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Abstract: Since their development, verbal fluency tests (VFTs) have been used extensively throughout research and in clinical
settings to assess a variety of cognitive functions in diverse populations. In Alzheimer’s disease (AD), these tasks have proven
particularly valuable in identifying the earliest forms of cognitive decline in semantic processing and have been shown to relate
specifically to brain regions associated with the initial stages of pathological change. In recent years, researchers have developed more
nuanced techniques to evaluate verbal fluency performance, extracting a wide range of cognitive metrics from these simple
neuropsychological tests. Such novel techniques allow for a more detailed exploration of the cognitive processes underlying successful
task performance beyond the raw test score. The versatility of VFTs and the richness of data they may provide, in light of their low
cost and speed of administration, therefore, highlight their potential value both in future research as outcome measures for clinical
trials and in a clinical setting as a screening measure for early detection of neurodegenerative diseases.
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Since their development in the late 1960s, verbal fluency tests (VFTs) have become a widely used measure in both
cognitive psychology and neuropsychological disciplines.'* Being both cost effective and quick to administer, VFTs
represent accessible bedside screening measures for the assessment of cognitive decline. As such, they are now a staple
of neuropsychological test batteries, used both in clinical settings and research. Specifically, verbal fluency refers to
a task in which participants are required to list as many words adhering to a given criterion as possible. Most commonly,
this includes listing words beginning with a certain letter (e.g., F), as in phonemic, or letter fluency,' or belonging to
a given category (e.g., animals), as in semantic, or category fluency,” in a specific time constraint. During both the letter
fluency task (LFT) and the category fluency task (CFT), controlled retrieval processes, thought to be mediated by frontal

lobe structures,3’4

are vital for successful performance. As such, VFTs are often included as measures of executive
functioning when assessing neuropsychological function in Alzheimer’s disease (AD) and other cognitively impaired
groups. Unlike LFTs however, the CFT additionally relies upon access to one’s vocabulary and previously learned
semantic associations represented within a semantic memory store thought to be sustained by a neural network
converging within the temporal lobes.*” Concurrent use of multiple VFTs, such as CFTs and LFTs, is, therefore,
especially useful for isolating the multiple cognitive processes involved in each to ascertain the presence of a controlled

retrieval deficit vs. semantic access impairment.®

Patterns of Verbal Fluency Performance in Alzheimer’s Disease: Category

and Letter Fluency

As the most common cause of dementia in older adults, considerable research has aimed to understand the impact of AD
related cortical degradation on measures of verbal fluency. It is now well documented that, although both types of verbal
fluency are susceptible to AD type neurodegeneration, even in the earliest stages’, the CFT appears to be consistently
impaired to a greater extent, suggesting that degradation of the semantic system in this cohort significantly outweighs
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disruption of executive functions'®. One of the first studies to outline such a discrepancy in AD patients was carried out
by Monsch et al'' who found that the CFT was best able to differentiate AD patients from healthy aging controls, with
a sensitivity of 100% and specificity of 92.5%, in contrast with the LFT that only reached a sensitivity and specificity of
89% and 85%, respectively. Since this seminal paper, several studies have recorded a similar discrepancy between the
relative deficits in each of these forms of VFT in AD patients. In a meta-analysis conducted by Henry, Crawford, and
Phillips'?, it was concluded, when considering studies using VFTs, alongside several other neuropsychological measures,
that AD patients present with significantly more impairment on CFTs, as well as other tasks of semantic memory, when
compared with LFTs. Furthermore, semantic fluency deficits and not phonemic fluency deficits, were considered
a differential deficit, independent of declines in verbal intelligence or psychomotor speed. Taken together, these findings
suggest that the CFT deficit present in AD is likely to reflect considerable damage to the semantic memory store rather
than a disruption of overall controlled retrieval. Finally, the authors report that semantic fluency was generally impaired
to a greater extent than naming, suggesting that the added demands of effortful retrieval in this task make it a more
sensitive marker of semantic memory decline than a simple naming task, and this observation has significant implications
for its use in clinical assessment early in the course of disease.

Further evidence from research in patients with mild cognitive impairment (MCI) has since described a similar
pattern of VFT impairment in this prodromal population. Murphy et al'? administered LFT and CFT trials to three
participant groups consisting of individuals with amnestic MCI (aMCI), considered a prodromal stage of AD,'?> AD
dementia and healthy controls. Using a cross-sectional design, this study was able to demonstrate clear differences in
VFT performance patterns across diagnostic stages. In accordance with normative data,'* healthy older adults demon-
strated a significant advantage in the semantic condition relative to the phonemic condition. However, in the patient
groups, this advantage disappeared, with MCI patients showing only a marginal, non-significant, semantic advantage and
dementia patients showing the reverse pattern, with a significant phonemic advantage. More recent evidence from
Chasles et al,"” has similarly demonstrated this pattern in one-to-one matched groups, again including aMCI patients,
dementia patients and healthy controls. Again, a significant semantic advantage was evidenced in the control group that
fell below significance in the aMCI group and was virtually non-existent in dementia patients. Furthermore, in the LFT,
aMCI patients were found to perform similarly to controls despite showing significant impairments in the CFT. By
separating MCI groups into amnestic and non-amnestic, and further categorizing those as single or multiple domain,
a study by Liampas et al'® was able to assess patterns of VEFT performance as they manifest depending on the type
(amnestic vs. non-amnestic) and severity of cognitive impairment (i.e., from single to multiple domain). In line with
previous findings, aMCI patients tended to perform significantly worse than those with a non-amnestic profile (naMCI)
on the CFT, despite performing similarly on the LFT, suggesting a differential deficit of semantic memory function in
aMCI, perhaps relating to the increased likelihood of such individuals to develop AD type dementia.'® Furthermore,
when categorized according to a single or multiple domain profile, this differential deficit was only appreciable between
the single domain aMCI and naMCI groups. In patients with a moderate cognitive impairment, reflected in multiple
domains, aMCI and naMCI patients did not differ on either VFT. Such findings suggest that patients with an amnestic
profile demonstrate greater semantic deficits than those with naMCI even at a minimal level of impairment, reflected by
a single domain cognitive deficit. In patients with a multiple domain cognitive profile however, such differential deficits
are lost possibly owing to similar levels of impairment in extraneous cognitive domains such as executive function and
processing speed that are related to performance in both VFTs.

Using longitudinal data, Clark et al'” were able to document this decline in semantic fluency as it occurs throughout
disease development. They found that both preclinical patients who developed dementia during follow up and patients
who presented with dementia at baseline showed a significantly greater rate of decline in semantic fluency over time,
relative to phonemic fluency. Furthermore, at baseline both groups were significantly more impaired in the CFT relative
to the LFT when compared with a group of cognitively normal controls who remained healthy throughout follow up, with
the preclinical group performing comparatively with cognitively normal individuals on the LFT. Although in this study
greater semantic decline was also evident among the cognitively normal group, despite the relative preservation of

14,18

semantic memory in aging, this effect was significantly exacerbated in the preclinical AD group. In the AD group

both VFTs showed significant decline, but the degradation of semantic fluency continued to decline at a much faster rate.
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These findings indicate that, although declines in CFTs may be present in normal aging, this is significantly accelerated
by AD pathology and such acceleration may be observable several years prior to diagnosis. Clark et al further comment
that, given the known presence of AD pathology even decades prior to the dementia stages,'” there is a possibility that
members of the control group included in this study may have already been experiencing the initial stages of AD
pathology despite appearing cognitively normal on neuropsychological testing. As semantic memory function is thought

to be relatively well preserved in healthy aging populations,'*'®

this may indicate that semantic fluency could be
a sensitive measure to the very earliest stages of pathological decline.
Longitudinal studies have indicated strong prognostic value for CFTs in predicting cognitive decline and dementia

1°° found that, cross-

development in MCI and even cognitively healthy individuals. Recent work by Garcia-Herranz et a
sectionally, CFTs performed very well both in discriminating between healthy controls and MCI patients, as well as
between MCI converters and non-converters. Although all the VFTs included performed well in discriminating the
groups in this study, the LFT was the least effective, particularly when discriminating between MCI patients who later
progressed to dementia and those who did not, with a sensitivity and specificity of 57.8 and 66.7 respectively (values
expressing percentages), compared with the much higher accuracy of the animal fluency task (sensitivity = 75.6 and
specificity = 81.5). When entering multiple VFTs into stepwise logistic regression models, the animals test alone
performed best, with no other fluency measure, including both phonemic fluency and other category tasks, having
significant power to differentiate between groups. Similarly, in their 2018 study, Gallucci et al*' found that poor
performance on two measures of verbal memory, namely the Rey Auditory Verbal Learning Task and the CFT, was
associated with a greater risk of decline to dementia in aMCI patients, with odds ratios of 0.58 and 0.81 respectively. As
in Garcia-Herranz et al,* the predictive value of LFTs, as well as performance in other cognitive domains, however, was
found not to relate significantly to dementia risk. Population-based studies have further demonstrated that CFTs have
strong prognostic value for predicting cognitive decline to both aMCI and dementia in cognitively normal individuals,

even in middle-age,”* **

a finding that again was not reflected in phonemic fluency measures in any study. A longitudinal
study, conducted by Vonk et al*> similarly found lower baseline performances and faster rates of decline in a CFT among
non-demented individuals who presented with incident dementia or aMCI at follow-up, when compared with those who
had no cognitive impairment or a non-amnestic form of MCI. Furthermore, similar differences were seen at baseline, and
in the rate of semantic decline, among ApoE-e4 carriers compared with non-carriers and those with a score on the
Clinical Dementia Rating of 0.5, compared with a Clinical Dementia Rating of 0. Notably, despite evident declines in
semantic fluency among groups at-risk for AD (i.e., ApoE-¢4 carries, participants with a Clinical Dementia Rating of 0.5,
aMCI and incident dementia groups), only the group evidencing dementia at follow-up demonstrated declines in the LFT
that, in line with previous research, was to a lesser extent than CFT declines. Neurodegenerative measures relating
to AD, including lower hippocampal volumes, increased white matter hyperintensities and overall cortical thinning, as
well as reduced metabolic functioning within a number of AD related areas, including the entorhinal cortex, inferior
parietal lobule and posterior cingulate gyrus/precuneus, were all correlated with lower CFT performance at baseline and
similar findings were seen in relation to rates of CFT performance decline. Conversely, no such relationships were found
between baseline LFT scores and cortical signatures of AD and, although global indices of neurodegeneration were
correlated with the rate of LFT decline, this showed no specificity for AD-type alterations. Taken together, these findings
therefore suggest, as per the conclusion of previous studies, that declines in semantic fluency, particularly in the absence
of phonemic fluency decline, represent a distinct marker for AD degeneration early in the course of disease that may
predict subsequent development of aMCI or AD dementia.

In line with Vonk et al,?

further evidence from studies utilizing at-risk groups, such as carriers of the ApoE-¢4 allele,
and cognitive unimpaired individuals testing positive for Amyloid Beta (Af) accumulation, has demonstrated changes in
CFT performance that are detectable even in cognitively healthy individuals who do not yet show any additional signs of
neurodegeneration.”* 2* A study from Papp et al*’ found that clinically normal older adults who tested positive for the
deposition of AR (AP+) declined to a significantly greater extent longitudinally on a CFT than AP negative (Af-)
participants. Although AP+ participants also showed similarly greater declines in LFT performance relative to the Ap-
group, this difference did not retain significance when CFT performance was added as a covariate. Greater declines in

semantic fluency among the AP+ group retained significance even when covarying for phonemic fluency, however,
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suggesting that additional declines in semantic retrieval processes unique to CFTs could not be accounted for by
disruptions to executive control. Furthermore, Papp et al went on to suggest, in a later study, that CFTs could identify
unique variances in cognitive decline measured in relation to Ap accumulation, with AP+ individuals demonstrating
continued significant decline relative to AB- in CFTs even when controlling for the overall decline measured by the
preclinical Alzheimer’s cognitive composite (PACC).?® Moreover, the removal of CFTs from the PACC in this study
resulted in a 20% reduction in the measured longitudinal amyloid-related decline at 3 years of follow-up, making
semantic fluency one of the greatest contributors to variance in PACC measured cognitive function found in this study.
Further research looking at the relationship between VFTs and total tau levels has also demonstrated significant
correlations between this cerebrospinal fluid biomarker and semantic fluency performance among MCI patients,”
suggesting that this measure is indicative of both preclinical and prodromal accumulations of AD related protein
aggregates. As one of the first cognitive changes detectable up to 12 years prior to a dementia diagnosis,*® evidence
establishing a link between pathological protein accumulation and CFT performance is, therefore, further indicative of
the value of this task for identifying prodromal and even preclinical manifestations of AD.

Despite extensive evidence supporting the use of CFTs in AD diagnosis, some issues remain. Semantic knowledge is
inherently related to the idiosyncratic experience of the individual. As such, tests examining different categories (i.e.,
animals, vegetables, clothing, etc.) may elicit both qualitatively and quantitatively different responses depending on both
language and cultural background.*'* Even among homogenous participant groups, questions remain regarding
category-specific deficits in AD. In studies of semantic memory in AD, categories of living things such as animals,
fruits or vegetables have frequently been shown to be impaired to a greater extent and have a higher level of diagnostic
accuracy,”> >® although such findings have not been corroborated in all cases.>® A recent study has further suggested that
even within the living things categories, the sub-category of vegetables may be more strongly associated with underlying
brain network function and dementia severity than the commonly used animal fluency task.*” Use of CFTs in clinical
practice. therefore. requires further research not only identifying the best categories to use for detecting early AD, but
further to develop culturally specific normative data so that these tests may be applied worldwide.

Alternative Measures of Verbal Fluency Performance

Item-Based Scoring

While the CFT was historically designed as a measure of free recall,*' its performance is also influenced by functions
other than lexical/semantic processing and semantic memory. These include executive functioning,** processing speed,*
speed of lexical access* and episodic memory.*> Accordingly, factors analyses have found CFT performance to be
explained by each of these factors to a greater or lesser extent.*>***® As a result, the standard CFT score must be
considered, inevitably, as a multidimensional index. Although this has little or no effect on test validity at a group level, it
is difficult to evaluate whether two participants (or patients) who name an equal number of exemplars have relied on the
same cognitive resources. Gender differences, for instance, exist in the ability to rely on a switching-based strategy.*’
Anecdotal evidence, moreover, indicates that a small proportion of participants decides to explore large categories such
as animals via a letter-by-letter strategy, i.e., by naming words like “aardvark”, “armadillo” or “antelope” at the start of
the performance, moving on, then, to entries starting with B, and progressing in alphabetical order at least for the first
half of the minute®® (Supplementary Material).

The inability to pinpoint the contribution of semantic memory to CFT performance in the single individual has
important clinical implications. As semantic memory alterations appear to be the earliest significant changes in
preclinical AD,”' it is of primary importance to identify methodologies that are capable of quantifying these subtle
changes from CFT performance with more precision. It is with this objective in mind that “item-based” approaches have
been proposed. Item-based methods do not look at the overall count of the correct entries, but evaluate the qualitative
properties of individual words. This is based on the principle that a better-preserved semantic memory will allow the
individual to retrieve “more difficult” exemplars of that category. In line with this premise, researchers have explored
various data-driven methods to quantify “how difficult” each word is within its own category. A simple approach, in this
respect, is to assess general word frequency within the sample itself, i.e., by rating each word as a function of the
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proportion of participants within the sample that generated it as a measure of originality.”® Despite its parsimony, this
method to score item-based difficulty is relative (or sample-dependent) and, arguably, it does not allow direct compar-
isons of performance between groups acquired in different experimental or clinical contexts (e.g., neurological patients
and undergraduate students). Conversely, a number of initiatives have assessed item-based difficulty on large samples, to
obtain absolute (or sample-independent) ratings that can be consistently used as normative data across studies. Some of
these were calculated by retrospective analyses of CFT word lists, as done, for instance, by Quaranta et al’® (to quantify
category-specific “typicality” of words) or bodies of published (or publicly available) text-based material such as
television subtitles, social media, books or internet blogs, to generate measures representative of words’ “frequency of
use”.>* Other aspects of word difficulty have instead been defined and computed prospectively (rather than retro-
spectively), by asking participants recruited ad hoc to judge properties of individual words by using a Likert scale as

CEINT3

carried out, for instance, for affective ratings of “valence”, “arousal” and “dominance”,> or to report an autobiographical

age of acquisition”.”®*>’

t3]

LT3

detail associated with each word, as done in relation to words

Although the above studies are based on a range of diverse methodologies (and most were designed for the purpose of
providing normative data that could be used in a range of tests and tasks, not exclusively for the CFT), researchers
interested in the study of normal and abnormal aging have exploited item-based ratings to characterize the profile of CFT
performance either by scoring all generated words (and calculating an overall average), or by focusing on the first
segment (i.e., first 5 words) of performance.’®® The purpose of the latter method is to assess the aspects of CFT
performance that are as little affected by executive control mechanisms as possible, as the earliest words generated are
typically the result of automatic memory retrieval.>® This allows a fair comparison of patients and controls, for instance,
since patients may suffer from a concurrent deficit in executive processing that may prevent them from deploying the
adequate resources that are needed to explore a category more in depth.

Clinical studies found that item-based scoring methods are sensitive to diagnostic status. For instance, age of
acquisition of CFT words is significantly lower in patients with a clinical diagnosis of AD when these are compared

3660 or with patients with a functional, non-neurodegenerative etiology.”® Comparably, other studies

with healthy controls
have found that patients with AD tend to generate words that are more typical of their category than healthy controls,
regardless of whether typicality scores are generated with sample-dependent® or sample-independent® methodologies.
Importantly, not all item-based indices of difficulty appear to differ between patients and controls as, for instance, no
effect was reported for words’ frequency of use in some of these studies.’®®* A study carried out in a cohort of non-
demented adults, however, reported that frequency of use differs between carriers and non-carriers of the ApoE-e4 risk
factor,®® with carriers generating, on average, words that are significantly more frequent. This suggests that item-based
difficulty is a multifaceted construct, and that a profile of features (rather than a single feature) could help characterize
semantic alterations in more detail, not only as a function of the diagnosis of interest, but also as a function of a series of
variables that contribute to the overall clinical phenotype. More studies are required to investigate the mechanistic link
between AD and item-based scoring of CFT words. Typicality of CFT words has been found associated with gray-matter
volumes in the perirhinal cortex,** a finding that suggests a specific link with the preclinical phase of AD, but more
evidence is needed to substantiate the link between individual item-based features and neuroanatomical integrity.
Item-based approaches have not been limited to the scoring of individual words but have also informed the study of
more intricate properties of retrieval. Quaranta et al,®> for instance, investigated the “semantic relatedness” between
words generated consecutively during the CFT, on the assumption that individuals with underlying subtle difficulties in
semantic-memory processing would show alterations in the way in which categories are explored. In measuring “path
length” (i.e., edge-based distance between two words as informed by the normative network analysis of the lexicon
carried out by the WordNet initiative — https://wordnet.princeton.edu/) and “extended gloss overlap” (i.e., the number of

terms shared by the definition of two words), the researchers characterized the profile of two CFT categories, reporting
significant differences between controls and patients with MCI who would later progress to dementia.®®

A further approach to item-based scoring is that focusing on how item-based ratings change during the course of the

52,66

CFT minute. Since more difficult entries tend to be generated as the task progresses, it is of interest to operationalize

and quantify the tendency shown by participants/patients to explore the target category in more detail. To this end, De

167

Marco et al”’ proposed a scoring method focused on the statistical correlation between item-based ratings (semantic and
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non-semantic features were explored) and the order of word retrieval, i.e., an ordinal variable ranging from 1 to
n indicating the serial position of the word within the list of retrieved entries. They documented an age-dependent effect
on words’ valence (i.e., indicating how pleasant each word is), with both older and younger adults generating words that
are increasingly less pleasant, but with younger adults showing a trend characterized by a significantly steeper slope.®’ In
a follow-up study, in addition, this team of authors investigated the neural substrate of this scoring method, reporting
significant associations between four of these correlational indices (i.e., those involving typicality, frequency of use,
dominance and sensorimotor interaction) and aspects of the default-mode network that are linked to semantic control.>
The idea that semantic memory and other cognitive functions do not sustain task performance in a regular and constant
way during the course of the whole testing minute is reflected by other procedural approaches to CFT scoring. Other than

3638 other authors®® have

the aforementioned approach based on the characterization of the first 5 retrieved words,
proposed splitting the global count into four sub-scores, each related to a 15-sec interval. This is to characterize task
performance in a way that is more heterogeneous (as there is evidence that the earliest words are more dependent on
automatic, rather than controlled semantic memory processing),”” yet reliant on a scoring procedure that is of easy
implementation.

In summary, item-based scoring methods are promising to quantify aspects of semantic memory retrieval that may be
obfuscated when the sole standard score based on word count is considered. A large amount of experimental work,

however, still needs to be carried out to describe the potential of this approach in more detail.

The Semantic vs. Phonemic Fluency Impairment Discrepancy
In recent years, the use of discrepancy scores, measuring the degree to which participants’ performances differ on CFTs
and LFTs, has, in a less nuanced approach than item-based methods, been used as a simple means to isolate the semantic
component of VFTs and identify an AD-like cognitive impairment. A study by Marra et al® operationalized this
discrepancy as the semantic-phonological delta (SPD), a measure that calculates the differences between the raw fluency
scores in each domain (CFT-LFT) while accounting for the number of tasks (letters and categories), where a negative
SPD reflects lower performance in the CFT than the LFT. Their results showed that in aMCI, as well as mild and
moderate AD dementia groups, the SPD was significantly lower than in controls, suggesting, as expected, greater
impairments in semantic fluency. Moreover, this measure of verbal fluency discrepancy was found to be significantly
predictive of conversion to dementia in a sub-sample of MCI patients followed up over five years, with those with an
SPD below the median score for this group demonstrating markedly shorter times to conversion than those with scores
above. Evidence from Vaughan et al,’® has similarly demonstrated that discrepancies in verbal fluency performance,
reflecting a reduction in the semantic advantage, may provide a potential predictive indicator of progression to dementia
among MCI patients. In this case, results showed that with each unit decrease in discrepancy scores, the odds of
progressing to dementia increased, a finding that was not reflected for the individual CFT and LFT scores. In contrast,
however, an earlier cross-sectional analysis by Teng et al,”' using the same SPD calculation as later outlined by Marra
et al,%’ found that differentiation of controls from aMCI and AD dementia patients was most accurate when using the
CFT scores alone (Area under the curve [AUC] distinguishing controls from dementia = 0.96) and least accurate using
discrepancy scores (AUC = 0.73). In accordance with both previous and subsequent research, however, the results of this
study similarly found that aMCI and AD dementia patients demonstrated lower discrepancy scores not only when
compared with healthy controls but further in comparison with naMCI patients.

Despite semantic-phonemic fluency discrepancies now representing a well-described phenomenon in AD, there
remains some conflict within the literature. Cross-sectional research into the diagnostic utility of such discrepancies,
using sensitivity and specificity calculations, has not demonstrated the same predictive power suggested by longitudinal

172 and some studies in prodromal groups have failed to identify this pattern at all in MCI stages.”>’* Similarly,

analyses
a meta-analysis by Laws et al concluded that, in the fifty studies chosen for their analysis, effect sizes did not differ
between the 2167 controls and 1771 AD patients included when determining performance differences between CFTs and
LFTs.”® Such conflict may arise from differences in study design, such as the specific fluency criteria chosen (i.e., which
letters or categories are used), that has been found to have a profound effect on patterns of performance in healthy aging

and AD,’® or from differences in how MCI is operationalized in each study, particularly if participants were categorized
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according to a single-domain amnestic deficit. One factor, however, that may further contribute to such conflict is
a simple limitation in the methodology of many studies exploring this phenomenon in AD: the use of the raw number of
correct words produced on each task to calculate discrepancy scores. The limitation of using raw fluency scores to
evaluate performance discrepancies is that this method does not provide information as to how far patients have declined
on each test relative to their normal function or to the normal expected function for individuals of their age and education
level. To illustrate this, a raw score of 12 on a LFT and 11 on a CFT may seem, at face value, a relatively insignificant
difference in performance. However, in healthy adults, VFTs are often characterized by a significant semantic
advantage.'® If normative data for this age and education level, therefore, produced a mean of 22 on a LFT and 32 on
a CFT, then the amount of decline relative to controls would be far greater in semantic fluency than phonemic, providing
a more clinically meaningful measure of semantic memory decline in cognitive impairment. This could, therefore,
explain why the AD patients in Cerhan et al’s study’”> were found to differ significantly from controls in terms of
discrepancies, but that this discrepancy was not useful for predicting group membership. This would also explain why,
across the 135 studies included, Laws et al’> found significantly greater effect sizes when assessing the degree of
impairment on CFTs in AD, compared with LFTs, despite showing no difference in effect sizes for fluency discrepancies
between patients and controls in the smaller fifty study sample. In prodromal groups, studies utilizing normative data
from healthy controls to determine discrepancy scores based on standardized fluency z scores have not only demonstrated
the typical disproportionate semantic fluency impairment expected in AD,”"”” but have further demonstrated that such
discrepancies can distinguish healthy controls from MCI patients with a relatively high sensitivity and specificity, that, in
a study by Lonie et al,”® was found to be marginally higher than a word list learning task typically used in clinics.
Furthermore, evidence from longitudinal studies looking at rates of decline, rather than static differences in raw fluency

scores, have consistently shown significantly greater rates of decline in CFTs compared with LETs,'7->>:7%-7

suggesting
that disproportionate performances on VFTs are most accurately identified when reflecting the relative distance from

baseline functioning or when operationalized as the relative difference between deviations from an established norm.

Clustering and Switching

Two behavioral components that are well established as essential to successful fluency performance are clustering and
switching. First operationalized by Troyer, Moscovitch and Winocur in 1997,*° clustering refers to the generation of
words within a sub-category, while switching describes one’s ability to switch to new sub-categories. Thought to reflect
effortful executive control processes, switching has been found to relate primarily to frontal lobe structures, while
clustering, which is conversely a reflection of automatic semantic association, is thought to be mediated by structures
within the temporal lobe.®'"** The dissociation of these two behavioral strategies and the heavy involvement of temporal
lobe structures in AD has led researchers to explore the components of clustering and switching as they manifest across
the AD spectrum and evaluate their potential as a diagnostic indicator for AD related cognitive decline. In their early
study, Troyer et al** found a reduction in mean cluster size and number of switches, on the CFT only, in patients with AD
dementia when compared with healthy older adults. Since then, several studies have suggested that changes to clustering
and switching processes, in CFTs in particular, are present in AD, even in prodromal stages, although the nature of such
changes remains unclear, with authors arguing both for a combined deficit of clustering and switching strategies
in AD,*** and others presenting evidence to support the existence of a singular primary deficit in either clustering®
or switching® at a given disease stage. Despite the conflict within the literature, evidence suggests that impairments in

85,86

these performance strategies may occur many years prior to dementia diagnosis and may, therefore, potentially

contribute to earlier diagnosis and prediction of incident AD dementia.

Fluency Errors

Total scores on VFTs are usually calculated as the number of unique words produced correctly according to their given
letter or category. The two main error types on fluency tasks are, therefore, classified into perseverations, in which an
individual may repeat a previously given response, and intrusions, in which a word is given that does not adhere to the
given criterion (i.e., a word that begins with an incorrect letter or is not an exemplar of a given category). Perseverations
in particular have been found to be significantly more common in AD than in healthy aging, even in the mildest stages of
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dementia.®” Errors on VFTs have, therefore, been investigated as a means to determine qualitative changes in fluency
performance that may be appreciable in the earliest disease stages prior to the onset of dementia and a significant change
on traditional VFT scoring measures. In a study by Pakhomov et al,*® perseverations on the animals CFT was found to
relate significantly to incident cognitive impairment in a large cohort of cognitively normal individuals. A similar study
by Liampas et al,*® utilizing data from the population-based Hellenic Longitudinal Investigation of Aging and Diet
cohort, corroborated these findings, showing that the number of perseverations, but not intrusions, present on a CFT was
strongly related to incident all-cause and AD dementia at follow-up among cognitively normal adults. Such findings,
therefore, suggest that although intrusion errors may have little value in the detection of AD type cognitive decline,
a simple count of perseveration errors may provide an additional screening measure for early detection of AD related
change in cognitive function.

Neural Underpinnings of Verbal Fluency Performance in Alzheimer’s
Disease

Semantic Fluency

Given the interest surrounding VFT deficits as part of the AD neuropsychological phenotype, there has now been
a substantial body of work aiming to uncover the neural correlates of such changes. Semantic fluency deficits in AD have
been found to relate to both structural and functional changes in brain areas including medial and lateral temporal

92,93

lobes,**?*°! frontal regions such as the anterior cingulate, prefrontal cortex, and superior and middle frontal gyri, as

well as inferior parietal lobules.”* Similar regions, largely involving temporal lobes, but also extending into frontal areas,

95,96

have since been implicated in MCI patients, with CFT impairments in this population correlating with gray matter

integrity in inferior and medial temporal regions,””*®

even when patients present with no significant decreases in gray or
white matter volumes relative to controls.”” Moreover, performance on CFTs has, both in dementia and prodromal
groups, been related specifically to gray and white matter integrity within perirhinal and entorhinal cortices known to be
affected by the very earliest manifestations of AD pathology (see Table 1).54%71°! Only very few studies into CFT neural
correlates in AD have analyzed the relationship between fluency and disease-related changes in white matter, with the
majority focusing on gray matter volumes and functional connectivity. In their 2016 study however, Rodriguez-Aranda
et al'® found that, although accuracy on both VFTs correlated with white matter integrity, measured by fractional
anisotropy (FA) and mean diffusivity (MD), in widespread areas including corpus callosum, forceps minor, left inferior
fronto-occipital fasciculus and left superior longitudinal fasciculus, CFT scores were uniquely associated with FA values

in the right inferior fronto-occipital fasciculus and right superior longitudinal fasciculus, and MD values in the posterior

Table | Neuropathological Associations with VFTs Across the Clinical Stages of AD

Clinical Stage Task Areas Involved Evidence
MCI CFT ® Perirhinal cortex Loewenstein et al, 2017%7
® Entorhinal cortex Venneri et al, 2019
® Hippocampus Wright et al, 202277
® |[nferior temporal lobe
Moderate MCI/ CFT ® Parahippocampal gyrus Venneri et al, 2008%*
Mild AD Dementia ® Wider medial and lateral temporal lobes Wright et al, 202277
Moderate AD CFT ® Extensive temporal involvement Apostolova et al, 2008%2
Dementia and ® Posterior temporal lobes Dos Santos et al, 201 |93
LFT ® Temporo-occipital cortex Eastman et al, 2013%*
® Parietal association cortices Rodriguez-Aranda et al, 2016'%2
® Parieto-occipital cortex Wright et al, 202277
® Frontal regions including premotor and dorsolateral prefrontal cortices
as well as lateral and medial frontal cortices
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part of the right cingulum. Such findings are supportive of the notion that VFTs in AD are associated with white matter
integrity within extensive areas involved in the left lateralized language network'® and that declines in processing speed
may contribute to cognitive impairment in this task.*> In CFTs specifically, however, task deficits in AD were also related
to white matter within the right hemisphere, suggesting that semantic fluency decline in these patients is likely a further
reflection of the degradation of right-sided structures thought to be more heavily relied upon in aging to support semantic

functioning.'**

Phonemic Fluency

It is generally understood that although both fluency measures elicit multiple executive functions involved in controlled
retrieval including appropriate word selection, updating and monitoring of working memory and inhibition of incorrect
responses, LFTs, which involve additional processing due to the need to suppress automatic semantic associations and
identify words based on an orthographic cue, are thought to place slighter greater demands on executive control
systems.** In line with this, lesion studies have cited frontal lobe structures as being integral to both fluency processes,
but LFTs in particular, and temporal structures as mediating semantic fluency performance.*'%>'% Similarly, neuroima-
ging studies in healthy participants have corroborated this general pattern, finding overlapping areas of involvement in
each VFT but with contrasts between LFTs and CFTs highlighting greater involvement of frontal regions in the former
and of temporal regions in the latter, although the specific regions highlighted are broad ranging and vary considerably
across studies.”'?”'% VFT performance in AD has shown similar dissociations in terms of their associated brain regions.
LFTs in these patients have been found to show significant correlations with gray matter density within frontotemporal
regions, including the left inferior frontal gyrus, left insula, and bilateral hippocampus and parahippocampal gyrus.'> As
in studies on healthy individuals, areas involved in the LFT were found to overlap with those associated with the
semantic task, in this case almost entirely. However, semantic fluency correlated with gray matter in far more extensive
areas across the cortex and cerebellum and was uniquely associated with areas of the cingulate gyrus, cerebellum, and
fusiform gyrus. As expected, associations between phonemic fluency and gray matter density in this group were limited

to areas known to be involved in this function, such as the left inferior frontal gyrus'®

and those reflecting disease
severity, such as the hippocampus and parahippocampal gyrus.''® Semantic fluency however, further highlighted wider
areas of structural variation contributing to the semantic component of this task, even when extraneous aspects of VFT

1?° found a dissociation between areas in which CFT and

performance were controlled for. Similar findings by Vonk et a
LFT performances, both at baseline and change over time, correlated with follow-up measures of neurodegeneration in
individuals across the AD spectrum. Again, their results found that associations relating to semantic fluency in
various AD related areas were unaffected when covarying for baseline LFT performance, whereas the strength of
associations between neurodegenerative measures and phonemic fluency were often substantially attenuated when
semantic fluency was controlled for. Taken together these findings demonstrate the unique utility of semantic fluency
in highlighting areas of cortical degradation in AD populations and suggest that, despite the involvement of executive
functions, impairments in LFTs, particularly among those in the early stages of disease, may relate strongly to the word

finding dysfunction highlighted best by the CFT.

Discrepancy Scores

Verbal fluency discrepancies have rarely been utilized in imaging studies, perhaps due to the conflicting evidence of their
diagnostic efficacy within the literature.'®’*7%7>7® An early study by Keilp et al,''' however, did explore the neural
correlates of this measure among AD patients and controls using a resting, Xenon-inhalation regional cerebral blood flow
measurement ('**Xe-rCBF). The advantage of this study was that, unlike previously mentioned research, the verbal
fluency discrepancies in this case were calculated using measures of CFT and LFT performance that had been
standardized to z scores using norms stratified by age, sex (only in LFT) and education levels. As in previous research,
this study demonstrated that AD patients performed significantly worse on CFTs relative to LFTs. When correlated with
regional cerebral blood flow indices, calculated for parietal and frontal regions, both the standardized CFT and LFT
scores were associated with typical AD perfusion deficits within the left parietal cortex. LFT scores were additionally
correlated with regional blood flow in frontal regions and CFT scores showing an additional correlation with mean flow,

Psychology Research and Behavior Management 2023:16 https: 1699

Dove:


https://www.dovepress.com
https://www.dovepress.com

Wright et al Dove

a measure of diffuse cortical perfusion. Discrepancy scores within the AD group alone were strongly negatively
correlated with the frontal index bilaterally, such that the greater the blood flow within these areas, the less discrepancy
in the amount of impairment on the two fluency measures. Given the limitations of this study that focused only on indices
of the whole frontal and parietal cortices, these findings simply serve to reiterate the notion that more frontally focused

cortical damage is likely to be associated with comparable declines in verbal fluency measures™*''* 13

and provides
little information about the disease mechanisms underlying a decline in discrepancy between verbal fluency measures.
More recently, work by our own group looked at the neural correlates of verbal fluency discrepancy scores using whole-
brain voxel-based morphometry. Using standardized fluency scores based on normative data from healthy matched
controls, discrepancy scores measured in three patient groups, consisting of mildly affected MCI, moderate MCI and AD
dementia, were found to correlate with areas of the anterior medial temporal lobes in the mild MCI patients, but
correlated more widely with areas of the posterior temporal and occipital cortices in the dementia group. Such findings
are in line with a wealth of research suggesting that semantic memory impairments in AD are likely to relate to changes
within areas affected by the earliest stages of AD pathology.>>*!°"11® In later disease stages, however, fluency
performance appears to be increasingly influenced by volumetric variance within widespread regions corresponding to
the wider semantic network and areas less affected by pathological change, likely reflecting a level of reorganization in
the presence of significant medial temporal degradation. As such, it can be concluded that the power of verbal fluency
discrepancy scores as a cognitive marker for AD specific cortical degradation, may be greatest in the earliest stages of
disease.

Clinical Utility and Differential Diagnosis

Patterns of VFT performance in AD have not only demonstrated value in differentiating AD from healthy
aging,'>!7227246970 byt have further been suggested to have utility in the differential diagnosis of dementia
subtypes. Due to the multifactorial nature of fluency performance, the use of CFTs and LFTs in cognitive assessment
can reveal specific deficits that may aid in the identification of etiological phenotypes. In frontotemporal lobar
degeneration, the behavioral variant of frontotemporal dementia (bvFTD) can be distinguished from the semantic
variant using the level of impairment on CFTs. In both cases, individuals show significant impairments on both
VFTs when compared with controls.''” Despite performing similarly on LFTs, however, patients with semantic
dementia tend to show significantly greater declines on CFTs when compared with patients with bvFTD, due to
significant disruption to functioning of the temporal lobes and degradation of the semantic store.''”''® These
patterns are differentiated from AD by the severity of impairment seen in both tasks.''* In their early study,
Hodges et al''® outlined patterns of VFT performance in bvFTD, semantic dementia and AD. Crucially, despite
performing significantly worse than controls on both VFTs, and worse on the LFT than the AD group, bvFTD
patients retained the semantic advantage seen in controls, performing similarly to the AD group on the CFT. In
contrast, the semantic dementia group performed significantly worse than AD on both VFTs and were impaired to
a greater extent on the CFT than the LFT. Despite the particular utility of CFTs in the diagnosis of AD,'>!7??72* use
of concurrent LFTs is essential for differential diagnosis. CFT scores alone do very little to explain the underlying
mechanisms of their impairment. The differential VFT patterns in FTD groups, however, demonstrate how VFTs can
be used in tandem to isolate the underlying pathological processes, namely frontally mediated executive dysfunction
among bvFTD, as evidenced by the similar extent of decline on both fluency tasks, vs. temporally mediated
impairments in semantic processing in semantic dementia, as evidenced by a significantly greater deficit on
CFTs.""” In AD, disproportionately greater declines in CFTs may, therefore, similarly differentiate patients from
those with bvFTD."'* Conversely, although decline discrepancies between CFT and LFT in AD are similar to those
seen in semantic dementia,''® the severity of impairment in both tasks tends to be significantly greater in semantic
dementia patients, therefore allowing for a level of differentiation between the two groups.

Similar findings have supported the use of VFTs in the differentiation of AD from vascular dementia (VaD). Evidence
suggests that even in preclinical disease stages, AD and VaD patients may be differentiated by VFT performance due to
disproportionately greater declines in LFT in VaD patients contrasting with the semantic impairment characteristic
of AD."?"'22 In contrast, the use of VFTs in the differentiation of AD and dementia with Lewy bodies (DLB) is less well
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defined. Despite some evidence to suggest that DLB patients may show marginally greater declines on LFTs than AD

patients,'>* 123 other studies have failed to corroborate such ﬁndings.126 More research is needed in prodromal and
preclinical populations to identify whether subtle cognitive deficits due to AD or DLB may manifest in either quantitative

or qualitative VFT differences that may aid in differential diagnosis.

Conclusions

In the years since their initial development, VFTs have grown to represent a core component of neuropsychological
evaluation, owing to their accessibility and versatility in measuring a range of cognitive functions. In AD, VFTs have
proven to be particularly valuable in the identification of semantic processing impairments known to reflect the earliest
manifestation of cognitive dysfunction in these individuals.>' Novel analytical measures that go beyond the standard VFT
scoring systems, such as item-based characteristics and VFT performance discrepancies, have been found to perform
particularly well in identifying subtle semantic memory decline relating to underlying neuronal changes within rhinal

cortices,®*7”

supporting their potential as a cognitive marker for very early neurodegenerative change. Given their
already well-established presence in clinical practice, supported by their efficiency and cost effectiveness, the potential
value of VFTs in both preclinical screening protocols and as sensitive outcome measures for clinical trials must not be
underestimated. Further research aiming to optimize innovative operationalization of VFT scores to utilize best the
wealth of potential data available in such simple tasks will, therefore, be instrumental in the move towards earlier

diagnosis.
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