could
be at least partially due to a ceiling effect of the
ECR in the mildly impaired cohort of aMCI patients.
Further studies comparing the potential of uncon-
trolled learning and free recall and CECR paradigm
to better predict conversion to dementia are needed
to unravel the issue. Novel challenging tests com-
bining the memory binding process with the CECR
paradigm might be a promising direction. Memory
tests were not the only predictors of incident demen-
tia. The predictive power of semantic verbal fluency
was comparable to the power of immediate recall
memory scores. Semantic verbal fluency continues to
relate significantly to conversion after adjustment for
delayed memory, which supports its clinical useful-
ness for the cognitive deficit progression monitoring.
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