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Abstract

Background: Previous research finds a range of numbers impairments in Parkinsonian
syndromes (PS), but has largely focused on how visuospatial impairments impact deficits in
basic numerical processes (e.g., magnitude judgments, chunking). Differentiation between these
basic functions and more complex numerical processes often utilized in everyday tasks may help
elucidate neurocognitive and neuroanatomic bases of numbers deficits in PS.

Obijective: To test neurocognitive and neuroanatomic correlates of complex numerical processing
in PS, we assessed number abilities, neuropsychological performance, and cortical thickness in
progressive supranuclear palsy (PSP) and Lewy body spectrum disorders (LBSD).

Methods: Fifty-six patients (LBSD = 35; PSP = 21) completed a Numbers Battery, including
basic and complex numerical tasks. The Mini-Mental State Exam (MMSE), letter fluency

(LF), and Judgment of Line Orientation (JOLO) assessed global, executive, and visuospatial
functioning respectively. Mann-Whitney U'tests compared neuropsychological testing and rank-
transformed analysis of covariance (ANCOVA) compared numbers performance between groups
while adjusting for demographic variables. Spearman’s and partial correlations related numbers
performance to neuropsychological tasks. Neuroimaging assessed cortical thickness in disease
groups and demographically-matched healthy controls.

Results: PSP had worse complex numbers performance than LBSD (= 6.06, p=0.02) but
similar basic numbers performance (= 0.38, p> 0.1), covarying for MMSE and sex. Across
syndromes, impaired complex numbers performance was linked to poor LF (rho = 0.34, p=0.01)
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but not JOLO (rho = 0.23, p> 0.05). Imaging revealed significant frontal atrophy in PSP compared
to controls, which was associated with worse LF and complex numbers performance.

Conclusion: PSP demonstrated selective impairments in complex numbers processing compared
to LBSD. This complex numerical deficit may relate to executive dysfunction and frontal atrophy.

Keywords

Cognitive decline; executive function; frontal lobe; neurodegenerative diseases; Parkinsonian
disorders; progressive supranuclear palsy

INTRODUCTION

Numerical processing, such as the ability to quantify items and perform arithmetic, is
needed in many daily activities and relies on multiple cognitive domains for appropriate
execution, including visuospatial processing, cognitive flexibility, and attentional resources
[1-3]. These abilities can be easily compromised in neurodegenerative disease patients

yet remain understudied within Parkinsonian syndromes. While patients with Parkinsonian
syndromes are characterized primarily by their motor deficits, they are still vulnerable to
cognitive impairment [4—6] and poor numerical processing. Evidence suggests a broad range
of numbers impairments within Parkinsonian syndromes: patients with 4-repeat tauopathies
like progressive supranuclear palsy (PSP) demonstrate severe numbers impairment [7, 8],
whereas patients with Lewy body spectrum disorders (LBSD) show relatively preserved
number abilities [9, 10]. Still, the cognitive and neuroanatomic basis for these differences in
numbers performance across syndromes, especially PSP, is not well understood.

One source of variation in numbers performance may be task requirements, as numerical
processing has a multifactorial structure. ‘Basic’ numerical processing, such as quantifying
clustered items [11] or adding/subtracting single-digit quantities [12], relies on a
visuospatial component that is thought to contribute to magnitude judgments [1, 3]. This
‘basic’ process promotes pattern recognition and enables chunking of large quantities of
nearby objects into smaller clusters [11, 13, 14] (e.g., quick recognition of four dots

on a die without actual counting). Comparably, more ‘complex’ numerical processing,
such as tallying disorganized items [11] or adding/subtracting double-digit quantities
[12], relies on an executive component that may support the combinatorial aspect of
numerical calculations [1, 2]. Both visual search tasks involving scattered stimuli as

well as calculations incorporating double-digit numbers are complex number tasks that
require the brain to hold and manipulate information [1-3]. These differences in ‘basic’
versus ‘complex’ processing demands suggest that patients may demonstrate preserved or
compromised ability, depending on the type of numerical task employed.

Regional brain atrophy may also contribute in part to observed differences in numbers
performance across Parkinsonian syndromes, as basic and complex numerosity tasks
have different neuroanatomic links. Imaging research in healthy, unimpaired adults has
shown that basic numbers tasks are linked to parietal lobe activity [3, 15] while more
complex numbers tasks may require additional inputs from the frontal lobe, including
the prefrontal cortex (PFC) [16] and the inferior frontal gyrus (IFG) [3, 12, 17, 18].
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Likewise, neurodegenerative research in dementia patients has shown that frontal lobe
disease is associated with difficulty understanding higher-order numerical quantifiers [19],
and this deficit correlated with executive dysfunction [20]. Executive dysfunction has also
been independently linked to frontal lobe atrophy, namely in the right IFG and insular
cortex, in a variety of dementias [21-23]. Indeed, frontal lobe processing is responsible for
executive functions [24], most of which are implicated in complex numbers performance.
The PFC, and specifically the frontal gyrus, is responsible for manipulating information
within executive control [25], which is a key requirement for higher-level visual search tasks
and numerical calculations. Altogether, these findings suggest that executive functioning
—a known behavioral metric of frontal lobe atrophy—may govern complex numerical
processing.

Parkinsonian syndromes also have different atrophy patterns and vulnerable cognitive
domains. PSP patients frequently show reduced cortical volume in frontal lobe regions,
particularly the PFC, frontal gyri, insular cortex, and supplementary motor areas [26]

as well as executive deficits [27]. By contrast, cognitive impairments in LBSD can

often manifest as visuospatial deficits [28] and have been related more strongly to
accumulating pathology [29, 30] and atrophy [31] in the temporal-parietal region. Given
these differences in atrophy patterns and cognition [32, 33] between LBSD and PSP, the
comparison of these two Parkinsonian syndromes may help elucidate the neuroanatomic
and neurocognitive bases of numbers impairments. For example, PSP patients may be
specifically vulnerable to complex numerical deficits due to their frontal lobe disease and
executive dysfunction, despite relatively preserved parietal lobe mediated spatial-magnitude
processing. By contrast, LBSD patients may show more preserved numerical processing for
both basic and complex tasks given the relative sparing of frontal-executive components in
their underlying disease. Because these Parkinsonian syndromes have a predominant motor
dysfunction with relatively mild cognitive impairments, the comparison of PSP with LBSD
might reduce the influence of confounding cognitive deficits on numbers performance that
could be seen with more severe dementias like Alzheimer’s disease (AD).

Here, we compared numerical abilities in PSP and LBSD using a Numbers Battery

and tested whether impaired letter fluency (LF), a marker of executive functioning [33],
contributed to complex numbers deficits across patients with Parkinsonian syndromes. To
control for poor performance due to basic numbers deficits and visuospatial dysfunction, the
‘Basic’ section of the Numbers Battery assessed simpler numerical abilities and Judgment
of Line Orientation (JOLO) assessed visuospatial abilities. Finally, structural neuroimaging
measured cortical thickness (CT) in PSP and LBSD relative to controls and related cortical
thinning to complex numbers performance and executive functioning within PSP patients.
We hypothesized that executive dysfunction [27] driven by frontal lobe atrophy [24] in

PSP would contribute to impaired complex numerical processing, compared to LBSD
patients [32, 33]. Because co-occurring AD pathology can contribute to cognitive deficits in
Parkinsonian syndromes [29, 30, 34], we repeated results excluding patients with biomarker
evidence indicative of AD co-pathology.
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MATERIALS AND METHODS

Patients

Fifty-six patients with Parkinsonian syndromes, either PSP (7= 21) or LBSD (n = 35), were
retrospectively selected from the University of Pennsylvania Integrated Neurodegenerative
Disease Database (INDD) [35] as of July 29, 2020. Patients were followed and evaluated

at the University of Pennsylvania’s Frontotemporal Degeneration Center (FTDC). To
investigate the differences in numbers performance between clinical groups, inclusion
criteria were completion of Complex and Basic subsections of the Numbers Battery and

a clinical diagnosis of PSP [4] or LBSD, including dementia with Lewy bodies (DLB, n=
8) [5], Parkinson’s disease (PD, 7= T7), Parkinson’s disease with mild cognitive impairment
(PD-MCI, n=17), and Parkinson’s disease dementia (PDD, n= 3) [6]. We included the
full spectrum of PD, PD-MCI, and PDD patients because cognitive impairment, including
mild executive dysfunction, has been shown in early PD [36]. All clinical diagnoses were
confirmed to meet current diagnostic criteria [4—6] at consensus meetings.

Effects of Alzheimer’s disease

Due to the frequent presence and known interactions of AD co-pathology with cognition
and clinical presentation in LBSD [29, 30] and PSP [34], we repeated statistical analyses on
numbers and neuropsychological data using either autopsy (/7= 4) or biomarker data (n7=
40) to exclude patients with evidence of AD pathology. Of our original cohort of 56 patients,
we excluded all 4 patients (7= 2 PSP, n= 2 LBSD) with a secondary neuropathological
diagnosis of AD at autopsy, 7 patients (7= 3 PSP, n=4 LBSD) with cerebrospinal fluid
biomarkers indicative of amyloid pathology (AB42 < 192) [37], and 1 patient (LBSD) with
positive PET amyloid imaging. We also removed 12 patients (7= 3 PSP, n=9 LBSD) with
no available biomarker data since we were unable to render an assumption about underlying
pathology for these cases. Thirty-two total patients (7= 13 PSP, n= 19 LBSD) were used in
our pathologically “pure” sub-analyses.

Numbers assessment

To assess numbers performance in Parkinsonian syndromes, we retrospectively selected

data from a Numbers Battery as previously described [11, 38]. To summarize, the battery
comprised two main tasks: arithmetic calculations and numeral-dot array matching tasks.
The ‘Complex’ arithmetic section included 16 double-digit problems, 8 addition and 8
subtraction tasks (16 + 17; 25 — 17); the ‘Basic’ arithmetic section was organized similarly
but focused on single-digit mathematical problems (i.e., 5 + 3; 7 — 2). The numeral-dot array
matching tasks involved two 16-trial blocks presented in multiple-choice format: matching

a dot array to Arabic numeral choices (D-to-N) and matching an Arabic numeral to dot
array choices (N-to-D). For the ‘Complex’ sections, six items were presented as randomly
distributed dot arrays, and for the ‘Basic’ sections, six items were presented as spatially
templated dot arrays that facilitated chunking [13], all with a 5-10 cardinality range. In
addition to the basic and complex sections, each D-to-N and N-to-D task also had a 4-item
‘Subitizing’ section, which refers to the ability to automatically recognize a small number of
objects (cardinality < 4) without counting [39]. Subitizing scores were used as a screening
tool to ensure preserved numerical perception and patient’s understanding of the task; results
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were not included in final analyses. Individual task scores were then combined to derive

a total ‘Basic’ (6-item templated dot arrays; 8-item single-digit arithmetic; maximum =
28) and a total ‘Complex’ (6-item randomly distributed dot arrays; 8-item double-digit
arithmetic; maximum = 28) score. All tasks were administered in an untimed, “paper-and-
pencil” fashion.

Neuropsychological testing

To test the association between numbers performance and visuospatial and executive
functioning across Parkinsonian syndromes, we also selected available neuropsychological
data collected at the closest timepoint within 12 months of the Numbers Battery. The
15-item JOLO (n=54), which involved matching a given line to a visually arranged
template of lines at different angles, was used to assess visuospatial functioning [40].
Executive functioning was assessed using LF (7= 54), i.e., the total number of unique
words produced beginning with the letters ‘F’, *‘A’, and ‘S’, given this task’s previous

use in differentiating executive deficits between parkinsonian syndromes [33]; patients
were given one minute for each letter [41]. The Mini-Mental State Examination (MMSE,
n=55) total score was used as a measure of global cognition [42]. Not all patients
performed all neuropsychological measures for various random reasons (i.e., intercurrent
disease, difficulty testing remotely during COVID). All standardized instructions for
neuropsychological exams were administered to participants by trained research personnel.

Statistical analyses

Shapiro-Wilk tests indicated that Numbers Battery data, neuropsychological scores, and
most demographic variables were not normally distributed (o < 0.05). A chi-squared test
compared the categorical variable of sex, and Mann-Whitney Utests compared education,
age at Numbers Battery test date, and neuropsychological scores between LBSD and PSP
groups (Table 1).

Analyses of covariance (ANCOVA) tested between-group comparisons on Basic and
Complex numbers performance, with sex [43] and global cognition (MMSE) included

as covariates to account for possible effects on numbers scores. To perform these non-
parametric comparisons, we rank-transformed the Numbers Battery and neuropsychological
data [44, 45]. Spearman’s and partial Spearman’s correlations related Basic and Complex
numbers scores to LF and JOLO.

All analyses were performed using R (version 1.2.5033) and used a two-tailed test with
alpha = 0.05.

Imaging analyses

Imaging patient cohort—Of our final cohort of patients, 42 (75%) had MRI data
available within 12 months of the Numbers Battery test date. Quality control excluded 6

of those patients with poor scan data due to either participant motion or scanner artifact; 36
total patients (7= 15 PSP, 7= 21 LBSD) were included in imaging analyses. This disease
imaging subset was comparable to the full patient cohort on all demographic variables (p
> 0.1) as determined by Mann-Whitney U'tests. An imaging control group (CTRL) was
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selected from a convenience sample to be age-, sex-, and education-matched to the LBSD
and PSP patient cohorts (/7= 36) using the R programming package Matchlt [46]. Healthy
controls were judged to be cognitively normal based on self-reported medical history and a
MMSE score > 27 [42]. The healthy control group did not significantly differ from LBSD or
PSP in any demographic variables (all p> 0.1) except for MMSE (p < 0.05) (Table 2). These
controls were only used for CT comparisons to identify regions of atrophy in disease groups;
there were no numerosity data or other neuropsychological variables of interest available on
these subjects,

Neuroimaging acquisition and preprocessing—This subset of study participants
underwent a high-resolution research quality T1-weighted magnetization prepared rapid
gradient echo (MPRAGE) scan on a 3.0 Tesla SIEMENS TIM Trio scanner using the
following parameters:

1 3.0 Tesla SIEMENS TIM Trio scanner, 8 channel head coil, axial plane with
repetition time = 1620 ms, echo time = 3.09 ms, slice thickness = 1.0 mm, flip
angle = 15 degrees, matrix = 256 x 192, in-plane resolution 0.9766 x 0.9766 mm
(n=29 CTRL, n=6 PSP, n= 13 LBSD).

2. 3.0 Tesla SIEMENS Prisma scanner, 64 channel head coil, sagittal plane with
repetition time 2400 ms, echo time = 1.96 ms, flip angle = 8 degrees, matrix =
320 x 320, slice thickness = 0.8mm, in-plane resolution = 0.8 x 0.8 mm. This
protocol used the mean-squared combination of four echoes for the T1 weighted
image (7= 6 CTRL, n= 3 PSP).

3. 3.0 Tesla SIEMENS TIM Trio scanner, 64 channel head coil, sagittal plane with
repetition time = 2300 ms, echo time = 2.95 ms, slice thickness = 1.2 mm, flip
angle = 9 degrees, matrix = 256 x 240, in-plane resolution = 1.05 x 1.05 mm (n
=1CTRL, n=5PSP, n=7 LBSD).

4. 3.0 Tesla SIEMENS TIM Trio scanner, 8 channel head coil, axial plane with
repetition time = 1800 ms, echo time = 3.8 ms, slice thickness = 1.0 mm, flip
angle = 9 degrees, matrix = 256 x 256, in-plane resolution 1.0 x 1.0 mm (n=1
LBSD).

5. 3.0 Tesla SIEMENS Prisma scanner, 8 channel head coil, sagittal plane with
repetition time 1620 ms, echo time = 4.53 ms, flip angle = 15 degrees, matrix =
265 x 192, slice thickness = 1.0 mm, in-plane resolution = 0.9766 x 0.9766 mm
(n=1PSP).

Because protocols #4 and #5 were represented by just one scan each, we combined protocol
#4 with #3 as well as protocol #5 with #1 due to similarity in flip angle parameters in

order reduce variance when controlling for these different T1 protocols. After combining
protocols, we were ultimately left with three ‘scanning parameter’ variables, which were
coded as dummy variables and included as covariates in CT and regression analyses below.

Image processing to generate voxel-wise CT estimates was performed using Advanced
Normalization Tools (ANTS) as previously described [47]. A brief summary is as follows:
N4 bias correction in the T1 image reduced potential field bias [48]. A template-based
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method extracted the brain from the skull and used a symmetric diffeomorphic algorithm
to register images to the Open Access Series of Imaging Studies (OASIS) template [49],
and the brain was segmented into six tissue classes (cortical gray matter, subcortical gray
matter, white matter, cerebrospinal fluid, brainstem, and cerebellum) using a combination
of probabilistic tissue mapping and established priors [50]. CT maps were then generated
and warped to the Montreal Neurological Institute 152 (MNI-152) template space [51] for
subsequent analysis. Images were smoothed by a 2- sigma kernel prior to analysis.

Cortical thickness (CT) comparisons—Atrophied regions in disease groups were
found via whole-brain voxel-wise £tests of CT. All CT comparisons were performed
using the FMRIB Software Laboratory (FSL) randomise program [52]; significant voxels
were calculated using non-parametric statistics with 10,000 permutations of input data.
FSL’s threshold-free cluster enhancement (TFCE) algorithm [53] was applied for all
analyses. Disease groups (PSP, LBSD) were compared directly to one another, as well

as independently to the imaging control group; all CT analyses controlled for T1 scanner
parameters. Results are presented with an a priori threshold of family wise error (FWE)
corrected p-value <0.05.

Regressions—Regressions relating voxel-wise CT to LF and complex numbers
performance within the PSP group alone controlling for sex, age, and T1 scanner parameters
were also performed using the FSL randomise program [52]. We included sex and age as
covariates because CT is known to differ by these variables [54, 55]. Because our study
focuses on numeric deficits in PSP, we tested the regressions specifically in brain regions
where PSP showed significant atrophy relative to controls. As above, significant voxels were
calculated using non-parametric statistics with 10,000 permutations of input data. Because
we assess atrophied regions of overlap associated with both LF and complex numbers
performance in a small population, we report clusters surviving a lenient uncorrected
threshold of p < 0.05 and a minimum of 15 adjacent voxels.

All procedures were performed with written informed consent from all patients in
compliance with human subject research and under guidelines approved by the Institutional
Review Board at the University of Pennsylvania.

Demographics and neuropsychological performance

Demographic characteristics of LBSD and PSP are described in Table 1. The two clinical
groups did not significantly differ in education, sex distribution, or age at Numbers Battery
testing. Table 1 also summarizes comparisons of neuropsychological scores between groups.
PSP patients performed worse than LBSD patients on MMSE and LF, while both groups
performed similarly on JOLO.

Numbers performance and correlation with executive function

PSP patients performed significantly worse on Complex numbers tasks than LBSD patients
(F(2,51) =6.06, p=0.02) (Fig. 1A); sex and MMSE covariates had no effect on the
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model (p> 0.1). As a comparison measure, we assessed Basic humbers scores and found

no difference in performance between clinical groups (o> 0.1) (Fig. 1B). We also compared
numbers performance across clinical phenotypes (i.e., PD, PD-MCI, PDD, DLB) within the
LBSD group and by sex [43] and found no differences (all p> 0.1). Subitizing scores, or
tasks with object cardinality < 4 that allows for instinctive recognition [39], were used as a
control measure to ensure that baseline numerical perception was intact and patients could
perform simple tasks. Nearly all patients (7= 55) had a perfect subitizing score except for 1
LBSD patient that scored 7 out of 8.

Spearman’s correlation tested the relationship between neuropsychological performance
and numbers impairments across the entire patient cohort. We found a positive correlation
between LF and Complex humbers performance (rho = 0.34, p=0.01) (Fig. 2), but no
correlation between LF and Basic numbers tasks (o> 0.1). When accounting for the effects
of JOLO, the relationship between Complex numbers performance and LF was weaker (rho
=0.25, p=0.07). We also tested if the association with Complex numbers performance was
specific to LF and found no correlation between Complex scores and JOLO (rho =0.23, p=
0.09) or MMSE (rho = 0.26, p=0.06).

Excluding patients with AD biomarkers

Analyses were repeated excluding the 24 patients with evidence of AD co-pathology; all
main findings were consistent, showing that clinical Parkinsonian syndromes differed in
LF (U=185, p<0.001) and MMSE (U= 179, p=0.03) but not JOLO (p> 0.1). PSP
again performed worse compared to LBSD (F=7.76, p< 0.01), covarying for sex and
MMSE (both p> 0.1). Clinical groups did not differ in Basic numbers task scores (p >
0.1). Spearman’s correlation also found a positive relationship between Complex numbers
performance and LF (rho = 0.40, p = 0.03) but not JOLO (p> 0.1).

Imaging analyses

Analysis of CT in PSP patients relative to controls showed significant atrophy in the bilateral
frontal and temporal cortices, especially the superior and inferior frontal gyri and insular
cortices (Fig. 3A). PSP patients also showed significant atrophy in the bilateral PFC relative
to LBSD patients (Fig. 3B). There were no regions of reduced CT in LBSD relative to

PSP, nor relative to controls. Finally, we related both complex numerical processing and LF
to CT within the PSP patient group. Regression analysis revealed lower complex humbers
scores associated with atrophy of the bilateral PFC, IFG, and pre-motor+maotor cortices
while poor LF performance related to atrophy in the right IFG, insular cortex, and frontal
fields and bilateral PFC (Fig. 3C, Table 3). Atrophied regions of overlap related to both LF
and complex numbers impairments centered on the left anterior PFC and right insular cortex.

DISCUSSION

In the present study, we investigated numerical processing in Parkinsonian syndromes and
related numbers performance to neurocognitive and neuroanatomic outcomes. We found that
PSP patients are selectively impaired in complex numerical processing, showing greater
difficulty with double-digit arithmetic and tallying disorganized dot arrays, but not basic
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numerical processing. In comparison, LBSD patients showed preserved computation on
both basic and complex numerical tasks relative to PSP patients. PSP patients were also
more impaired on LF, and across all Parkinsonian syndrome patients, more severe complex
numbers deficits correlated with lower LF scores. Likewise, PSP patients demonstrated
widespread frontal lobe atrophy compared with healthy controls, and this atrophy was
related to greater complex numbers and LF deficits. Together, these findings suggest

that poor complex numbers ability in PSP may be due in part to greater executive
dysfunction and frontal lobe atrophy, compared with LBSD patients. Our results emphasize
the multifactorial structure of numerical processing, underscoring the presence of a frontal-
executive component which supports computation and combinatorial calculations. These
findings highlight an understudied numbers deficit in Parkinsonian syndromes and may have
important implications on the clinical assessment and functional management of numbers
impairments in Parkinsonian syndromes.

Previous research assessing numerical processes in Parkinsonian syndromes is limited, and
the few existing studies have found variable levels of impairment. Case reports of patients
with clinical features of PSP suggest that some initial presentations involve notable deficits
in mathematical ability [7, 8]. Other studies focused on LBSD have found no significant
differences in arithmetic between PD patients and healthy elderly controls [9, 10], even
when executive functions like set shifting and cognitive redirection were employed [9].
Still, these studies all use different measures of numerical ability, and they fail to compare
numerical processing across different syndromes or relate numbers performance to specific
neuroanatomic outcomes. Here, we expand on this previous literature to directly compare
numerical abilities in PSP and LBSD, and we identify a neuroanatomic basis for complex
numbers impairment in the frontal lobe.

One group of Parkinsonian syndromes not included in this study are patients with
corticobasal syndrome (CBS) where acalculia is often documented [11, 19, 20, 38, 56].
Indeed, research shows that CBS patients are impaired when judging target numerosities
[56] and quantifiers [19, 20] with both large and small cardinalities, especially small
numeral-dot array stimuli [38]. Another study, which utilized the same Numbers Battery as
described here, found CBS patients to be impaired on basic arithmetic calculations [11] and
identified magnitude and chunking effects [13, 14], with arithmetic and numeral-dot array
performance correlating to number cardinality and spatial distribution of dots, respectively.
However, none of these studies in CBS distinguish ‘basic’ numerical processing from more
‘complex’ numerical processing. While the aforementioned study linked magnitude and
chunking effects (i.e., basic number knowledge) to parietal lobe activity and visuospatial
functioning [11], no existing studies have directly explored a frontal-executive component
that may be implicated in more ‘complex’ numbers tasks [3] within neurodegenerative
Parkinsonian syndrome patients.

Our results here suggest that larger-cardinality arithmetic and spatially disorganized dot
arrays may rely on executive functioning mediated by frontal lobe regions, especially the
IFG. These findings are supported by a broad body of neurocognitive and neuroanatomic
evidence in many populations. Research in children suggests that executive functioning—a
cognitive domain that relies on the frontal lobe region of the brain [24]—is implicated in
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the development of mathematics proficiency [2]. Likewise, studies in dementia populations
known to affect the frontal lobe (i.e., frontotemporal dementia) have shown that impaired
higher-order numerical quantification is associated with poor executive performance [20].
Neuroimaging research in healthy older adults supports the role of the frontal lobe

in complex number tasks, as fMRI studies have found growing frontal lobe activation
dependent on number task complexity [3, 12, 16]. Other healthy control studies [17,

18] have similarly linked mathematical processing to frontal-executive brain activation,
particularly the IFG. Indeed, results of the present study show increased atrophy in the
superior and inferior frontal gyri in PSP patients relative to healthy controls. Atrophy of the
IFG was also associated with both LF scores and complex numbers deficits, thus supporting
the role of the IFG in complex number abilities like arithmetic and computation. Future
work is needed to disentangle how specific cognitive impairments and spreading disease
contribute to selective deficits in different types of number abilities, like logical quantifiers,
change calculations, and time relationships.

In addition to the IFG, we also found other brain regions associated with complex humbers
scores and LF, such as the PFC, frontal eye fields, right insular cortex, and premotor and
motor cortices. Previous neuroimaging research in humans [57] and non-human primates
[58] has suggested that the PFC is heavily involved in visual search tasks via the frontal
eye fields. The search tasks described in these previous studies are similar to the D-to-N
and N-to-D tasks employed in the present study, thus supporting the role of the PFC and
frontal eye fields in complex numbers performance given known associations between task
difficulty and increased frontal lobe activation [3, 12, 16]. The involvement of the right
insular cortex in complex numerical processing is less apparent but may be related to the
stimulus-switching nature of N-to-D and D-to-N tasks, as previous literature suggests that
the right fronto-insular cortex plays a key role in alternating between stimulus modalities
[59]. The relationship between complex numerosity and motor cortices also remains unclear
but may be due in part to the brain regions’ role in mental syllabary as patients perform
more advanced calculations and tally greater numbers of items in their mind [60]. Future
work should continue to explore the implications of other brain regions like the temporo-
parietal cortex that may play a role in the spatial-magnitude component of numerical
processing in Parkinsonian syndrome patients.

Despite these widespread frontal atrophy findings, our regression results suggest that

a particular subregion, namely the left PFC, may contribute to executive and complex
numerical deficits specifically in PSP. Indeed, functional neuroimaging studies in primates
have shown that PFC neurons are heavily involved in numerical encoding and quantitative
judgments [61]. Additionally, developmental studies have shown that the right PFC is
implicated in overlearned, automated processes, whereas the left PFC is involved in more
complex, demanding processes [62]. Together, this evidence lends support to our findings
relating complex numerosity and executive functioning to CT of the /eft PFC. Moreover,
previous aging studies have found that older adults require even greater activation in the
left PFC during arithmetic tasks than younger adults [18], potentially due to significant
age-related cortical reductions in the PFC [25]. In the present study, we found greater
mesiofrontal PFC atrophy in PSP specifically, which is supported by previous literature
[26], and this atrophy related to complex numerical deficits and executive dysfunction. The
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increased frontal atrophy and enhanced executive impairments seen in PSP may require
these patients to recruit additional attentional resources via the left PFC when performing
complex numerical tasks. Future studies should continue to analyze brain regions that might
contribute to differences in complex numerical processing among Parkinsonian movement
disorders, both cross-sectionally and longitudinally.

Another potential, but understudied, source of variation in numbers performance across
Parkinsonian syndromes is the pathological heterogeneity of syndromes. LBSD is typically
related to the accumulation of alpha-synuclein protein [63], while CBS and PSP are

both associated with 4-repeat (4R) tauopathy [7]. However, none of these clinicopatho-
logical correlations are perfect: CBS is associated with heterogeneous underlying pathology
including AD neuropathologic change, TDP-43 proteinopathy, and 3R and 4R tauopathies
[64], and AD pathology is frequently concomitant with alpha-synuclein and 4R tau in
LBSD and PSP, respectively [29, 65]. Due to small numbers of patients with autopsy

data (4 of 56), we were unable to test directly how heterogeneous pathologies across
syndromes interact with numbers performance. Despite this limitation, reliable biomarkers
for AD pathology exist [66], which allowed us to test effects of coincident AD pathology in
patients without autopsy data. Previous studies have found evidence of interactions between
AD pathology and cognition in Parkinsonian syndromes [29, 30]; thus, we examined the
possibility that AD co-pathology may be a confounding factor in numbers deficits. We
performed a sub-analysis removing patients with known AD biomarkers; overall results
remained stable, suggesting that aggregation of AD pathology was not an explanatory factor
for numbers deficits in this study. These null findings may be partly explained by the fact
that AD pathology tends to accumulate in temporal and hippocampal regions [67], while we
find that the frontal lobe is critical to complex numbers performance. Future work should
explore how numerical processing in Parkinsonian syndromes relates to pathology type and
accumulation, especially in the frontal lobe.

Altogether, these findings highlight the potential clinical utility of numbers assessment in
Parkinsonian syndromes and AD and related dementias. Numerical tests assessing complex
numbers performance may aid diagnoses associated with executive dysfunction, such that
greater impairments may be indicative of phenotypes classically associated with more
frontal disease (i.e., PSP). These tests might also serve as a prognostic tool to predict
functional impairments in common numerical tasks (e.g., financial management), so future
studies should explore whether complex numbers deficits and specific atrophy patterns
differentially influence instrumental activities of daily living across phenotypes. Given
pathological heterogeneities, these tests may also be useful when patients with concomitant
AD pathology present with Parkinsonian phenotypes. Even in non-Parkinsonian phenotypes,
complex numerical tests may help differentiate frontal dementias (i.e., FTD) from other
dementias with more widespread atrophy patterns (i.e., AD). Future work should extend the
present findings to non-Parkinsonian syndromes to confirm the clinical utility of complex
numerical assessment across all AD and related dementias.

Limitations of this study include the retrospective nature of available data and limited testing
of numerical abilities. While these data attempt to relate numerical processing to other
cognitive domains and CT, the lack of completely harmonized neuropsychological and MRI
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data prevented testing of more specific cognitive factors (e.g., attention, cognitive flexibility)
and added excess variance to our CT analyses through the T1 protocol covariate. Because
we focused on numerical deficits specifically in PSP, our regression analyses may have been
underpowered due to limited sample size (7= 15). Although we found atrophied regions of
overlap for LF and complex numerosity in PSP that corroborates previous literature [57-59],
we report these results with a lenient cluster extent threshold and uncorrected p-value so the
possibility for Type | error does exist. The overlapping voxel sizes are also very small which
may reduce meaningful interpretation. Future efforts should focus on collecting prospective,
harmonized, longitudinal datasets with MRI in a larger sample to better understand how
declining numbers ability in Parkinsonian syndromes relates to spreading atrophy.

Second, we delivered a battery of tasks, each of which probed a different aspect of
numerical processing (i.e., arithmetic, numeral-dot array matching) with somewhat distinct
neural correlates. Indeed, numerical-dot arrays may rely more on the posterior visuospatial
network, while arithmetic may rely on the intraparietal sulcus (IPS) [68], with both tasks
recruiting executive resources from the frontal lobe as complexity increases. If so, there
may be an interaction between task type and complexity. The small number of trials for
each task type in this study precluded this investigation, so future studies should test
specific numerical domains individually with a greater number of trials to explore this
possibility. Moreover, while we hypothesized that both clinical groups were preserved in
basic numerical processing, there are other computational abilities not probed by this battery
(e.g., spatial reasoning, calculating change, general quantifier knowledge), and thus subtle
deficits in other ‘basic’ and ‘complex’ numerical tasks may have been undetected.

Third, we used clinical diagnosis to define patients as “LBSD” or “PSP,” but few patients
had available autopsy data. Although we were able to screen for amyloid biomarkers,

we could not confirm neuropathological diagnoses as alpha-synuclein or 4R tauopathy,

nor could we directly assess for other co-pathologies, such as amyloid and TDP-43,

which may influence cognitive decline in the aging brain [69]. Even so, our sub-analysis
removing patients with known AD biomarkers ensured AD pathology was likely not
confounding results [29]. Moreover, we included PD, PD-MCI, PDD, and DLB within

our ‘LBSD’ patient grouping. Although these phenotypes are all associated with underlying
alpha-synuclein pathology, their atrophy patterns and domains and severity of cognitive
impairment can differ [4-6]; thus, these differences may have created heterogeneity within
the LBSD group and obscured our findings. Future studies should investigate longitudinal
numerical abilities in autopsy- or neuroimaging-defined cohorts to explore potential effects
of pathology and regional brain atrophy across all Parkinsonian syndrome phenotypes.

Finally, since our neuroimaging analyses did not find appreciable atrophy in the LBSD
group, the greater complex numbers impairment seen in PSP could have been attributed to
more general impairment from a more advanced stage of disease in comparison to LBSD.
To account for this potential confound, we included MMSE as a measure of global disease
severity in our ANCOVA analyses. Furthermore, atrophy patterns in PSP relative to LBSD
(Fig. 3B) were more restricted in comparison to the widespread differences seen between
PSP and controls (Fig. 3A); therefore, it is possible that LBSD patients may have had subtle
frontal atrophy that did not withstand robust FWE corrections. Future work should relate
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numbers performance and atrophy patterns to more comprehensive assessments such as
the PSP Rating Scale (PSPRS) or Unified Parkinson’s Disease Rating Scale (UPDRS) that
include motor components.

In conclusion, we show that complex numerical processing has a relatively specific
association with executive dysfunction and frontal lobe atrophy in Parkinsonian syndromes.
We also show that PSP is more impaired than LBSD on complex numbers tasks and
executive functioning, but not basic numbers tasks or visuospatial functioning. Exploring
complex numbers tasks in relation to executive functioning emphasizes the compound
nature of numerical processing, underlining the presence of both spatial-magnitude and
executive components. Accounting for different mechanisms of numerical processing

will have important implications for functional assessment and cognitive therapies in
neurodegenerative disease patients.
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Fig. 1.
Complex and Basic numbers performance between LBSD and PSP patients. PSP performs

worse than LBSD on Complex numbers tasks (A) but not Basic numbers tasks (B). Boxplots
illustrate the median, interquartile range, and range of scores for each group independently.
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Fig. 2.

Complex numbers tasks correlate with LF performance. Scatterplot depicts individual
patients’ Complex numbers task scores plotted against Letter Fluency (LF) scores with a
line of best fit. Datapoints are colored by clinical phenotype of LBSD (black) versus PSP

(grey).
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Fig. 3.
Regions of cortical thinning. Regions of cortical thinning (colored areas) in patients with

PSP relative to healthy controls (A) and LBSD (B), and regions related to complex numbers
scores (blue), LF (yellow), and both complex numbers scores and LF (red; overlap indicated
by arrows) within PSP patient cohort (C).
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Patient demographics and neuropsychological testing for LBSD and PSP

Table 1

LBSD PSP p
(n=35) (n=21)

Demographic data
Sex, e

Male 25 (71%) 9 (43%) 0.07

Female 10 (29%) 12 (57%)
Education, yb,d 16.0 [3.0] 16.0 [6.0] 0.5
Age at test, yb,d 70.0[9.5] 67.0[8.0] 0.2
Neuropsychological data
MMSEb'd N=34 N=21 0.01*
(max= 30) 285[3.0] 27.0[2.0]
JOLOb'd N=35 N=19 0.06
(max= 15) 12.0 [5.0] 10.0 [4.0]
LFb’d N=35 N=19 < 0.00001*
(word count) 40.0[16.0] 18.0[17.0]

a
Data reported as count (%).

b - .
Data reported as median [interquartile range].

c .
p value reflects ;(2 test estimate.

d ;
pvalue reflects Utest estimate.

Page 21

LBSD, Lewy body spectrum disorders; PSP, progressive supranuclear palsy; Age at test, age at Numbers Battery test date; MMSE, Mini-Mental
State Examination; JOLO, Judgment of Line Orientation; LF, Letter fluency.
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Table 2

Imaging disease cohort and matched control demographics

LBSD PSP CTRL
(n=21) (n=15) (n=36)

Sex, na
Male 15 (71%) 5 (33%) 20 (56%)
Female 6 (29%) 10 (67%) 16 (44%)

Education,y?  160[40]  160[60]  160[30]

AgeatMRl,y? 6800701  660[80] 665[105]

b

MMSE 280[30° 27.0[25° 220120

a
Data reported as count (%).

b - .
Data reported as median [interquartile range].

DUtest shows significant difference from control group (p < 0.05).

LBSD, Lewy body spectrum disorders; PSP, progressive supranuclear palsy; CTRL, control; MMSE, Mini-Mental State Examination.
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