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INTRODUCTION

Cognitive impairment is an intrinsic feature of Parkinson disease
(PD), with a cumulatively high risk of developing dementia [1]. The
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Abstract

Background and purpose: Recent application of the mild cognitive impairment concept
to Parkinson disease (PD) has proven valuable in identifying patients at risk of dementia.
However, it has sparked controversy regarding the existence of cognitive subtypes. The
present review evaluates the current literature pertaining to data-driven subtypes of cog-
nition in PD.

Methods: Following PRISMA (Preferred Reporting Items for Systematic Reviews and
Meta-Analyses) guidelines, systematic literature searches for peer-reviewed articles on
the topic of cognitive subtyping in PD were performed.

Results: Twenty-two relevant articles were identified in the systematic search. Subtype
structures showed either a spectrum of severity or specific domains of impairment.
Domain-specific subtypes included amnestic/nonamnestic, memory/executive, and fron-
tal/posterior dichotomies, as well as more complex structures with less definitive group-
ings. Preliminary longitudinal evidence showed some differences in cognitive progression
among subtypes. Neuroimaging evidence provided insight into distinct patterns of brain
alterations among subtypes.

Conclusions: Recurring phenotypes in the literature suggest strong clinical relevance of
certain cognitive subtypes in PD. Although the current literature is limited, it raises criti-
cal questions about the utility of data-driven methods in cognitive research. The results
encourage further integration of neuroimaging research to define the latent neural mech-
anisms behind divergent subtypes. Although there is no consensus, there appears to be

growing consistency and inherent value in identifying cognitive subtypes in PD.
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desire to prevent this cognitive decline at its earliest stages has led
to the characterization of mild cognitive impairment in PD (PD-
MCI). Comprehensive criteria for a diagnosis of PD-MCI were in-
troduced by the Movement Disorder Society (MDS) in 2012 [2].
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These criteria have helped standardize the definition of PD-MCI,
but have also highlighted the heterogeneity of cognitive symptoms
experienced by people with PD. Thus, to improve diagnosis, prog-
nosis, and treatment of PD-MCI, research has led to the devel-
opment of cognitive subtypes, a concept that has been met with
healthy discourse.

Currently, the MDS criteria suggest single- versus multiple-
domain subtyping, which distinguishes between patients with
impairments in one versus more than one of the five cognitive
domains (memory, executive, attention/working memory, lan-
guage, visuospatial). Emerging research has demonstrated that
more specific subtyping may have clinical significance, for exam-
ple, the amnestic subtype (i.e., includes memory impairment) has
been shown to be associated with greater functional disability and
more rapid cognitive decline [3, 4]. Moreover, the dual syndrome
hypothesis suggests there are two cognitive syndromes within PD;
a posterior-cortical syndrome with impairments reflecting damage
to the posterior regions of the brain (i.e., memory and visuospatial
dysfunction) and a frontal syndrome with impairments reflecting
damage to the frontal regions (i.e., executive and attentional dys-
function) [5]. The posterior syndrome is thought to exhibit more
rapid decline toward dementia and respond more positively to cho-
linergic treatment than the frontal syndrome, which benefits from
dopaminergic treatment [5, 6].

Machine learning has increasingly been adopted to explore cog-
nitive subtypes of PD. Machine learning clustering techniques use
iterative algorithms to group patients based on data trends, limiting a
priori assumptions and reducing risk of bias from investigator-made
decisions (e.g., cutoffs for a “failed” test). These techniques are not
only prominent in PD cognitive research, but have also been applied
to biological subtyping in depression [7], motor subtyping in PD [8],
and cognitive subtyping in psychosis [9]. The present review aimed
to consolidate current literature pertaining to data-driven cognitive
subtypes in PD in terms of subtype characteristics (i.e., based on
impairment severity or based on domainl[s] of impairment) and ac-
companying neuroimaging evidence.

METHOD
Eligibility criteria

Original research articles published in peer-reviewed journals that
used data-driven machine learning techniques to explore cognitive
subtypes in PD were included. Studies that included PD-related
samples (e.g., dementia with Lewy bodies, secondary parkinsonism)
were excluded. Studies that defined subtypes of PD using other clin-
ical variables (e.g., motor, psychiatric, physiological measures) or did
not focus on cognitive subtyping were excluded. Studies that did not
use data-driven machine-learning algorithms to delineate subtypes
(e.g., manual grouping by the researcher) were excluded. Studies
that explored subtypes within only one cognitive domain (e.g., only
memory or only executive function) were excluded.

Databases and search terms

The PRISMA (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses) guidelines were adhered to [10]. Four literature
searches were performed using a combination of the following sys-
tematic search terms: (Parkinson* disease) AND (“cognitive subtypes”
OR “cognitive sub-types” OR “cognitive subgroups” OR “cognitive
sub-groups” OR “cognitive phenotype” OR “cluster analysis”). Where
available, MeSH terms were used. Results included publications up
to October 2020 from Web of Science, PsycINFO, PubMed, and
Cumulative Index to Nursing and Allied Health Literature. Additional
publications were also identified through manual searches of refer-
ence lists cited in eligible articles. An updated search was performed
in January 2022.

Study selection

Two independent reviewers (D.P., J.Y.) evaluated search results.
Duplicates and abstracts of incorrect format (e.g., conference ab-
stracts, reviews, meta-analyses, case studies) were removed. Initial
exclusions were made based on abstract content, after which full-
text articles were evaluated for inclusion. Discrepancies in article se-
lection were resolved by discussion with a third arbitrator (N.N.D.).

Data extraction

The following data were extracted from the reviewed articles: (i)
publication details (authors, year, journal), (ii) sample characteristics
(sample size, mean age, education, global cognition, disease duration,
and gender [% female]), (iii) neurocognitive measures, (iv) subtyping
methodology, (v) number of subtypes, and (vi) subtype characteris-
tics (number of participants, cognitive profile). Additional data were
extracted for the neuroimaging studies: (i) imaging methodology and
(i) neuroimaging results.

Quality assessment

A modified version of the Newcastle-Ottawa Scale was used to as-
sess the quality of cross-sectional studies [11], whereas longitudinal
studies were assessed using the cohort version of the Newcastle-
Ottawa Scale [12]. Specific criteria used by the two assessors (D.P,,

J.Y.) in the present review are provided in Supplementary Material 1.

RESULTS

Systematic searches produced 538 articles (Figure 1), 22 of which
were eligible for review. To aid discussion, results will be strati-
fied into studies that defined subtypes based on impairment se-
verity and those that based subtypes on impairment domain(s).
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FIGURE 1 PRISMA (Preferred
Reporting Items for Systematic Reviews
and Meta-Analyses) study selection
flowchart
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Summaries of the severity- and domain-based evidence are
provided in Tables 1 and 2, respectively. All 22 of the reviewed
studies were of moderate to high quality (quality range: 5-8,
Supplementary Material 2). Nine studies defined subtypes based
on impairment severity [13-21], and 11 studies revealed subtypes
based on domains of impairment [22-27]. Two longitudinal studies
were identified (Table 3) [28, 29].

DISCUSSION

This is the first systematic review of data-driven evidence for cog-
nitive subtypes in PD. Severity-based and domain-based subtype
structures were identified, with a gradient of global brain alterations
among the severity-based subtypes, and unique patterns of brain
alterations revealed among the domain-based subtypes. Although
the number of subtypes varied across domain-based models, some
recurring phenotypes were revealed. Studies clustering structural
brain imaging data and employing longitudinal methods provided

additional information from a novel perspective.

Severity-based models

All of the severity-based models clustered cognitive data, the ma-
jority of which revealed three subtypes ranging from cognitively
intact to severely impaired [13, 16-18]. Dujardin et al. [14, 15],
using two distinct cohorts, revealed five subtypes ranging from
cognitively intact to severely impaired, with high prevalence
of PD dementia in the more severe clusters. Three subsequent

studies investigated the neural correlates of these clusters [19-
21]. However, all three studies combined the two most severely
impaired clusters for their analyses, and Hassan et al. [20] also
combined the two least impaired clusters due to their small sam-
ple sizes. Across their three groups, Hassan et al. [20] employed
electroencephalography. They reported reduced frontotemporal
alpha band connectivity in the moderately impaired group com-
pared to the cognitively intact, and reduced frontocentral, fron-
totemporal, frontofrontal, and occipitocentral alpha connectivity
in the severely impaired group compared to the moderately im-
paired. This suggests disintegration of frontotemporal connectiv-
ity may occur first in the cognitive progression toward dementia,
followed by more pervasive connectivity deficits as impairment
advances. Power spectral density in the delta and theta bands also
increased with global impairment, further confirming the spread
of functional dysconnectivity.

Using resting-state functional magnetic resonance imaging (rs-
fMRI), Lopes et al. [21] found reduced brain segregation with in-
creasing global impairment, reflected by lower local efficiency and
higher global efficiency of resting-state networks with each level of
impairment. This was speculated to reflect increased randomness of
brain networks as cognitive ability decreased. Finally, Wolters et al.
[19] employed voxel- and vertex-based morphometry techniques
to explore structural MRI differences between the clusters. They
found reductions in grey matter and cortical folding of temporal re-
gions in the severely impaired group compared to the cognitively in-
tact group, which is expected given this group encompasses patients
with mild dementia. Taken together, all three neuroimaging studies
revealed how alterations in functional and structural integrity of the
brain contribute to global cognitive decline [19-21].
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Domain-based models

Most domain-based models clustered cognitive data to reveal sub-
types; however, there was more variability in the resulting pheno-
types. Alonso-Recio et al. [22] revealed four subtypes: executive
dysfunction, memory dysfunction, memory and executive dys-
function, and cognitively intact. Using similar measures, Pourzinal
et al. [27] also revealed four subtypes from a series of frontal- and
posterior-based measures: posterior-cortical impairment, frontal im-
pairment, global impairment, and cognitively intact. Brennan et al.
[23] revealed three subtypes: cognitively intact, amnestic (i.e., mem-
ory impairment), and mixed deficit. In contrast, Liepelt-Scarfone
et al. [25] performed clustering on a series of cognitive factors
derived from an exploratory factor analysis. This methodology re-
vealed a subtype with global cognitive deficits across all factors, and
a subtype with attention, memory, and visuospatial deficits.

Kawabata et al. [26] derived amnestic and nonamnestic sub-
types by clustering subscores of the Addenbrooke's Cognitive
Examination-Revised. Subsequent rs-fMRI analysis revealed that,
compared to the nonamnestic subtype and a group of cognitively
intact PD patients, the amnestic subtype demonstrated reduced
functional connectivity in various posterior regions of the brain
related to the default mode, primary visual, and medial visual net-
works. Relative to amnestic patients, nonamnestic patients exhib-
ited reduced functional connectivity in the cerebellum within the
cerebellum-brainstem network. Voxel-based morphometry also
showed reduced grey matter volume of the amygdala, middle oc-
cipital gyrus, and rectal gyrus in the amnestic group compared to
healthy controls, but no structural differences between the three
PD groups. Altogether, the results implicate posterior brain regions
in PD-related memory impairment and suggest a more profound role
of the cerebellum in nonamnestic deficits in PD.

LaBelle et al. [24] revealed six subtypes: a weak-overall group,
two similar high-performing groups (typical-overall and strong-
overall), and three subtypes specific to domain (amnestic, strong-
memory, and weak-visuospatial). A subsequent study compared
structural MRI data of the six subtypes [30]. Compared to a “typical-
performing” subtype, they found unique patterns of atrophy in all
subtypes except for the cognitively intact “strong” group, which re-
mained structurally intact. Interestingly, the authors recognized that
the amnestic subtype, with primarily posterior (temporoparieto-
occipital) regions of atrophy, and the weak subtype, with widespread
atrophy, most closely resembled a PD-MCI profile.

Crowley et al. [31] derived memory-impaired, executive-impaired,
and cognitively intact subtypes and compared their grey and white
matter structural MRI features. The executive-impaired subtype
demonstrated reduced subcortical grey and white matter relative
to healthy controls, particularly in the putamen. Right entorhinal-
hippocampal (ERC-HIPP) connectivity and right dorsolateral-
prefrontal cortex to caudate nucleus (DLPFC-CN) connectivity were
also reduced compared to controls. The memory-impaired subtype
showed only reduced bilateral ERC-HIPP connectivity compared
to controls, and the cognitively intact subtype showed reduced

putamen volume and right ERC-HIPP relative to controls. The results
suggest that executive impairments are associated with widespread
atrophy, and although reduced integrity of the right ERC-HIPP may
be intrinsic to PD, bilateral degeneration is indicative of amnestic
impairments.

Three studies used the inverse approach of the aforementioned
studies, performing cluster analyses on structural MRI data and
comparing the resulting cognitive profiles to identify domain-based
subtypes [32-34]. Uribe et al. [32, 33] clustered whole-brain corti-
cal thickness data to report two general patterns of atrophy relating
to frontal and posterior regions of the brain. Their first study [32]
revealed distinct differences between patterns in cognitive perfor-
mance, despite some overlap. Atrophy primarily in the orbitofrontal
region was associated with deficits in processing speed and atten-
tion/working memory, and posterior (temporoparietal) atrophy was
associated with additional deficits in semantic and episodic mem-
ory. They also revealed a third, cognitively intact, phenotype with
no detectable atrophy compared to healthy controls. In their sub-
sequent study, however, Uribe et al. [33] revealed less distinctive
phenotypes, with the posterior (parieto-occipital) pattern of atrophy
corresponding to episodic and working memory impairments, and
the orbitofrontal pattern of atrophy not demonstrating any deficits.
Finally, Inguanzo et al. [34] clustered grey and white matter features
to reveal three subtypes: (i) a cognitively intact subtype with no at-
rophy relative to controls; (ii) a subtype exhibiting cortical (orbital,
medial prefrontal, and temporal) atrophy, increased grey matter
volume of the cerebellum, and executive and attentional deficits;
and (i) a subtype with widespread cortical and subcortical atro-
phy, reduced integrity of fronto-occipital white matter tracts, and
poor performance across all cognitive domains. Interestingly, these
results again indicate an association between executive/attentional

function and cerebellum integrity.

Longitudinal studies

Uribe et al. [28] explored changes in cognitive performance and
brain structure of the subtypes from Uribe et al. [32] at 4-year
follow-up. They reported that Pattern 1, defined by posterior at-
rophy at baseline and older age of onset, was excluded due to high
attrition rates (78%). Noncompleters from the globally impaired
Pattern 1 subtype demonstrated greater functional disability, in-
tellectual disability, and dementia symptoms than noncompleters
from Pattern 2 and Pattern 3, alluding to a more rapid disease pro-
gression and cognitive decline in this group. Pattern 2, defined by
orbitofrontal atrophy at baseline, exhibited decreases in semantic
fluency and attention and processing speed, and increased pos-
terior atrophy over time, comparable to that of healthy controls.
Moreover, their stable global cognitive ability over time suggests
that the Pattern 2 subtype may have a gradual cognitive progres-
sion despite domain-specific declines. Pattern 3, defined by intact
brain structure at baseline and stable global cognition over time,
exhibited widespread atrophy over time comparable to controls.
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They only showed greater atrophy than controls in the frontal
lobe, accompanied by reduced processing speed and attention.
Importantly, the three subtypes did not differ in terms of disease
duration or severity at baseline, suggesting that their different tra-
jectories are independent of disease evolution.

Taking a different approach altogether, Andersson et al. [29]
clustered longitudinal cognitive data to define subtypes by their rate
of cognitive decline over 5years. They revealed a majority group
with relatively stable cognition over time and a much smaller group
with rapid cognitive decline. Interestingly, rapid decliners showed
mild impairments across the memory and executive composite mea-
sures at baseline, whereas the cognitively stable group did not. The
rapid decliners were also older than those who maintained stable
cognition, and had lower levels of cerebrospinal fluid amyloid-342,
a prominent Alzheimer disease (AD) biomarker. As composite scores
were used for each cognitive domain, it is unclear whether any
standalone neurocognitive test was a predictor of rapid decline.
Regardless, the findings question the role of AD pathology in PD

cognition.

Clinical and neuroimaging correlates of subtypes
Severity-based subtypes

Considering the variety of cognitive symptoms at any given level of
global impairment, severity-based subtyping does not address the
heterogeneity of cognition in PD. However, it successfully highlights
the clinical correlates of cognitive decline. For example, older age
[14, 15, 17] and lower education [13-17] were repeatedly associated
with severe impairment. The less impaired clusters had lower dis-
ease duration [14, 17], disease severity [14, 18], functional disability
[13, 14], and levodopa intake [14] than the most impaired clusters,
and the more impaired clusters expressed greater depression [14,
15, 18], apathy [14, 15, 18], and anxiety [15, 18] symptoms than the
less impaired clusters. These findings align with well-established as-
sociations between neuropsychiatric symptoms and global cognition
in PD [35, 36]. Neurobiologically, subtypes with more severe cogni-
tive deficits typically demonstrated more widespread global altera-

tions in functional and structural integrity of the brain [19-21].

Amnestic phenotype

Most notably, a subtype characterised by memory deficit was re-
vealed in all but three studies [25, 32, 33]. The amnestic [23, 24, 26],
memory dysfunction [22, 31], Pattern 1 [32], and posterior-cortical
[27] subtypes were all defined by impairments in memory recall. The
prevalence ranged from 12% [24] to 42% [27]. These groups were
generally older (mean age range = 64-72years), composed of more
males than cognitively intact groups [23, 24, 27], and had later age
at onset compared to executive [32] and cognitively intact subtypes
[26]. Education did not differ from other phenotypes in all studies

but one, in which education was lower than the executive subtype
[32]. Two studies revealed higher disease severity in amnestic com-
pared to cognitively intact clusters [23, 24]. This was independent
of disease duration and education, suggesting a more rapid and se-
vere disease progression for this subtype from diagnosis. Reduced
functional connectivity within posterior regions of the default mode
network and visuospatial network [26], volumetric grey matter al-
terations in the amygdala, right rectal gyrus, and right middle occipi-
tal gyrus [26], unique temporoparieto-occipital atrophy [30], cortical
thinning in precentral, posterior cingulate, and parahippocampal
gyri, cuneus, and inferior and superior parietal areas [32], and re-
duced bilateral ERC-HIPP white matter connectivity were character-
istic of the amnestic subtype relative to other subtypes [31]. Despite
involvement of some frontal regions, the amnestic subtype appears
to be associated primarily with dysfunction and atrophy of temporal

and posterior-cortical regions of the brain.

Executive phenotype

Subtypes with prominent executive deficits also appeared several
times across the domain-based studies [22, 27, 32]. The executive
dysfunction [22, 31], frontal [27], Pattern 2 [32], and PD2 [34] sub-
types were all defined by executive function or attention/working
memory deficits. Prevalence varied greatly between studies (8%
[27], 33% [22]), and these subtypes were associated with relatively
younger age (mean age range = 61-69years) [22, 27, 32], earlier age
at onset than amnestic [32], and higher education than amnestic [32]
and globally impaired [27] subtypes. In the executive subtypes - rela-
tive to other subtypes or healthy controls-neural changes included
prominent frontal (dorsolateral prefrontal, orbital frontal) cortical
thinning [32], lower total brain, putamen, and thalamus volume, re-
duced right ERC-HIPP and DLPFC-CN connectivity [31] and corti-
cal (bilateral orbital, medial prefrontal, and temporal) atrophy, and
increased cerebellum grey matter volume [34]. Although these find-
ings demonstrate the greater involvement of "frontal" regions in the
executive-impaired phenotype, particularly compared to the amnes-
tic phenotype, alterations in some posterior and subcortical regions

remain a core feature of the subtype.

Globally impaired phenotype

Another commonality across domain-based studies was the global
subtype, which was present in all cluster structures except for two
[26, 31]. Below-average performance across most or all of the cluster
variables defined this subtype, and it was associated with older age
(mean age range = 66-75) [22, 24, 27, 34], lower education [13, 24,
27], later age at onset [34], and greater motor symptoms [18, 24, 27],
disease severity [18, 23, 27], and disease duration [23]. The preva-
lence of the global subtype ranged from 5% [24] to 56% [25], with
the lower rate likely due to de novo samples. Neurodegeneration in
this subtype was rampant, with widespread atrophy across frontal,
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posterior, and subcortical regions of the brain characteristic of this
subtype [30, 32, 34].

Cognitively intact phenotype

Cognitively intact subtypes, defined by average or above-average
performance on all cognitive measures, were present in all but one
of the domain-based studies [25]. In terms of clinical characteristics,
this subtype was generally associated with younger age (mean age
range = 56-62) [22, 24, 27, 34], higher education [13, 24, 27], and
less severe motor symptoms [18, 24, 26, 27], disease severity [18,
23, 27], and disease duration [23]. Its prevalence ranged from 15%
[22] to 67% [24], with the higher rate likely due to de novo samples.
This subtype had relatively high functional and structural integrity
of the brain [26, 30-32, 34]. This integrity was generally maintained
over time, with some decline in processing speed, semantic fluency,
and attention related to cortical thinning of the inferior frontal and

precentral gyri above and beyond normal ageing [28].

Methodological considerations

Why do we see severity- versus domain-based
models?

Several methodological factors may explain the derivation of
severity-based over domain-based phenotypes. Studies that in-
cluded global cognitive measures as cluster variables may have
fostered clusters based on cognitive severity due to the direct con-
tribution of global cognitive performance to the algorithm [14, 15,
17]. Furthermore, although there are no strict parameters for cluster
analyses, the ratio of variables to participants should be restricted
to limit dimensionality of the dataset [37]. Extradimensionality of
the data may therefore explain the moderate “uncertain” grouping
in McKinlay et al. [16] (variables = 29; N = 40), which was neither
clinically nor theoretically significant. Finally, as k-means cluster-
ing is sensitive to outliers [38], the studies [14, 15, 17, 18] that used
untransformed raw scores or z-scores may have produced clusters
disproportionately based on outliers. This effect is particularly
relevant for studies that did not exclude dementia [13, 14, 17], as
severe global impairments may weigh heavily on the cluster struc-
ture to create groupings based on magnitude rather than type of

impairment.

Sample characteristics

Differences in sample characteristics would contribute to the varied
prevalence of specific domain-based subtypes. For example, LaBelle
et al. [24] studied newly diagnosed participants from the Parkinson's
Progressive Marker Initiative (PPMI) [39], explaining their low preva-
lence (12%) of the amnestic subtype, which is typically associated

with longer disease duration [40]. Discrepancy between the Uribe
et al. [32, 33] studies may also be due to their initial use of the de
novo PPMI [39] sample (disease duration, mean = 2years) [33], which
contrasts with the more advanced disease duration (mean = 8years)
of the subsequent Uribe et al. [32] sample. Milder cognitive symp-
toms and atrophy are expected in the less evolved disease state,
potentially explaining the differences in clustering and atrophy pat-

terns between the two cohorts.

Cluster variables

The choice and number of cluster variables also largely influences in-
terpretation of the resulting domain-based cluster structure. Limited
executive and attention/working memory measures in the PPMI
protocol may have therefore resulted in inadequate assessment of
these functions, and thus poor characterization of the executive or
frontal subtype. This reasoning is used by Uribe et al. [33] to justify
the marked cortical thinning in orbitofrontal regions of the Pattern
1 subtype despite an apparent absence of executive impairment.
Bayram et al. [30] also did not reveal an executive subtype using
PPMI data, with only one of six variables assessing executive/at-
tentional ability. Similarly, only two of the eight variables employed
within Brennan et al. [23] were executive/attentional measures, and

an executive subtype was not revealed.

Implications
Cautious selection of measures within domains

The assignment of measures to cognitive domains is limited by the
intricate interconnectedness of cognitive processes [41]. However,
measures that are selected within domains should be as distinct as
possible and remain consistent for the purposes of interpreting data.
In this sense, the present review highlights major flaws in the cur-
rent literature. For example, semantic fluency was considered either
a test of memory, executive functioning, or language among the re-
viewed studies and thus supported different interpretations across
studies. The combining of scores across measures, either through
factor analysis or by creating composite z-scores for a given domain,
was also troublesome. Take, for example, the executive composite
from Andersson et al. [29], which averaged across three measures
(letter-number sequencing, symbol digit modalities task, and se-
mantic fluency) that could also be considered attention/working
memory, or language, or memory tasks. In the same vein, Liepelt-
Scarfone et al. [25] derived clusters from six cognitive factor scores
identified through factor analysis. Although this method is strongly
data-driven, the Trail Making Test Part A fell under the “fluency
and naming ability” factor, of which it is neither, and the “word-list
memory and recall” factor encompassed recognition and intrusion
subscales, which are distinct memory processes. Researchers should
select measures within domains with caution, and be aware that
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combining scores across measures, although useful for statistical
purposes, conflates distinct cognitive processes and hinders inter-

pretation of results.

Which measures and domains are relevant to PD-MCI?

The present review also calls into question the relevance of cer-
tain cognitive measures and domains to PD cognitive subtypes. For
instance, the Judgment of Line Orientation task was employed in
almost every study to measure visuospatial function, yet this meas-
ure failed to discriminate subtypes in most instances. Similarly, the
Boston Naming Test showed consistently poor discriminative abil-
ity, only discerning the cognitively intact subtype from the rest of
the sample in all studies that utilized it [22, 23, 27]. On the whole,
evidence from the Uribe et al. [28, 32, 33] studies suggests that
memory and executive/attention measures are sensitive to unique
patterns of atrophy in PD, whereas language and visuospatial meas-
ures do not appear to discriminate underlying neural changes oc-
curring in PD cognitive subtypes. Some work has been done to map
cognitive measures onto specific brain regions in PD [42], but fur-
ther research is needed to confirm clinically significant regions and
corresponding measures to implement in PD-MCI criteria to better
discriminate subtypes and advance discovery of neural drug targets
for treatment.

Future of machine learning in PD research

The reviewed evidence highlights the importance of delineating
data-driven cognitive subtypes within PD. Neuroimaging evidence
provided some support for the dual syndrome dichotomy [5],
which is consistent with recent findings showing a dissociation in
the resting-state networks of frontal “dysexecutive” and posterior-
cortical cognitive subtypes in PD [43]. Other subtyping structures
revealed in the review include an amnestic/nonamnestic or mem-
ory/executive dichotomy. Despite the lack of consensus, the present
review demonstrates the emerging role of machine learning in PD
cognitive subtyping and highlights the need for further revision of
PD-MCI criteria. The data-driven approach reduces the number of
a priori assumptions needed for analysis, allowing identification of
subtypes based on trends in the data rather than parameters im-
posed by the researcher. This method of subtyping has facilitated
the much-needed stratification of PD patients, which is vital for
clinical trials and biomarker studies that require more homogenous

patient groups to reveal their effects [44].
Limitations and suggestions for future research
The exploratory nature of the studies reduces the likelihood that this

review was affected by a reporting bias skewed toward significant
results. However, a notable limitation is the scarcity of longitudinal

data, which are essential for determining the prognosis of subtypes.
Although the dual syndrome hypothesis suggests that patients with
posterior impairments will progress toward dementia more rapidly
than the other phenotypes [5], this remains to be addressed using
data-driven methodology. Moreover, there was considerable vari-
ability in subtype structures. This may be attributed to a multitude of
factors related to clustering methodology (e.g., type and number of
cognitive measures, sample size, clustering algorithm). However, it is
also possible that certain subtypes simply were not prevalent within
some samples due to convenience sampling. Additionally, inherent
differences in sample characteristics related to cognitive ability such
as age, proportion of males, disease duration, and motor severity un-
deniably account for some of the conflicting results.

Data-driven analyses may also be limited in their clinical appli-
cation, as they provide information about trends at the group level.
Although this is useful for creating generalizable diagnostic criteria,
information at the individual level is required to evaluate suitability
and relevance of subtypes for patients to assist personalized preci-
sion medicine approaches. Cluster structures are also limited in that
they do not translate directly to cutoff scores on neurocognitive
measures. More research is required to define phenotypes in terms
of standardized neurocognitive test scores and create applicable di-
agnostic methodology. Finally, the various neuroimaging modalities
employed hinder comparison of results across studies.

CONCLUSIONS

The present review aimed to provide a concise and critical summary
of the data-driven evidence for cognitive subtypes in PD. A system-
atic search revealed two general subtype structures: those based on
global cognitive severity and those based on domains of impairment.
Severity subtypes provided insight into the clinical features of cog-
nitive decline in PD yet lacked specific cognitive profiling, whereas
domain-based studies revealed support for subtyping based on
distinct cognitive processes. Similarly, studies exploring subtypes
based on impairment severity found a gradient of global brain al-
terations, whereas studies exploring subtypes based on impairment
domain revealed unique patterns of brain alterations. Preliminary
longitudinal evidence for diverging neuroanatomical prognoses in

PD cognitive subtypes encourages further research in this area.
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