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Abstract

Olfactory and gustatory dysfunction have been reported in mild and major neurocognitive disorders (NCDs), with vari-
able results. While olfactory dysfunction has been consistently explored, reports on gustatory alterations are limited. We
systematically reviewed case-control studies evaluating gustatory function in NCDs with various etiologies and different
neuropathology. Eighteen studies were included in the systematic review, and eight were included in the meta-analysis.
Most studies were on Alzheimer’s disease (AD) and Parkinson’s disease (PD). Pooled analyses showed worse global
taste threshold and identification (sour in particular) scores in AD than controls and worse global, sweet, and sour scores
in AD compared to mild cognitive impairment (MCI). PD with MCI showed worse global, sweet, salty, and sour scores
than controls and cognitively unimpaired PD. Taste dysfunction was differentially associated with the severity of cogni-
tive deficits. Gustatory dysfunction may represent a potential cross-disease chemosensory biomarker of NCD. Whether
gustatory alterations may be a pre-clinical biomarker of NCD requires further studies.
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Introduction (American Psychiatric Association, 2013). The framework

proposed in the Diagnostic and Statistical Manual of Mental

Neurocognitive Disorders: Classification,
Neuropathology, and Biomarkers

Neurocognitive disorders (NCDs) encompass a series of
acquired manifestations including delirium, minor NCD,
which corresponds to mild cognitive impairment (MCI;
Petersen et al., 2011), and major NCD (i.e., dementia),
which results in a significant decline in cognitive func-
tioning from a previously attained level of performance
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Disorders — 5th edition is based on clinical presentation, but
mild and major NCDs can be classified according to dif-
ferent etiologies, with Alzheimer’s disease (AD), vascular
dementia (VaD), Parkinson’s disease (PD), frontotemporal
degeneration (FTD), traumatic brain injury, infections, and
alcohol abuse representing common causes (Table S1; see
also Sachdev et al., 2014).

Neurocognitive disorders, especially those due to neu-
rodegenerative processes, are associated with many brain
alterations, some of which overlap between different etiolo-
gies. Early anatomical changes involving medial temporal
lobe structures (i.e., entorhinal cortex and hippocampus),
have been reported to differentiate MCI with AD biomark-
ers and early AD from healthy subjects (Talwar et al., 2021).
With disease progression, additional structures are affected
in AD, including the amygdala, olfactory tract, cingulate
gyrus, and thalamus, and atrophy spreads to cortical regions,
with frontal, parietal, and temporal cortices being more
involved (Chandra et al., 2019). The anterior insula and cin-
gulate cortex are the first brain regions that show structural
and metabolic neuroimaging abnormalities in FTD, with the
additional involvement of the frontal poles, dorsolateral and
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medial prefrontal cortices, orbitofrontal, and premotor cor-
tex as the disease progresses (Peet et al., 2021). Transento-
rhinal and forebrain (e.g., hypothalamus, thalamus, limbic
system) regions, anterior dorsal insular cortex, orbitofrontal,
prefrontal, and posterior cingulate cortices are also affected
in PD and other parkinsonisms related to a-synucleinopathy
(Saeed et al., 2020; Bidesi et al., 2021).

The most definitive classification system for NCDs is
based on the underlying neuropathology, which, in turn, is
categorized largely according to the observed accumulation
of abnormal protein aggregates in neurons and glia, with
the vast majority of non-VaD cases falling into six main
categories of neurodegenerative proteinopathy, including
amyloid-beta (A), microtubule-associated protein tau,
TAR DNA-binding protein 43 (TDP-43), fused in sar-
coma, a-synuclein, and prion protein (Elahi & Miller, 2017;
Kovacs, 2019).

The diagnosis of NCDs is usually post-mortem, but bio-
markers may offer important in-vivo information since the
early NCD stages, such as neuropathological changes, may
begin decades before the onset of clinical features. NCD
biomarkers provide diagnostic and prognostic information
and might be helpful for future disease-modifying treatment
strategies (Aarsland et al., 2021; Hansson, 2021; Stefani et
al., 2021). Similar clinical pictures may be related to dif-
ferent neuropathological processes, and clinical diagnosis
may not offer information on the underlying proteinopa-
thy. In addition, multiple brain pathologies (i.e., A, tau,
a-synuclein, TDP-43) may overlap across several neuro-
degenerative disorders in the elderly, thus further compli-
cating neuropathological-based diagnosis (Karanth et al.,
2020). Following these lines of reasoning, the traditional
diagnosis of probable AD based on clinical and instrumen-
tal criteria (McKhann et al., 1984), has been reiterated in
the more recent description of probable AD with proven
pathophysiological processes based on biomarkers (Albert
et al., 2011; McKhann et al., 2011). A further step on the
use of biomarkers in AD is the very recent AT(N) classifica-
tion system developed by the National Institute on Aging
and Alzheimer’s Association Research Framework (Jack et
al., 2018). The AT(N) classification system allows a more
nuanced staging of patients into syndromes (i.e., cognitively
unimpaired; MCI; dementia) and a numerical clinical stag-
ing of AD (i.e., stages 1-6) according to clinical evaluation
and A deposition (A), pathologic tau accumulation (T) and
neurodegeneration (N) (Jack et al., 2018). Fluorine-18-fluo-
rodeoxyglucose, AP and tau positron emission tomography
imaging and cerebrospinal fluid measures of AP fractions,
tau and phospho-tau are widely diffused diagnostic bio-
markers for AD. Nevertheless, testing for other proteinopa-
thies is available in a few centers (e.g., a-synuclein) or not

applicable in the clinical setting (e.g., TDP-43) (Sheikh-
Bahaei et al., 2017; Hansson, 2021).

Despite recent advances in this field, most imaging
and bio-fluid biomarkers are either expensive or invasive,
thus restricting their potential applicability in clinical and
research practice (Hansson, 2021). Blood-based biomark-
ers, although providing straightforward and non-invasive
collection methods, require complex processing techniques
that are not widely available (Ashton et al., 2020). Addi-
tional valid, minimally invasive, and cost-effective bio-
markers for NCDs are therefore required.

Gustatory Function: Anatomy and Assessment

The gustatory system detects, identifies, and establishes the
palatability of food and beverage through taste receptor cell
activation. Gustatory information is then conveyed by the
taste nerves (i.c., facial, glossopharyngeal, and vagus) to the
central nervous system. Somatosensory information (i.e.,
touch, temperature) via trigeminal and glossopharyngeal
nerves, together with smell and visual stimuli, contribute to
the full flavor experience (Shepherd, 2006; Cecchini et al.,
2015).

The anatomy of the gustatory system is complex, and a
wide mucosal surface encompassing the oral cavity, phar-
ynx, larynx, and upper esophagus is involved in chemo-
sensory perception so that taste can be considered a robust
sense (Bartoshuk, 1989; Cecchini et al., 2018). Information
from the taste receptor cells is first transmitted via cranial
nerves to the gustatory nucleus, that is, the rostral division
of the nucleus of the solitary tract (NST) in the medulla
oblongata. Before reaching brain cortical areas, NST fibers
project to the ventral posteromedial nucleus of the thalamus,
parvocellular part. Thalamic neurons project to the primary
gustatory cortex (i.e., frontal operculum, insula) involved in
taste identification and memory, which in turn sends affer-
ent information to other areas, for example, the multimodal
orbitofrontal region and the anterior cingulate cortex. Addi-
tional subcortical areas are involved in gustatory processing
(e.g., the lateral hypothalamus, mainly involved in the mod-
ulation of satiety). On this matter, it is important to mention
that taste and smell express a remarkable hedonic quality,
which has a significant psychological impact (Bochicchio
& Winsler, 2020). The hedonic value of taste is represented
in different areas of the brain and probably also in the amyg-
dala, which is thought to be involved in the representation
of emotional states. This notwithstanding, the role of the
amygdala in the representation of the hedonic or emotional
value of smell and taste is still debated (Anderson & Phelps,
2002; Soudry et al., 2011). Furthermore, cortical gustatory
areas send efferent projections to the NST and other subcor-
tical areas for top-down modulation of gustatory afferents

@ Springer



194

Neuropsychology Review (2024) 34:192-213

Primary gustatory cortex

Caudolateral orbitofrontal
G R ) [ COted J [ Anterior cingulate cortex ]

?

> Lateral
U "] hypothalamus

Thalamus (VPMpc nucleus)
1

Medulla oblongata -
gustatory nucleus (NST)

Cranial nerves VII, IX, X

Oral cavity, pharynx, larynx,
upper oesophagus

Fig. 1 Schematic diagram illustrating the anatomy of the main gusta-
tory processing. List of abbreviations: NST=nucleus of the solitary
tract; VPMpc = ventral posteromedial nucleus of the thalamus, parvo-
cellular part

(Fig. 1) (Simon et al., 2006; Iannilli & Gutziol, 2019; Vincis
& Fontanini, 2019).

In humans, five basic taste qualities can be described,
including sweet, salty, sour, bitter, and umami taste. Besides,
qualities such as fat, metallic, and carbonation were reported
as putative additional basic tastes (Chandrashekar et al.,
2009; Chaudhari & Roper, 2010). Umami, known as the
fifth taste, is typically elicited by monosodium glutamate,
some aminoacids, or by purine nucleotides, and is gener-
ally not included in routine gustatory tests (Kurihara, 2015).
Umami taste was found to be hard to conceptualize by the
European population, even if monosodium glutamate is
found in a wide range of foods and flavor enhancers (Landis
et al., 2009; Cecchini et al., 2019a).

Gustatory testing is an important step in the assessment
of gustatory disorders, since the accuracy of self-reported
taste impairment is poor (Soter et al., 2008; Oleszkiewicz &
Hummel., 2019). Gustatory disorders are defined as either
qualitative, including dysgeusia (i.e., taste distortion or taste
perception in the absence of a gustatory stimulation), which
is reported by patients but not quantitatively assessed,
or quantitative, including ageusia (i.e., complete loss of
taste), hypogeusia (i.e., diminished taste), and hypergeusia
(i.e., increased taste sensitivity), which can be measured
but often not reported by patients. In clinical practice, iso-
lated gustatory deficit is uncommon, and complete ageusia
is very rare, with most patients generally presenting com-
bined olfactory and gustatory impairment (Welge-Liissen
et al., 2011). In this regard, it is important to distinguish
between taste and flavor, the latter being among the most
complex and powerful human sensations. Flavor perception
is due to retronasal stimulation during food ingestion, when
volatile molecules released from the food in the mouth are
conveyed, through the movements of the mouth, from the
back of the oral cavity up through the nasopharynx toward
the olfactory epithelium. Because the volatile molecules
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arise in the mouth during eating, the sensation is perceived
as originating within the mouth. Thus, this retronasal food-
derived sensation is normally judged to be part of the “taste”
of the food. Hence, although a great part of flavor is due to
smell, flavor is often attributed to “taste” (Shepherd, 2006;
De Rosa et al., 2019). Indeed, a referred gustatory deficit
usually reflects a loss of flavor perception as a function
of smell loss, rather than a true taste impairment, because
flavor and taste follow different neuronal pathways. For
these reasons, olfaction and taste must be assessed sepa-
rately and by validated methods (Fark et al., 2013). Gusta-
tory assessment may include different psychophysical tests
using chemical stimuli to measure the ability to perceive the
basic taste qualities or using electrical stimuli (i.e., weak
anodal electric current). The latter method is generally con-
sidered a sensitive and rapid measure of gustatory threshold
and is very popular in Japan (Ikeda et al., 2005). Chemical
and electrical taste tests can be further divided into whole-
mouth and regional tests (see Table S2 for details). Various
factors including geographical and methodological differ-
ences could influence the test results, thus findings reported
in the literature should generally be interpreted with caution
(Welge-Liissen et al., 2011).

Gustatory Dysfunction: A Potential Biomarker of
Neurocognitive Disorders?

Olfactory abnormalities have been associated with several
NCDs of different severity and etiology (Thompson et al.,
1998; Hachner et al., 2009; Bathini et al., 2019; Doty &
Hawkes, 2019). Various studies have indeed reported olfac-
tory impairment in patients with MCI and dementia (Roalf
et al.,, 2017; Bathini et al., 2019). Olfactory dysfunction
has been associated with cognition in AD and PD from
preclinical stages (Roberts et al., 2016; Doty & Hawkes,
2019). Several lines of evidence suggest a close relation-
ship between neurodegenerative disorders and olfactory
dysfunction. The olfactory system, particularly the anterior
olfactory nucleus, may be involved early in AD and PD
neuropathology (Ubeda-Banon et al., 2020). Poorer olfac-
tion has been associated with structural abnormalities of the
peripheral olfactory system and the primary olfactory cor-
tex, which are affected early by a-synucleinopathy (Broz-
zetti et al., 2020), and the hippocampus and the entorhinal
cortex (Growdon et al., 2015), which are the first brain areas
to undergo neurodegeneration in AD.

Brain regions involved in gustatory processing (i.e., orbi-
tofrontal cortex, cingulate gyrus, multimodal integrative
areas, amygdala, hippocampus, and other areas within the
limbic system) are affected in MCI, AD, and PD-dementia
(Sewards, 2004; Lang et al., 2006; Doty & Hawkes, 2019). In
line with these anatomical data, slight gustatory impairment
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has been documented in some NCDs, but results are sparse
and often diverging, with gustatory function being reported
either as deteriorated or spared according to disease sever-
ity (Cecchini et al., 2015; Doty & Hawkes, 2019). Central
mechanisms (i.e., decrease in the taste information pro-
cessing) rather than peripheral mechanisms (i.e., impaired
transmission from sensory receptors) have been proposed to
explain these discrepancies (Kouzuki et al., 2020). Despite
the overlap between brain areas involved in taste and cogni-
tion, the reports on gustatory function in NCDs are far more
limited than those on smell, probably because taste assess-
ment is rarely performed in the clinical setting, and because
taste might be more resistant to injury being conveyed by
three cranial nerves per side (Doty et al., 2018).

The association between NCDs and altered gustatory
function is still unclear, so it might be clinically informative
to better investigate this relationship. Unresolved questions
include (a) whether patients with NCDs show poorer gusta-
tory function than cognitively intact controls, (b) whether
the severity of NCDs is associated with changes to taste (as
psychophysical tests need patient cooperation), (c) whether
different features of taste sensitivity (i.e., threshold, identifi-
cation, intensity) could be differentially involved in NCDs,
and (d) whether NCDs due to different etiologies are asso-
ciated to specific patterns of gustatory dysfunction (e.g.,
overall impairment, dysfunction of specific taste qualities
perception).

To answer these questions, this paper has two aims,
namely, (a) to systematically review studies evaluating gus-
tatory function with validated tests in NCDs due to various
etiologies, and (b) to meta-analyze data on the association
between cognitive impairment and gustatory dysfunction.

Methods

The systematic review and meta-analyses were conducted
according to the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) recommendations
(Moher et al., 2015; Page et al., 2021). The research proto-
col was registered in the International prospective register
of systematic reviews PROSPERO (registration number:
CRD42022314545; Mantovani et al., 2022).

Eligibility Criteria

Case-control studies published in peer-reviewed journals
(languages included English, Italian, French, and German)
that assessed gustatory function with at least one validated
chemosensory assessment method, using either chemical or
electric stimuli, in patients with confirmed cognitive dys-
function of different severity (i.e., mild, major NCDs) and

Table 1 SPIDER criteria (Cooke et al., 2012)
Sample

Patients with neurocognitive disorders of different
severity (i.e., minor, mild cognitive impairment;
major, dementia) due to various etiologies (i.e.,
Alzheimer’s disease, vascular dementia, Par-
kinson’s disease, parkinsonism, frontotemporal
dementia, multiple and/or mixed etiologies)

Phenomenon of The association between neurocognitive disorders

Interest and gustatory dysfunction

Design Case-control studies

Evaluation Taste function outcomes (i.e., threshold-detection,
threshold-recognition, identification, intensity)

Research type  Qualitative and/or quantitative methods

various etiologies (i.e., AD, VaD, Lewy body dementia,
LBD, PD, FTD, multiple etiologies) were considered eli-
gible and therefore included in the systematic review. No
restrictions were placed in terms of study design or pub-
lication date. Case reports, reviews, letters, commentaries,
abstracts, conference proceedings, and studies reporting
only non-validated methods were excluded.

The SPIDER framework (Cooke et al., 2012) of the study
is reported in Table 1.

Search Strategy

The PubMed, Web of Science, and Science Direct search
engines were consulted on October 10th, 2020 for peer-
reviewed papers published from database inception until
September 30th, 2020 with the following search string:
(taste OR gustation OR gustatory) AND (neurocognitive
disorders OR dementia OR mild cognitive impairment OR
cognition OR cognitive function). The search was updated
on June 20th, 2021 to ensure currency of results.

Study Selection

Search results were uploaded to Rayyan software, a web-
based app to facilitate collaborations among reviewers dur-
ing the study selection phase, by supporting them throughout
the entire systematic review process (i.e., merging of records
from multiple search engines, duplicates identification, title
and abstracts screening, full-texts screening, inclusion and
exclusion decisions according to eligibility criteria, iden-
tification of conflicts between reviewers) (Ouzzani et al.,
2016). Two authors (EM, AZ) independently screened titles
and abstracts to identify relevant studies to undergo full-text
inspection, which was performed in a double-blind fashion.
Moreover, the reference lists of relevant papers (i.e., pre-
viously published narrative, systematic reviews or meta-
analysis found through the literature search but discarded
in consideration of the study design, and studies fulfilling
the eligibility criteria and therefore included) were manu-
ally inspected for any additional study potentially missed in
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the databases search. Any disagreement was planned to be
solved by consensus between the two independent review-
ers or, in case of persistent disagreement, by consulting two
other authors (MPC, ST).

Data Collection

Two authors (EM, AZ) independently extracted the follow-
ing data from the included papers, using a shared, previ-
ously pilot-tested collection form to ensure consistency
during the process, including population (i.e., age, gender,
sample size), underlying neuropathological condition (i.e.,
AD, VaD, LBD, PD, FTD, multiple etiologies), neuropsy-
chiatric comorbidity (i.e., anxiety, depression), cognitive
dysfunction severity, cognitive testing (i.e., screening test,
single cognitive domains), gustatory testing, main results.
For studies on PD, the following additional clinical features
were extracted: disease duration, motor or non-motor symp-
toms presence and severity, levodopa equivalent daily dose
(LEDD).

Risk of Bias and Study Quality

Two authors (EM, ST) independently assessed risk of bias
and study quality with the case-control quality assessment
instrument provided by the Newcastle-Ottawa Scale (NOS)
(Wells et al., 2013). Selection, comparability, and exposure
domains were assessed, and each study could be awarded a
maximum total score of 9. Scores between 0 and 3, 4-6, and
7-9 were considered as suggesting low, moderate, or high
quality, respectively.

Data Analysis

A systematic and descriptive analysis of the results was pro-
vided in the text and tables to summarize the characteristics
and findings of the included studies.

Separate meta-analyses were performed for studies
assessing gustatory function in patients with NCDs due to
AD and PD. Data from patients with NCDs due to other
etiologies (e.g., VaD, FTD) did not undergo meta-analysis
because of the high heterogeneity of the samples and the
absence of separate data for etiological subtypes. Original
datasets were obtained from the corresponding authors of
two studies (Masala et al., 2020; Nigam et al., 2021), and
data for PD patients with MCI versus those without MCI
were calculated as secondary analysis. Data were ana-
lyzed using Review Manager (RevMan version 5.4, The
Cochrane Collaboration). Following the Cochrane Hand-
book recommendations, mean difference (MD) was chosen
as effect size measure since the outcomes of interest were all
reported using the same tools (i.e., Taste Strips Test, TST;
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Filter Paper Disc, FPD) for each meta-analysis (Borenstein,
2009a). MD was calculated from reported means and stan-
dard deviations of taste quantitative outcomes (overall test
score; single taste qualities, i.e., sweet, salty, acid, bitter)
that were extracted separately for cases and controls. The
Cochran’s Q test, Higgins 12, along with the tau-squared (%)
statistics were used to quantify heterogeneity between stud-
ies. The Cochran’s Q test assesses the total heterogeneity
across all effect sizes. A significant Q value suggests that
the true effects vary, thus indicating larger variations across
studies. I> measures the proportion of the variability in point
estimates that can be attributed to heterogeneity (Higgins
& Thompson, 2002; Higgins et al., 2003). Despite its com-
mon use and being more intuitive (i.e., there are widely used
benchmarks for its interpretation), I is a relative measure
that heavily depends on the precision of the included studies
and is proportional to the study size. In contrast, 1* statistics
is a real point estimate of the magnitude of heterogeneity
and insensitive to the precision of the included studies. >
may be a more informative measure of heterogeneity and
can be used with I to provide more reliable information
(Borenstein, 2009b; Borenstein et al., 2017). As the included
studies were quite heterogeneous in terms of population and
outcome measures, random-effect models were applied.

Publication bias was planned to be performed through the
inspection of funnel plots. Sensitivity and moderator analy-
ses were planned to be performed depending on the results
on the heterogeneity and the number of the included studies
per outcome, respectively (Borenstein, 2009b). The level of
statistical significance was set at 5%, and 95% confidence
intervals (Cls) were calculated. The results were displayed
graphically using forest plots.

Results
Identification and Selection of the Studies

A total of 2,987 records were identified through litera-
ture search. After duplicates removal, 2,111 records were
screened through titles and abstracts and 30 papers were
obtained for full-text screening. Two authors (EM, AZ)
independently evaluated the 30 selected papers for in-depth
examination. Disagreement concerned three papers (inter-
rater agreement=90%) and was solved by consulting two
other authors (MPC, ST). Eighteen studies fulfilled the
inclusion criteria and were therefore included in the sys-
tematic review, and eight out of eighteen studies were also
included in the meta-analysis (Fig. 2).

Studies were grouped according to the etiology of cogni-
tive dysfunction (i.e., AD, N=10; PD, N=3; other or mixed
etiologies, N=35). The studies on AD were further divided
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Fig. 2 PRISMA diagram of the study (Page et al., 2021; http://www.
prisma-statement.org). From: Page MJ, McKenzie JE, Bossuyt PM,
Boutron I, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020 state-
ment: an updated guideline for reporting systematic reviews. BMJ
2021;372:n71. doi: https://doi.org/10.1136/bmj.n71.

into two categories, depending on the type of MCI or
dementia diagnosis (i.e., clinical, clinical and biomarkers).

Studies on Patients with Neurocognitive Disorders
due to Alzheimer’s Disease

Ten studies assessed gustatory dysfunction in patients with
AD (Murphy et al., 1990, 1999; Steinback et al., 2010;
Sakai et al., 2017; Ogawa et al., 2017; Kouzuki et al., 2018,
2020; Churnin et al., 2019; Contri-Degiovanni et al., 2020;
Doorduijn et al., 2020) (Table 2).

Studies using a clinical diagnosis of AD. A cross-sec-
tional study comparing AD patients to controls found neither
significant between-group difference in sweet threshold, nor
correlation between taste threshold and cognition scores in
the AD group (Murphy et al., 1990). Similar results were
reported in a subsequent study by the same authors (Murphy
et al., 1999) including AD patients with different degrees
of cognitive impairment (i.e., very mild, mild, moderate
dementia) and age-matched healthy controls.

In a cross-sectional study, worse total and single
taste quality scores were reported for both MCI and AD
patients than healthy age- and sex-matched controls, but no

difference was found when comparing MCI to AD groups
(Steinbach et al., 2010).

A study examining taste detection (i.e., the threshold at
which the subjects felt any taste) and recognition (i.e., the
threshold at which the subjects felt a specific taste) thresh-
olds in AD of different severity, reported (a) higher total val-
ues for both overall measures in patients than controls; (b)
higher detection thresholds for sweet, salty and bitter taste,
and higher recognition thresholds for sweet and sour taste
when comparing AD to controls; and (c) cognitive dysfunc-
tion severity significantly associated to both total threshold
values in the multivariate model (Sakai et al., 2016).

A cross-sectional study exploring gustatory dysfunction
by means of chemical (i.e., FPD) and electrical (i.e., electro-
gustometry) methods found gustatory impairment to FPD,
but not to electrogustometry, in AD versus controls (Ogawa
etal., 2017).

A retrospective analysis of data from the National Health
and Nutrition Examination Survey found inability to iden-
tify salty taste to be significantly associated to dementia but
not MCI (Churnin et al., 2019).

A cross-sectional study reported poorer taste performance
in AD patients with moderate cognitive impairment com-
pared to age-matched controls (i.e., worse overall, bitter,
and salty taste identification) and AD patients with milder
levels of cognitive impairment (i.e., worse sweet taste iden-
tification) (Contri-Degiovanni et al., 2020).

In a whole-mouth procedure study, worse taste perfor-
mance (i.e., higher total threshold values) was reported only
in patients with dementia but not MCI when compared to
age-matched controls (Kouzuki et al., 2020).

Studies using a combined clinical and biomarkers diag-
nosis of AD. A cross-sectional study including patients with
amnestic MCI and AD dementia neither found a difference
between patients and controls in gustatory threshold, nor a
significant association between AD cerebrospinal biomark-
ers (i.e., AP 42 and phospho-tau 181 levels) and taste perfor-
mance (Kouzuki et al., 2018).

A prospective cohort study exploring the association
between gustatory function, cognitive domain involvement,
and altered food preference in AD reported no difference
in overall gustatory function between patients with MCI
and AD. Because of this negative finding, the association
between single cognitive domain dysfunction, AD cerebro-
spinal biomarkers and taste dysfunction was not explored,
despite being originally planned (Doorduijn et al., 2020).
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Studies on Patients with Neurocognitive Disorders
due to Parkinson’s Disease

Three studies examined gustatory dysfunction in patients
with PD (Cecchini et al., 2019b; Masala et al., 2020; Nigam
et al., 2021) (Table 3).

In a cross-sectional, case-control study, PD patients were
found to score lower than controls for sweet taste perception
measured with the TST. The study also explored the asso-
ciation between PD-MCI, single cognitive domain involve-
ment and taste function and found TST global scores and
sour to be significantly worse in PD patients with than those
without MCI, and executive impairment to be associated
with worse TST global scores, sour and salty identification
(Cecchini et al., 2019b).

Worse global and single taste scores were found in PD
patients compared to controls in a study originally aimed
to explore the correlation between gustatory dysfunction,
other non-motor symptoms and weight in PD. Our second-
ary analysis of original data documented worse TST global
score, sweet, salty, sour, and bitter identification in PD
patients with than those without MCI (Masala et al., 2020).

A cross-sectional, case-control study including both pro-
dromal PD patients (i.e., patients with isolated REM sleep
behavior disorder [iRBD]) and patients with overt PD found
worse overall TST and single taste scores in the iRBD and
PD groups than controls, but no significant difference when
comparing iRBD to PD. Our secondary analysis found
no difference in gustatory measures when comparing PD
patients with versus those without MCI (Nigam et al., 2021).

Studies on Patients with Neurocognitive Disorders
due to Other or Mixed Etiologies

Five studies explored gustatory dysfunction in patients with
NCDs due to other or mixed etiologies (Schiffman et al.,
1990; Lang et al., 2006; Brion et al., 2015; Naudin et al.,
2015; Sakai et al., 2017) (Table 4).

Increased thresholds for umami taste were found in a
heterogeneous cohort including patients with dementia due
to probable or possible AD and other etiologies (i.e., multi-
infarct or subcortical dementia) compared to age-matched
controls, but no significant correlation was found between
taste and cognition scores for AD patients (Schiffman et al.,
1990).

Patients with dementia due to different causes including
AD, PD and other parkinsonisms, FTD, and other mixed
conditions, performed worse than age-matched controls on
two different taste identification tests, namely, the Whole
Mouth Test (WMT) and TST in a pilot study. Patients with
dementia and a parkinsonian syndrome showed worse scores
for sour and salty taste on WMT and TST, respectively, than

@ Springer

those without parkinsonism. A significant moderate correla-
tion was found between the severity of dementia and taste
impairment in the whole sample (Lang et al., 2000).

Worse taste identification in the TST was also reported in
alcohol use disorder and Korsakoff syndrome, compared to
age-matched controls (Brion et al., 2015).

A pilot cross-sectional study reported AD patients to per-
form worse in a taste identification test than age-matched
patients with major depression disorder (MDD) and healthy
controls, but no difference between MDD and controls. No
significant correlations were found between the severity of
cognitive or mood changes and taste function in MDD and
AD patients (Naudin et al., 2015).

In a cross-sectional study including patients with AD and
semantic dementia (Gorno-Tempini et al., 2011), the latter
group showed significantly higher detection and recognition
threshold total scores, higher thresholds for the detection of
sweet and salty tastes, and for the recognition of salty, sour,
and bitter tastes than controls (Sakai et al., 2017).

Risk of Bias and Quality of the Studies

The NOS results showed that the mean overall score was 4.4
out of 9, which indicated that the methodological quality of
the included studies was generally moderate. According to
the NOS checklist, five studies were considered of low qual-
ity, 12 of moderate quality and two of high quality (Table 5).

Meta-analyses

Thirty-five meta-analyses were carried out on taste per-
formance (i.e., threshold, identification) in patients with
NCDs due to AD or PD. Global, sweet, salty, sour, and bit-
ter scores were explored as outcome measures. Different
taste features (i.e., threshold, identification) were separately
meta-analyzed. As the number of studies was low, modera-
tor analysis and visual inspection of funnel plots for pub-
lication bias could not be performed (Borenstein, 2009b).
Detailed information on the specific effect sizes for each
of the included studies and results of the meta-analyses are
displayed graphically in the forest plots (Fig. S1-S7) and
summarized in Table 6, respectively.

Taste Function in Neurocognitive Disorders due to
Alzheimer’s Disease

Separate meta-analyses were conducted for studies assessing
taste threshold and identification. Studies assessing detec-
tion (i.e., the threshold at which the subjects felt any taste)
and recognition (i.e., the threshold at which the subjects felt
a specific taste) threshold and those including patients with
MCI and dementia were separately meta-analyzed, too.



201

Neuropsychology Review (2024) 34:192-213

Apnys a3 jo Joyiny Surpuodsariod ayj 0} pajsanbal ejep [UISLIO JO SISA[BUR AIBPUOISS = | "USWOM = A\ 9[80S Ayjedy UIISHIEIS =SV 3[0S anF1e osessi( s, uosulyied =S d ‘9seasip
suosunyied = qd ‘poertodal jJou=3yN ‘uoniugoo Jeurrou=_HN ‘JUSWSSISSY IANIUS0)) [BONUOIN =Y DOJN ‘UOHBUIWIEXF 9)e}S [BIUSIA TUTIN = SINIA 11 31ed o[eos Surjer oseasip s,uosuryIed
paygrun A39100§ IOPIOSIJ JUSWAOIN = [T SYAdN-SAN Suswaredwr 9AnIugod prrur =D ‘usw = A ‘9sop A[rep juajearnbs edopors] =g (1opiosip Joiaeyaq dod[s NG Y paie[osi=qgy!
‘oreas Suide)s Jyex pue uyooH payIpow = -H ‘o[eds Surjer uoissardop uojjiweH = qVH 0109s ssauidaas yriomdg = gSH (o[eos 310dai-J1os uoneniead Ayjede =S-SHVY SUOLIAIqQE JO ISIT]

L TOIN-Ad Pue +IDIN

-(1d U9aM}9q IUIHIP ON

ad

pue Y1 US9MI2q 9IURIIPIP ON

(amn (eniq

TIF6€9

86 LM ‘TT
TN 6T :S[onuo)
(TL¥TeL

:23e ‘g M TT TN)

S[OIIUOD UBY) SOI00S ‘Ios ‘Ajjes 9LFTEI adel «(06F+'89 120T
Ayrenb 91sey o[3urs pue [eqo[3 42aMms) 1S9, (Ssa) :ad 11 9'9F QL P IM LEN) LR
os1om pamoys (Jd pue qdy! sding asef, AN VOO  TE€FH#97:Ad VOO sseuldao[s  SYAdN-SANW AN ‘ad a9y v suened  wWesiN
L ION-dd veq + DN
-dd Ul 9SI10M 19M SA109S )1 YYF6T (96F6°L9
-[enb oyse) o3uIs pue [eqo[H (D) (1onIq 9'€F9°6T (SVS) ‘dd A-H :03e) G :sjonuo)
s[onuod ‘mos ‘Ayfes “IDIN-Ad VOO Ayredy I'E1F6'€C (I'01FT69 0202
UBL) (I UI 9SI0M JIOM SII00S  J09MS) IS, 98'¢+ 1991 (Sdd) ‘A I SW6y8TFS0TE LEFIY eelgziM8E B
Ayienb ojse) o[3uts pue eqofy  sding ajse], AN VOO “+HIDIN-Ad VOOIN ongne SYAIN-SAN ‘ad ‘dd N b9 Spuoned  elese
uonIudoo [ewIou 9'0F¢S'T
ynm syudned 4 o1 paredwos uory a3en3ue| ON-Ad A-H
-ounysAp 9ATINJAXS YIm sjurjed (ap (emiq  ‘reneds CIFEST 60F6'1
d Ul 9SI0M 919M UOT)ROYNUIPI ‘Ios ‘Ajjes -ONSIA DON-Ad VOO IDN-Ad A-H
KjJes pue Inos ‘saJods [eqO[D)  jooMmS) 1S9, ‘Uorouny 8IFI€C P EIF00T #6FSLY
IDIN-Ad ey + IDIN-dd Wt sding asef, oAl ION-Ad VOO *ON-dd III SY+TS 038 LT M €T
OSIOM 0IOM INOS PUE $21005 [EQO[D (D) (19NIq  -NYAXD STF06C (S-sdv)  S¥AdN-SAN SwEIeFp8y ON-Ad ) 06 S[onuo)  q610T
S[0nuooS uely ‘mos ‘Ayjes  ‘vonuoye “ON-dd ISIWIA Ayedy 091 F+'8C ‘ON-Add 0°S+8°¢S (So1+1'89 e
(d Ut 9s10Mm sem IS, sding Q)se],  199ms) 153, ‘K10 VOO I'TF$9C (ave) TON-Ad 11T SwersFs99  GION PSR l[TIM 6T Iy
o4} (LM PAINSEIW 21008 JO9MS  (INOJN 9[OYA\  -WId]N ‘ASININ TOWN-ad SN uotssarde@  SYAdN-SAN TON-ad -ad A 0§ swened -0
(passasse
uorouny  Surewop (s1e2K)
Jisey) Sunsey  PAISAL Surusarog Auoass  swoydwAs swojdwAs (@adq1) uoneinp
SN K101835N0) 3unsa) 2AnIuS0) uONOUNJSAP 9ANIUSO)  IOJOUW-UON I0)JO  uonedIpaw (Od ad uonerndod REN|

*(dd) 2seasIp s, uosunjIed anp uonounysAp 2ANIUS0d Ym syuaned uo sarpms € a|qel

pringer

As



Neuropsychology Review (2024) 34:192-213

202

SOI[E} :5)S3) PAJEPIRA UOU X3} UIe[d :5)S3) PAJEPI[RA = ¢ “USWOM = A\ ‘A10)
-USAUT AJOTXUY JTBI], PUR 0JBIS =]V IS ‘eNUIWIp ONULWAS = (JS 9[8dS LIUOPAYUY [BI00S =SS {PIOYSAIY) UONTUS090I= 3 9SLasI(] S,UOSUD[IEJ 0} PIIBIOOSSE BIIUIWAP ((I-(d 9[edS LIuopayuy [edIsAyd =Svd
‘K10judAU] OL1RIYoASdOINON = [N ‘UONBIOOSSY SIOPIOSI(] PIIL[OY PUE dSBISI(] S, JOWIAYZ[Y/AOI}S PUB SOSBOSI(] JANBIIUNWWO)) Pue [BdIS0[0INON JO aninsu] [euoneN = VA IYAV-SAININ Possasse j0u=yN
‘Aydone wsAs-nnu=ySA (S1s019[os sjdnnu =g ‘uoneurwexy 1elS [BIUSN TUIN =FSININ 1oplosiq dalssaidoq Iofe]N =N 91edS Suney uoissardo 810qsy—AIoWoSIUON =SYAVIA ‘USWw =N ‘e
-uowop Apog AMT= g OWOIPUAS JONesIOY = S ‘UONEIYNUIPI = (J] ‘eNuatop [eIodwd]-01uol] = (I L ‘PIOYSIY) U010330p = [ ‘SIOPIOSI(] [BIUSA JO [eNUEBIA [ed1IsTRIS pue onsouSerq =S o1eds Suney
eRUAWI( = SY( Q[eos Suney enudwo [eorul) =Yg ‘UoNeIduIZop [eseq-0011100 = gD ‘A10judau] uoissardo yoog=[(g @seasI( S JOWIYZ|Y =V ‘IOPIOSIP asnh [0Yod[e= ()Y SUOIIBIAIIGQE JO JSI']

uonvIYUIP!

a151) pa.ipdu pamoys qy puv Js yse)
S[OIJUOD UBY}  UONEOYNUAPI AJSe]  uonounj
1Inos pue A)jes 10} [y Joysiy pamoys Qv JSel  9ATINOOXD sywaned £ 11 Qv 4AD 81 :(sSurpuy 1S snid
S[OJJUOD  UOTBUIWILIOSIP d)SB], ‘Anqe syuaryed TN PUe $861 “BLINLD VAIAV
uet)) 1o)1q “Ios ‘Afes 10J [y IoySIy +mos (IM+1a)  9anod] 11:6°0av 4ad —SAONIN) AV d19eqoid (08 F 089 03¢
“Kaes “Jeams 10§ 1 (T 12YSIY pamoys s (10119 ‘mos “Ayjes  -[oyut piq siuened ¢ 11 S YAD 1dND 81 (sSupuy 1DHJS €1 M ‘6 ‘) TT :s[onuo) L10T
S[OJJUOJ UBY) SONJeA 9ooms) 1s9],  -1owaid sjuonjed  swoydwAs oneryo snjd [N Pue BLIQLIO [BOTUI[D (gL F ¢89 :23e ‘'R
I pue [ 1oySiy pamoys Qv pue qs  sosi( 1odeq 1oy “Arowoy SN ¥1:6°0 S YAD -Asd pue [erotaeydg 10T “[e 10 [uIdwWoL, oUI0D) A4S 1T M ‘ST ) 9€ ‘Siudled  Iexes
e+
A ROAACN A
0¢F
6'vC -AdN ISININ
sanienb 2)se) 100Mms pue 19)1q INOS (@) (onq €OF (SVS (671 F+°L9 :23¢e
‘Ky[es 10J S[OJUOD UBY) JOMO] PAIOdS (Y “INOS ‘A)[eS ‘Jooms) 9'8 :aV SYAVIN ‘SVd) eruopoyuy 02 ‘ST:M ‘6 ) ¥ :s[onuo) S10T
1 2Ise) Ul s[onuod pue  (JONAV) 1S9 uon LLF (SYaAvW)  «(110T ‘eIl WY SP) AV (8'T1F 06923  ‘[ew
AAN uey osiom paurroyrad syuened qv ~EOYUSP] A)SEL VN ASININ  L'6T ‘AdIN SIAVIN uorssordo( 0C :(e1onmd AT-INSA) AAIN 6T M ‘T ) OF :S)uoned  urpneN
uondwnsuod (g Fzgs o8
(an (oniq 104091V TTM ‘6 AD 0T sS[onuo)  ¢10T
s[onuod 0y paredwos syjuened  Inos ‘Aifes ‘10ams) (IVLS) Aerxuy (eLd AT-INSA) ANV (L8 F LS o8 ‘e e
9T} JOJ 9SIOM OIOM SIIOOS [€}0) J)SB], 159 ding dse], VN VN VN  (1ag) uorssaidoq (BLINIOD AT-INSA) S 61 ‘M ‘1T IN) OF :Siuoned  uoug
9)s®) PU. AJIIOAIS BHUIWIP
U99M}9q UONB[OII0) 9)BIdPOW JUBOYIUSIg
syuaned 1o10 0) paredwoos (Kes)
1897, sding-a1se], pue (Inos) ST, YINON (an (enq (S “@dD VS ‘s
-9[oy A\ U0 as1om paurioprad (9T ‘d-Ad Ios ‘A)jes 1ooms) -eydosolpAy ‘qld ‘ad1 ‘a-ad (4’6 F T 1L @98 ‘97
‘av+dd <o) syuaned ueruosuryied 1597, sding 9)se], “9'T) 8T ‘BNUAWAP (JV-UON M 9T JIN) TS :s[onuo)
§159} QINOIA-O]OYA pue (an (enq dd Wi [ pue juduodwod remnd 00TF6T1L  900T
sding 9)se], oy 10§ sjonuod pue sjuoned  Inos ‘Kyjes jooms) -SBA [EUOI}IPPE UEB [}IM G YOIym 1938 97 ' M ‘9T TIN) TS ‘e 3o
v-uou uey) asiom pauniojiad syjuoned Qy  1S9L YINOJA S[OYM VN ASININ 8V F 7T HSIWIN VN JO $7 :(eu0 AT-INSA) AV [syuaned Sue
601 FS°0C sen 91 N -ehuswop
-UaWdP 110 FSININ [8911100qNS IO [ENJOIRJUT-NINIA (S6FSLL
L9F6'TT 8 N (#3861 ‘eLIOILID :93e) payojew-ofe o1om 0661
s[onuod ‘av 2rqrssod SN VAIAY-SAONIN) AV 2IqIssod T WOYMm JO L€ S[oNu0) e
payorew-a8e 0) paredwrod enuawop M (L) (191919 ‘Twewn) '8 F 791 0€ N :(¥861 ‘eI 16+ uew
syuoned ur 1oySIy o1om S fwew)  dmpeood aseorrelg VN HSININ AV 21qeqoxd SN VN VAIAV-SAININ) AV 21qeqoid §'L9 :08e) pg isyuLNEd  -PIYOS
(possosse  surewop
uonouny 9Jse}) paisa], Surusang JSTRETEN Kyprgiowiod
$SUNSY Sursey A10jISND Sunso) oAnIugo) uondungsAp aAniuso) oeryoAsdonoN sisouSerq uonendog REN

S9130]0119 POXIW/IdYI0 0) onp uorounysAp dANIUZ0d Yim sjuoned uo saipmis ¢ ajqer

pringer

As



Neuropsychology Review (2024) 34:192-213

203

Table 5 Risk of bias and study quality assessment for the included
studies

Study Selection  Comparability Exposure  Total
score

Murphy et al. 1990 *** - - 3/9

Schiffman et al. * - * 2/9

1990

Murphy et al. 1999 *** - * 4/9

Churnin et *k * % 5/9

al. 2019

Lang et al. 2006 * *ok * 4/9

Steinbach et al. Hkkok Hk * 7/9

2010

Brion et al. 2015 Hekok Hk * 6/9

Naudin et al. 2015  *** Hk * 6/9

Sakai et al. 2016 Hkok _ * 4/9

Ogawa et al. 2017  ** - * 3/9

Sakai et al. 2017 * Hk * 4/9

Kouzuki et al. * - * 2/9

2018

Cecchini et al. Hokeskok Hk * 7/9

2019b

Contri-Degiovanni  ** - * 3/9

et al. 2020

Doorduijn et al. ok R * 4/9

2020

Kouzuki et al. Hkok _ * 4/9

2020

Masala et al. 2020  **** - * 5/9

Nigam et al. 2021  *** w0k * 6/9

Studies assessing detection threshold with the FPD
test. The meta-analysis on the association between NCDs
due to AD and detection threshold measured with the
FPD test included 97 subjects. Controls showed bet-
ter global (MD=3.28; 95% CI: 1.02, 5.53; p=0.004),
sweet (MD=0.76; 95% CI: 0.43, 1.09; p<0.0001), salty
(MD=0.79; 95% CI: 0.20, 1.37; p=0.009) and bitter
MD=0.87; 95% CI: 0.29, 1.46; p=0.003) scores com-
pared to AD. Sour scores (MD =0.75; 95% CI: -0.14, 1.63;
p=0.10) did not differ between groups. Heterogeneity was
significant for global (Q [1]=9.35, p=0.002; ©*=2.36;
1>=89%), salty (Q [1]=4.88, p=0.03; ©°=0.14; I>*=79%)
and sour (Q [1]=8.96, p=0.003; 1> =0.36; I =89%) scores
and not significant for sweet and bitter scores (Fig. S1).

Studies assessing recognition threshold with the FPD
test. The meta-analysis on the association between NCDs
due to AD and recognition threshold measured with the
FPD test included 97 subjects. Controls showed bet-
ter global (MD=4.65; 95% CI: 2.80, 6.50; p<0.00001),
sweet (MD=0.77; 95% CI: 0.35, 1.20; p=0.0003), salty
(MD=1.25;95%CI:0.47,2.03; p=0.002), sour (MD = 1.30;
95% CI:0.78, 1.82; p <0.00001) and bitter (MD =1.26; 95%
CI: 0.38, 2.14; p=0.005) scores compared to AD. Heteroge-
neity was borderline for significance for bitter (Q [1]=3.86,

p=0.05; ©2=0.30; 1>=74%) score and not significant for
global, sweet, salty and sour scores (Fig. S2).

Studies assessing taste identification with the TST
Separate meta-analyses on the association between NCDs
due to AD and taste identification measured with the TST
were performed for patients with mild (i.e., MCI) and
major (i.e., dementia) NCDs. Effect sizes for global (MD
= -0.86; 95% CI: -2.80, 1.08; p=0.39), sweet (MD=0.09;
95% CI: -0.37, 0.55; p=0.71), salty (MD = -0.57; 95%
CIL: -1.52, 0.38; p=0.24), sour (MD = -0.04; 95% CI:
-0.49, 0.41; p=0.86), and bitter (MD = -0.27; 95% CI:
-0.71, 0.16; p=0.22) scores did not differ significantly
between MCI and controls. Heterogeneity was significant
for global (Q [2]=26.82, p<0.00001; > =2.62; I>=93%),
sweet (O [2]=10.57, p=0.005; 1>=0.13; I*’=81%), salty
(0 [2]1=29.96, p<0.00001; 1°=0.65; I*=93%), sour (Q
[2]1=13.78, p=0.001; 1>=0.13; I*=85%) and bitter (Q
[2]1=7.64, p=0.02; ©*=0.11; I>=74%) scores (Fig. S3).

AD patients showed worse global (MD = -2.26; 95%
CI: -4.56, 0.03; p=0.05) and sour (MD = -0.56; 95% CI.:
-0.86, -0.27; p=10.0002) scores compared to controls. Sweet
(MD = -0.38; 95% CI: -0.87, 0.10; p=0.12), salty (MD
= -0.70; 95% CI: -1.92, 0.52; p=0.26) and bitter (MD =
-0.61; 95% CI: -1.28, 0.05; p=0.07) scores did not differ
between groups. Heterogeneity was significant for global
(0 [2]1=30.76, p<0.00001; t°>=3.76; I>=93%), sweet (O
[2]=8.54,p=0.01;7°=0.14; 1°=77%), salty (0 [2] =44.42,
p<0.00001; ©?=1.09; I>=95%) and bitter (Q [2]=16.34,
p=0.0003; °=0.29; 1>=88%) scores, and not significant
for sour score (Fig. S4).

AD showed worse global (MD = -1.22; 95% CI: -1.47,
-0.97; p<0.00001), sweet (MD = -0.41; 95% CI: -0.51,
-0.30; p<0.00001) and sour (MD = -0.55; 95% CI: -0.92,
-0.19; p=0.003) scores compared to MCI patients. Salty
(MD=0.05; 95% CI: -0.16, 0.26; p=0.65) and bitter (MD
=-0.25; 95% CI: -0.56, 0.06; p=0.12) scores did not differ
between groups. Heterogeneity was significant for sour (Q
[2]=6.96, p=0.03; 1> =0.07; I*=71%) score and not signifi-
cant for global, sweet, salty and bitter scores (Fig. S5).

Taste Function in Neurocognitive Disorders due to
Parkinson’s Disease

The meta-analyses on the association between NCDs due
to PD and taste function included 193 subjects. Since the
studies by Masala et al. (2020) and Nigam et al. (2021)
did not provide information on the number of PD patients
with cognitive impairment, exact data on cognitive mea-
sures were requested from the authors and the presence
(PD-MCI+; N =65 patients) and absence of PD-MCI (PD-
MCI-; n=63 patients) was defined according to Movement
Disorder Society (MDS) level I criteria (Litvan et al., 2012)
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Table 6 Results of the meta-analyses

Outcome K N Random-effect model results Heterogeneity
MD [95% CI] Z p 0 af  p 72 1X(%)

DT
Alzheimer’s disease (AD)
AD vs controls, FPD test (positive MD values indicate worse performance for patients than controls)

FPD score 2 97 3.28 [1.02, 5.53] 2.85 0.004 9.35 1 0.002 2.36 89
Sweet 2 97 0.76 [0.43, 1.09] 4.50 <0.00001 0.79 1 0.37 000 O
Salty 2 97 0.79 [0.20, 1.37] 2.63 0.009 4.88 1 0.03 0.14 79
Sour 2 97 0.75 [-0.14, 1.63] 1.66  0.10 8.96 1 0.003 0.36 89
Bitter 2 97 0.87 [0.29, 1.46] 2.93 0.003 2.67 1 0.10 0.11 63
RT

AD vs controls, FPD test (positive MD values indicate worse performance for patients than controls)

FPD score 2 97 4.65 [2.80, 6.50] 4.92 <0.00001 2.92 1 0.09 1.19 66
Sweet 2 97 0.77 [0.35,1.20] 3.59  0.0003 0.20 1 0.65 000 0
Salty 2 97 1.25 [0.47,2.03] 3.16  0.002 2.26 1 0.13 0.18 56
Sour 2 97 1.30 [0.78, 1.82] 491 <0.00001 0.00 1 1.00 000 O
Bitter 2 97 1.26 [0.38,2.14] 2.81 0.005 3.86 1 0.05 030 74
ID

Alzheimer’s disease (AD)

MCI vs controls, TST (negative MD values indicate worse performance for patients than controls)

TST score 3 187 -0.86 [-2.80, 1.08] 087 039 2682 2 <0.00001  2.62 93
Sweet 3 187  0.09 [-0.37, 0.55] 037 071 10.57 2 0.005 0.13 81
Salty 3 187 -0.57 [-1.52,0.38] 1.17  0.24 2996 2 <0.00001  0.65 93
Sour 3 187 -0.04 [-0.49, 0.41] 0.17 086 13.78 2 0.001 0.13 85
Bitter 3 187 -0.27 [-0.71,0.16] 1.23 0.22 7.64 2 0.02 0.11 74
AD vs controls, TST (negative MD values indicate worse performance for patients than controls)

TST score 3 182 -2.26 [-4.56, 0.03] 1.93 0.05 30.76 2 <0.00001 3.76 93
Sweet 3 182 -0.38 [-0.87,0.10] 1.56  0.12 8.54 2 0.01 0.14 77
Salty 3 182 -0.70 [-1.92,0.52] 1.13 0.26 4442 2 <0.00001 1.09 95
Sour 3 182 -0.56 [-0.86,-0.27] 3.72  0.0002 4.82 2 0.09 0.04 58
Bitter 3 182 -0.61 [-1.28,0.05] 1.81 0.07 1634 2 0.0003 0.29 88
AD vs MCI, TST (negative MD values indicate worse performance for AD than MCI)

TST score 3 171 -1.22 [-1.47,-097]  9.59 <0.00001 1.59 2 0.45 000 O
Sweet 3 171 -0.41 [-0.51,-0.30] 7.47 <0.00001 1.46 2 0.48 000 O
Salty 3 171 0.05 [-0.16, 0.26] 0.46  0.65 2.26 2 0.32 0.01 11
Sour 3 171 -0.55 [-0.92,-0.19] 2.97  0.003 6.96 2 0.03 0.07 71
Bitter 3 171 -0.25 [-0.56, 0.06] 1.56  0.12 4.03 2 0.13 0.04 50
Parkinson’s disease (PD)

PD-MCI + vs controls, TST (negative MD values indicate worse performance for patients than controls)

TST score 3 193 -3.79 [-7.52,-0.05] 199  0.05 2787 2 <0.00001 9.88 93
Sweet 3 193 -1.06 [-1.75,-0.37] 3.00  0.003 9.08 2 0.01 0.28 78
Salty 3 193 -1.19 [-2.12,-0.27] 2.54  0.01 14.71 2 0.0006 0.56 86
Sour 3 193 -0.94 [-1.54,-0.35] 3.10  0.002 6.03 2 0.05 0.18 67
Bitter 3 193 -0.89 [-2.05,0.27] 1.50  0.13 1827 2 0.0001 091 89
PD-MCI +vs PD-MCI-, TST (negative MD values indicate worse performance for PD-MCI + than PD-MCI-)

TST score 3 128 -1.74 [-2.75,-0.72]  3.35 0.0008 0.38 2 0.83 000 0
Sweet 3 128 -0.40 [-0.76,-0.04]  2.15 0.03 1.67 2 0.43 000 0
Salty 3 128 -0.47 [-0.84,-0.10] 2.51 0.01 1.27 2 0.53 000 O
Sour 3 128 -0.55 [-0.95,-0.15] 2.70  0.007 2.10 2 0.35 0.01 5
Bitter 3 128 -0.29 [-0.66, 0.08] 1.54  0.12 0.49 2 0.78 000 O

List of abbreviations: CI=confidence interval; DT = detection threshold; FPD = Filter Paper Discs test; ID = identification; K =number of stud-
ies; MCI=mild cognitive impairment; MD =mean difference; N =number of participants; PD-MCI+/- = Parkinson’s disease with/without mild
cognitive impairment; RT =recognition threshold; TST = Taste Strips Test. P values <0.05 are reported in bold type
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and validated cut-offs for Montreal Cognitive Assessment
(Federico et al., 2015; Dujardin et al., 2016).

PD-MCI + showed worse global (MD = -3.79; 95% CI:
-7.52, -0.05; p=0.05), sweet (MD = -1.06; 95% CI: -1.75,
-0.37; p=0.003), salty (MD = -1.19; 95% CI: -2.12, -0.27;
p=0.01), and sour (MD=-0.94; 95% CI: -1.54, -0.35;
p=0.002) scores compared to controls, while bitter score
(MD = -0.89; 95% CI: -2.05, 0.27; p=0.13) did not differ
between groups. Heterogeneity was significant for global
(O [2]1=27.87, p<0.00001; t>=9.88; I>=93%), sweet (O
[2]=9.08,p=0.01;>=0.28; I*=78%), salty (0 [2] = 14.71,
p=0.0006; ?=0.56; >*=86%) and bitter (Q [2]=18.27,
p=0.0001; ?2=091; P= 89%) scores, and borderline
for significance for sour (Q [2]=6.03, p=0.05; °=0.18;
I>=67%) score (Fig. S6).

PD-MCI+ showed worse global (MD = -1.74; 95% CI:
-2.75, -0.72; p=0.0008), sweet (MD = -0.40; 95% CI:
-0.76, -0.04; p=0.03), salty (MD = -0.47; 95% CI: -0.84,
-0.10; p=0.01) and sour (MD =-0.55; 95% CI: -0.95, -0.15;
p=0.007) scores compared to PD-MCI-, with no between-
groups difference for bitter score (MD =0.12; 95% CI: -0.66,
0.08; p=0.12). The heterogeneity was not significant for all
the above-mentioned measures (Q values ranging from 0.38
to 2.10; 1 values ranging from 0.00 to 0.01; I values rang-
ing from 0 to 5%) (Fig. S7).

Sensitivity Analyses

Sensitivity analyses were performed for meta-analyses
where at least three studied were included, and either het-
erogeneity was borderline for significance, statistically sig-
nificant, or effect size was not significant. Detailed results
are displayed in Table S3.

NCDs due to AD. The overall effect size for sweet and
salty scores became significant and heterogeneity became
not significant after removing Steinbach et al. (2010) and
Doorduijn et al. (2020), respectively, in the meta-analyses
comparing MCI patients to controls. In the meta-analyses
comparing AD patients to controls, after removing the stud-
ies by Steinbach et al. (2010), and Doorduijn et al. (2020),
the effect sizes for all the outcomes became significant and
heterogeneity became not significant. The effect sizes for
sour and bitter scores became significant and heterogene-
ity became not significant after removing Doorduijn et al.
(2020) in the meta-analyses comparing AD to MCI patients.

NCDs due to PD. After removing Cecchini et al. (2019),
the effect size for bitter score became significant and het-
erogeneity became not significant, in the meta-analyses
comparing PD-MCI + patients and controls. Including or
excluding other studies did not change the overall effect
sizes for the other outcomes of interest but resulted in a
reduction of heterogeneity that became not significant.

Discussion

The main findings of this systematic review and meta-anal-
ysis of studies evaluating gustatory function in NCDs of
different etiologies were as follows: (a) despite some dis-
crepancy across studies, patients with NCDs showed overall
worse gustatory function than cognitively intact individuals,
(b) taste dysfunction was differentially associated with the
severity of cognitive deficits in AD-related NCDs, (c) differ-
ent gustatory features and taste qualities were differentially
impaired in NCDs, and (d) gustatory dysfunction in NCDs
did not differ according to etiology. We will discuss each of
these findings in more details below.

The Association Between Neurocognitive Disorders
and Gustatory Dysfunction

Our systematic review documented conflicting findings on
gustatory function in AD and related MCI, with six stud-
ies reporting a taste deficit in patients compared to controls
(Steinback et al., 2010; Sakai et al., 2017; Ogawa et al.,
2017; Churnin et al., 2019; Contri-Degiovanni et al., 2020;
Kouzuki et al., 2020), and four reports yielding negative
findings (Murphy et al., 1990, 1999; Kouzuki et al., 2018;
Doorduijn et al., 2020). The meta-analysis showed worse
taste detection threshold and identification in AD patients.

Two out of three studies converged in showing worse
gustatory function in PD patients with MCI than cognitively
intact PD patients and controls (Cecchini et al., 2019b;
Masala et al., 2020). Only one study failed to report signifi-
cant difference between PD patients with and without MCI
(Nigam et al., 2021). The meta-analysis showed worse gus-
tatory function in PD patients versus controls, and PD with
MCI versus those without MCI.

Five studies on NCDs due to mixed etiologies, includ-
ing dementia related to PD and parkinsonism, FTD, VaD,
and semantic dementia, alcohol use disorder and Korsa-
koff syndrome, showed worse taste function than controls
(Schiffman et al., 1990; Lang et al., 2006; Brion et al., 2015;
Naudin et al., 2015; Sakai et al., 2017), but a meta-analysis
was not feasible because of the heterogeneity of etiologies.

Taken together these findings converge and indicate taste
function as a potential non-invasive biomarker of NCDs.
These results also expand the knowledge on chemosensory
alterations in NCDs by documenting the involvement of the
gustatory system in addition to the olfactory one (Doty &
Hawkes, 2019).
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Neurocognitive Disorder Severity May Be Associated
to Taste Function

Only a few studies compared patients with AD-related
MCI and dementia, with five of them showing similar gus-
tatory involvement (Murphy et al., 1990, 1999; Steinback
et al., 2010; Kouzuki et al., 2018; Doorduijn et al., 2020),
while three reports showed worse gustatory performance
in AD than MCI or mild AD (Churnin et al., 2019; Contri-
Degiovanni et al., 2020; Kouzuki et al., 2020). The meta-
analysis showed similar TST score in MCI than controls and
significantly worse TST in AD compared to MCI.

Studies on PD did not allow a comparison between
patients with dementia versus MCI because of the absence
of studies recruiting both populations.

The use of whole mouth versus regional tests, with the
former being not sensitive enough to detect subtle gustatory
alterations (Doty, 2018), and the type of stimuli, with only
one study applying electrogustometry (Ogawa et al., 2017),
may have influenced the results of the included studies.

These findings indicate that overall gustatory dysfunc-
tion might be related to the severity of cognitive impair-
ment, but additional data are required. Moreover, cognitive
impairment may negatively impact the performance of
psychophysical gustatory tests in patients with dementia.
Because of this limitation, gustatory event related potentials
or functional magnetic resonance imaging might offer more
robust support to our results, but few specialized research
centers apply these methods to taste assessment (Kobal,
1985; Hummel et al., 2007). Finally, taste and smell could
be impaired by physiological ageing (Fukunaga et al., 2005)
underlying age-related anorexia (Di Francesco et al., 2007),
and this phenomenon could contribute to gustatory findings
in NCDs that are typically age-related conditions.

Neurocognitive Disorder is Associated to Different
Gustatory Features

Taste detection or recognition threshold, identification, and
intensity offer complementary information on gustatory
function. The included studies explored identification (Lang
et al., 2006; Steinbach et al., 2010; Brion et al., 2015; Nau-
din et al., 2015; Cecchini et al., 2019b; Churnin et al., 2019;
Contri Degiovanni et al., 2020; Doorduijn et al., 2020;
Masala et al., 2020; Nigam et al., 2021) or threshold (Mur-
phy et al., 1990, 1999; Schiffman et al., 1990; Sakai et al.,
2016,2017; Ogawa et al., 2017; Kouzuki et al., 2018, 2020),
but none assessed intensity.

Gustatory threshold and identification were reported to
be worse in patients with dementia due to different etiolo-
gies in three studies (Sakai et al., 2016; Ogawa et al., 2017,
Kouzuki et al., 2020) and similar to controls in two reports
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(Ogawa et al., 2017; Kouzuki et al., 2018). The meta-anal-
yses showed overall worse gustatory detection and recogni-
tion thresholds in AD-dementia compared to controls. Two
studies showed higher gustatory thresholds in dementia due
to other or mixed etiologies compared to controls (Schiff-
man et al., 1990; Sakai et al., 2017).

Patients with MCI due to AD showed similar threshold
than controls in two studies (Kouzuki et al., 2018, 2020),
while we found no reports of threshold in patients with PD-
MCI. The very low number of reports prevented further
analyses, suggesting the need for future studies on this topic.

Identification, despite being assessed with different tools,
was found to be impaired in most studies on patients with
AD-dementia (Steinbach et al., 2010; Churnin et al., 2019;
Contri-Degiovanni et al., 2020), a finding confirmed in the
meta-analysis, and in three studies on dementia due to other
or mixed aetiologies (Lang et al., 2006; Brion et al., 2015;
Naudin et al., 2015). Only one study included patients with
dementia related to parkinsonism, but the heterogeneity of
the involved patients (i.e., PD, LBD, PD +AD) prevented
further analyses (Lang et al., 20006).

Overall identification was reported to be abnormal in PD-
MCI, in the qualitative and quantitative syntheses of three
studies comparing PD patients with versus those without
MCI (Cecchini et al., 2019b; Masala et al., 2020; Nigam et
al., 2021).

To summarize, gustatory features appear to be differ-
entially associated to NCD severity, with threshold being
affected in major NCDs, and identification both in minor
and major NCDs. Data on olfaction suggest that identifica-
tion may rely on higher cognitive demand than detection,
which is considered a low-level perceptual process (Hed-
ner et al., 2010). Executive function and semantic memory,
which are more severely affected in major versus minor
NCDs, have been suggested to impact on olfactory identifi-
cation (Dulay et al., 2008). The same reasoning may apply
to gustatory identification, which may be more impaired
with disease progression. Further studies should explore
whether taste identification might be a biomarker of NCD
severity (Sakai et al., 2016).

Single Taste Qualities Identification in
Neurocognitive Disorder

Identification of single taste qualities was reported either
as spared (Doorduijn et al., 2020) or impaired (Lang et al.,
2006; Steinbach et al., 2010; Naudin et al., 2015; Contri-
Degiovanni et al., 2020) in patients with NCDs due to AD.
Sweet (Steinbach et al., 2010; Naudin et al., 2015; Con-
tri-Degiovanni et al., 2020), salty (Steinbach et al., 2010;
Lang et al., 2006; Naudin et al., 2015; Contri-Degiovanni
et al., 2020), sour (Lang et al., 2006; Steinbach et al., 2010;
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Naudin et al., 2015) and bitter identification (Lang et al.,
2006; Steinbach et al., 2010; Naudin et al., 2015; Contri-
Degiovanni et al., 2020) were abnormal in most of the
included studies. Umami identification was assessed only in
one study, with no difference between MCI, AD-dementia,
and controls (Contri-Degiovanni et al., 2020). The meta-
analysis showed worse sour identification in dementia com-
pared to controls and worse sweet and sour identification in
dementia versus MCI in AD.

Data appear to be robust in PD-MCI, with qualitative and
quantitative syntheses showing altered sweet, salty, and sour
identification but normal bitter identification when compar-
ing PD patients with MCI to those without MCI (Cecchini
et al., 2019b; Masala et al., 2020; Nigam et al., 2021) and to
controls (Cecchini et al., 2019b; Masala et al., 2020; Nigam
etal., 2021).

The differential degree of decline in each taste quality
identification may reflect distinct biological significances
of each taste. Sweet and salty tastes indicate high nutri-
tional and mineral contents, respectively, and therefore are
important to detect the most important sources of nutrients.
Hence, abnormal sweet and salty identification may lead
patients to shift towards unhealthy diet (Sergi et al., 2017),
increasing the odds of obesity, metabolic and cardiovascular
diseases (Imoscopi et al., 2012). On the other hand, sour
and bitter tastes identify the presence of rotten and toxic
foods, respectively (Chandrashekar et al., 2006; Reed et al.,
2010) and preservation of bitter identification in patients
with NCDs may reflect the evolutionary role and protec-
tive value of this taste to avoid ingesting dangerous foods
(Wooding et al., 2021).

Neurocognitive Disorder Etiologies Seem Not to Be
Associated to Taste Dysfunction

We found no difference between distinct NCD etiologies,
both overall and when considering single taste qualities.
Only few studies explored the relationship between neuro-
pathological biomarkers of NCDs (AD biomarkers, in par-
ticular) and gustatory alterations, and none of them found
significant associations (Kouzuki et al., 2018; Doorduijn et
al., 2020). Sweet, salty, sour, bitter, and umami detection
and identification were reported to be affected irrespective
of the etiological subtype of NCDs. Taken together, these
findings suggest that gustatory dysfunction may act as a
cross-disease chemosensory biomarker of NCDs, offering
complementary information on cognitive alterations, espe-
cially when coupled with clinically established biomarkers,
but further studies with larger samples are needed to con-
firm this hypothesis.

The Anatomy of Gustatory Dysfunction in
Neurocognitive Disorders

The central component of gustatory processing explains
why NCDs may be associated to gustatory dysfunction.
Brain regions that are involved in taste are also affected by
NCDs (Sewards, 2004; Lang et al., 2006; Gasquoine, 2014;
Doty & Hawkes, 2019). Amygdala, insula, orbitofrontal
cortex, and thalamus are key brain regions both for gusta-
tory and cognitive processing. Volume changes in the medial
temporal lobe structures including amygdala, hippocampus,
entorhinal cortex, and parahippocampal gyrus, have been
reported by neuroimaging studies of early AD (Thangavel et
al., 2008; Poulin et al., 2011). Medial temporal lobe atrophy
is also common in FTD, with the amygdala being among
the earliest structures to be affected especially in the genetic
cases (Whitwell et al., 2012). The anterior insula is impli-
cated in gustatory identification processes and the posterior
insula contributes to oral somatic sensation (Veldhuizen et
al.,2011; Nakamura et al., 2013; Rolls, 2016). Higher levels
of insular atrophy have been documented in more advanced
AD and FTD stages (Moon et al., 2014; Sakai et al., 2017).
Insula and frontal operculum have also been regarded as key
brain regions for gustatory detection and recognition thresh-
old (Ogawa et al., 1994), features that were found to be
significantly impaired in patients with semantic dementia,
an FTD variant (Sakai et al., 2017). Functional alterations
of the orbitofrontal cortex have been reported in patients
with MCI due to AD (Schroeter et al., 2009). Functional
and structural alterations of the insula and prefrontal cortex
have been reported in PD patients with versus those without
MCI (Mihaescu et al., 2018). Volume loss and altered func-
tional connectivity of the thalamus, a key region involved
in the modulation of cognition, were also documented in
PD patients with MCI compared to cognitively intact ones
(Li et al., 2020). Taken together, these findings support the
view of shared anatomical brain regions underlying gusta-
tory dysfunction and NCDs of distinct etiologies.

The Relationship Between Olfactory and Gustatory
Dysfunction in Neurocognitive Disorders

Olfactory and gustatory abnormalities have been reported
in NCDs (Doty & Hawkes, 2019), but their relationship is
still unclear. On one hand, olfactory and gustatory altera-
tions have been proposed to be independent in the light of
separate anatomical pathways of the first and second order
neurons (Rolls, 2019). On the other side, mutual chemosen-
sory interactions have been documented, with long-term
olfactory loss leading to subtle decrease in gustatory identi-
fication (Landis et al., 2010). The amygdala, insula, and in
particular the multimodal orbitofrontal cortex, are common
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brain sites where mutual modulation between olfactory,
gustatory, and other sensory information takes place (Dal-
ton et al., 2000; Shepherd 2006). Studies on NCDs patients
including the assessment of both chemosensory functions,
separately and by means of validated tests, may offer fur-
ther information on this topic. Twelve out of the 18 included
studies assessed both chemosensory functions (Murphy et
al., 1990, 1999; Schiffman et al., 1990; Lang et al., 2006;
Steinbach et al., 2010; Brion et al., 2015; Kouzuki et al.,
2018; Cecchini et al., 2019b; Churnin et al., 2019; Door-
duijn et al., 2020; Masala et al., 2020; Nigam et al., 2021),
with conflicting results (Table S4). Most studies found
simultaneously disrupted gustatory and olfactory abilities in
patients with minor and major NCDs due to different etiolo-
gies (Schiffman et al., 1990; Lang et al., 2006; Steinbach et
al., 2010; Brion et al., 2015; Cecchini et al., 2019b; Churnin
et al., 2019; Masala et al., 2020; Nigam et al., 2021). Gus-
tatory abilities were reported to be spared despite altered
olfaction in a lower number of studies (Murphy et al., 1990,
1999; Kouzuki et al., 2018; Doorduijn et al., 2020). More-
over, one study found no correlation between olfaction and
taste scores (Cecchini et al., 2019b). Further studies assess-
ing chemoreception in NCDs are needed to explore if the
combination of olfactory and gustatory scores might better
stratify patients with NCDs.

Strengths and Limitations

The strengths of this paper are (a) the use of a broad search
strategy and three databases to reduce the risk of miss-
ing relevant papers, (b) the quantitative analysis to better
explore the association between gustatory and cognitive
dysfunctions, (c¢) the inclusion of studies assessing gusta-
tory function with validated and standardized measures, and
(d) the selection of studies providing objective data on cog-
nitive dysfunction.

Our review has also some limitations. The small number
of studies (i.e., 2-3) for each gustatory feature and NCD
condition are likely to reflect imprecise estimates of effects
and reducing the statistical power of the meta-analysis,
especially for threshold, and precluded moderator analysis
on variables that are known to influence gustatory function
(e.g., age, medications, smoking status, alcohol consump-
tion) (Frank et al., 1992; Sergi et al., 2017). Moreover, the
small number of studies and the small sample sizes of the
single studies may have further contributed to decrease the
statistical power of the quantitative analysis, by introduc-
ing additional heterogeneity (Borenstein, 2009b; Hedges &
Pigott, 2001). These methodological limitations, together,
make the inference about heterogeneity and the comparison
across groups difficult. Therefore, the results of the meta-
analysis should be considered a descriptive summary tool,

@ Springer

which needs to be interpreted cautiously. Included studies
used different gustatory evaluation tools, further increasing
the heterogeneity of results. Also, we were not able to per-
form direct comparisons between NCDs due to different eti-
ologies, for example, AD, PD, FTD, and VaD. The effect of
concomitant olfactory dysfunction could not be completely
ruled out, as discussed above. Another limitation is the ret-
rospective definition of PD-MCI according to level I MDS
criteria for two out of three of the included studies on PD,
which prevented us to better explore the role of single cog-
nitive domain dysfunction on taste abnormalities (Cecchini
et al., 2019b; Wallace et al., 2022).

Conclusions and Future Directions

To conclude, our findings indicate that taste abnormali-
ties are common in several NCDs due to different etiolo-
gies, suggesting that gustatory dysfunction may represent
a potential cross-disease chemosensory biomarker of NCD.
We also found that taste dysfunction was differentially
associated with the severity of cognitive deficits and that
different gustatory features and taste qualities could be dif-
ferentially impaired in NCDs. Despite the methodologi-
cal limitations discussed above, these findings might be of
interest in clinical practice. Several studies attempted to
identify highly specific biomarkers for NCDs, but yielded
inconclusive results (Delgado-Alvarado et al., 2016; Huang
et al., 2022). Sensitive biomarkers should accurately predict
the evolution of NCDs that are characterized by proteinopa-
thy, neurodegeneration, and changes in neurotransmission.
Notwithstanding this complex picture, most studies focused
on single biomarkers tested on small samples of patients,
limiting their potential translation into clinical practice.
Combined panels of biomarkers offering complementary
information may improve diagnostic and prognostic accu-
racy (Vincent et al., 2020). The overlap between brain areas
involved in taste and cognition support the view that gusta-
tory testing might be used as NCD biomarker. Whether gus-
tatory alterations may be used as screening tool for NCDs
in high-risk populations, or to predict NCDs progression,
requires further studies, which should use sensitive vali-
dated gustatory measures. In addition, we point out that new
studies with larger samples, and assessing both olfaction
and taste are needed to understand if the pattern of abnor-
malities in the two senses might better stratify patients with
NCDs. The role of the combination of taste changes with
clinical, biological samples, and imaging biomarkers should
also be explored.
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