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Abstract
Background and Objectives
Executive functioning is one of the first domains to be impaired in Parkinson disease (PD), and
the majority of patients with PD eventually develop dementia. Thus, developing a cognitive
endpoint measure specifically assessing executive functioning is critical for PD clinical trials.
The objective of this study was to develop a cognitive composite measure that is sensitive to
decline in executive functioning for use in PD clinical trials.

Methods
We used cross-sectional and longitudinal follow-up data from PD participants enrolled in the PD
Cognitive Genetics Consortium, a multicenter setting focused on PD. All PD participants with Trail
Making Test, Digit Symbol, Letter-Number Sequencing, Semantic Fluency, and Phonemic Fluency
neuropsychological data collected from March 2010 to February 2020 were included. Baseline exec-
utive functioning datawere used to create theParkinson’sDiseaseComposite of Executive Functioning
(PaCEF) through confirmatory factor analysis.We examined the changes in thePaCEFover time, how
well baseline PaCEF predicts time to cognitive progression, and the required sample size estimates for
PD clinical trials. PaCEF results were compared with the Montreal Cognitive Assessment (MoCA),
individual tests forming the PaCEF, and tests of visuospatial, language, and memory functioning.

Results
A total of 841 participants (251 no cognitive impairment [NCI], 480 mild cognitive impairment
[MCI], and 110dementia)with baseline datawere included, ofwhich themean (SD) agewas 67.1 (8.9)
years and 270 were women (32%). Five hundred forty five PD participants had longitudinal neuro-
psychological data spanning 9 years (mean [SD] 4.5 [2.2] years) and were included in analyses
examining cognitive decline. A 1-factormodel of executive functioning with excellent fit (comparative fit
index = 0.993, Tucker-Lewis index = 0.989, and root mean square error of approximation = 0.044) was
used to calculate thePaCEF.The average annual change inPaCEF ranged from0.246points per year for
PD-NCI participants who remained cognitively unimpaired to −0.821 points per year for PD-MCI
participants who progressed to dementia. For PD-MCI, baseline PaCEF, but not baseline MoCA,
significantly predicted time to dementia. Sample size estimateswere 69%–73%smaller for PD-NCI trials
and 16%–19% smaller for PD-MCI trials when using the PaCEF rather than MoCA as the endpoint.

Discussion
The PaCEF is a sensitive measure of executive functioning decline in PD and will be especially
beneficial for PD clinical trials.
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Introduction
Although motor symptoms have traditionally defined Parkinson
disease (PD), cognitive impairment significantly affects quality of
life and function in PD1 and dementia occurs in over 80% of
patients who have had PD for more than 20 years.2 Because of
this, a significant number of clinical trials are specifically targeting
cognitive impairment in PD.3 However, the most common
cognitive outcome measures used in these trials are not specifi-
cally created for or tested in PD. Instead, most cognition-focused
PD clinical trials use screening measures with poor sensitivity,4

test batteries that were not specifically designed for older adults5

even though PD occurs primarily in older age, or measures
designed for Alzheimer disease, which has a different cognitive
profile and course.6 Thus, a major challenge for PD clinical trials
targeting cognition is the lack of an optimal outcome measure
that is sensitive to cognitive decline in PD.

A recent review of clinical trials performed between 2016 and
2021 that targeted cognition in PD indicated an overall lack of
intervention effectiveness beyond 4 months.3 This review also
raised the issue of suboptimal cognitive outcome measures in PD
clinical trials and highlighted that most trials used the Montreal
Cognitive Assessment (MoCA) as the outcome. Similarly, a PD
Endpoints Roundtable that examined outcomes used in 142
registered clinical trials in early PD also emphasized the hetero-
geneity in clinical trial outcome measures and identified the
MoCA as the only cognitivemeasure used bymore than 2 current
trials.7 However, the MoCA and the closely related Mini-Mental
State Examination are global screening measures that have poor
sensitivity for detecting decline over 1 year in non-demented PD
individuals.4,8 The other cognitive outcomes used in phase 2/3
trials between 2016 and 2021 with results described in peer-
reviewed or preprint articles were the Alzheimer’s Disease As-
sessment Scale—Cognitive Subscale (ADASCog),9 Sustained
Attention Test (SAT),10 and Verbal Fluency.11 The ADASCog
does not assess executive functioning, attention, or non-motor
visuospatial ability,12 3 core domains that may be affected in
PD,13,14 and was not specifically designed or recommended for
PD. Both the SAT and Verbal Fluency are individual cognitive
measures that are often only 1 test included in a more compre-
hensive neuropsychological test battery. Indeed, for the trial that
used the SAT as the cognitive outcome, it is notable that several
other cognitive tests were administered and examined, but only
the SAT was listed as an outcome measure.10

Composite scores (e.g., NIH-EXAMINER Executive Function-
ing composite) leverage all cognitive data, but are currently used
by relatively few trials.15-17 In addition, longitudinal changes in
performance on these composites have not been studied in PD,
especially in larger patient samples. More comprehensive
screening measures assess multiple domains, but also have lim-
ited utility as a cognitive outcome measure for clinical trials. For
example, the Dementia Rating Scale—Second Edition has been
recommended for use in PD,18 but is subject to ceiling effects
and its subscales have limited construct validity.19 A subset of
tests from the Cambridge Neuropsychological Test Automated
Battery, a computerized battery, has been recommended for PD
by the developers, but its psychometric properties and ability to
detect change have not yet been examined in PD. The PD-
Cognitive Rating Scale is able to cross-sectionally distinguish PD
with no cognitive impairment (PD-NCI), PD with mild cogni-
tive impairment (PD-MCI), and PD dementia (PDD)20 and has
shown sensitivity to change,21 but the optimal cutpoint for
identifying PD-MCI has been debated.22 The Scales for Out-
comes in Parkinson’s Disease—Cognition is a 10-item assess-
ment covering memory, attention, executive functioning, and
visuospatial ability that can identify cognitive impairment in PD,
but, like theMoCA, its ability to detect decline in non-demented
PD is poor.4 Together, these limitations highlight the need for
the development of a cognitive outcome measure with demon-
strated sensitivity to change in cognition specifically in PD.

Although memory impairment is commonly reported in PD,14

deficits in executive functioning, attention, and visuospatial
abilities are more closely related to dopaminergic functioning23

and Lewy body pathology,24 the hallmarks of PD. In a study
that asked patients with PD to identify up to 3 symptoms of PD
that they would like to see improvement in, cognitive function
was identified as the seventh most common symptom in those
diagnosed for 2 years or less and the descriptions of the cog-
nitive symptoms were primarily executive dysfunction (e.g.,
clarity of thought and ability to concentrate and multi-task).25

In addition, executive dysfunction has been shown to predict
conversion to PDD26 and many clinical trial therapeutics are
specifically targeting the fronto-striatal circuit responsible for
executive functioning. Thus, the goals of the present study were
to (1) create the Parkinson’s Disease Composite of Executive-
Functioning (PaCEF), (2) examine PaCEF score changes over
time, (3) determine whether the PaCEF can predict time to
progression in patients with PD, and (4) estimate the required

Glossary
ADASCog = Alzheimer’s Disease Assessment Scale—Cognitive Subscale; CFA = confirmatory factor analysis; CFI =
comparative fit index;DLB = dementia with Lewy bodies;GBA = glucocerebrosidase gene; JLO = judgment of line orientation;
LRRK2 = leucine-rich repeat kinase 2; MDS-UPDRS = Uniform Parkinson’s Disease Rating Scale, Movement Disorders
Society revision;MoCA =Montreal Cognitive Assessment; PD = Parkinson disease; PDCGC = Parkinson’s Disease Cognitive
Genetics Consortium; PDD = PD dementia; PD-MCI = PD with mild cognitive impairment; PD-NCI = PD with no cognitive
impairment; RMSEA = root mean square error of approximation; SAT = Sustained Attention Test; TLI = Tucker-Lewis index;
UKBB = UK Parkinson’s Disease Society Brain Bank Diagnostic.
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sample sizes for future clinical trials using the PaCEF to detect
cognitive decline. Results are compared with the MoCA, in-
dividual tests forming the PaCEF, and tests of visuospatial,
language, and memory functioning.

Methods
This study leveraged neuropsychological data from Pacific
Udall Center Clinical Consortium,27 a subset of research
centers that share data within the Parkinson’s Disease Cog-
nitive Genetics Consortium (PDCGC)28 that agreed a priori
to collect a core set of cognitive and clinical measures and
participate in clinical, motor, and cognitive consensus di-
agnosis conferences attended by the same study movement
disorders specialist and neuropsychologist along with site-
specific study personnel. Data for this study included the 4
sites with available longitudinal data (University of Wash-
ington/VA Puget Sound Health Care System, Oregon Health
& Sciences University/VA Portland, Stanford University, and
Johns Hopkins University). Cognitive testing at these sites
was conducted in the ON dopaminergic medication state, as
recommended,29 and included a comprehensive neuro-
psychological battery (eTable 1). All included participants
met UK Parkinson’s Disease Society Brain Bank Diagnostic
(UKBB) criteria for Parkinson disease30; had available cog-
nitive diagnostic data; and had complete baseline data for all
executive functioning tests (Table 1); participants with
missing baseline data were excluded (eTable 2; eResults).

Standard Protocol Approvals, Registrations,
and Patient Consents
All study procedures were approved by institutional review boards
at each participating site, and standard protocol approvals, regis-
trations, and informed participant consents were obtained.

Motor and Cognitive Diagnoses
Study procedures, including clinical examinations, comprehensive
neuropsychological assessments, and diagnostic consensus con-
ferences, are described in detail elsewhere.27 Briefly, at baseline
and follow-up visits, all participants underwent clinical examina-
tion, including structured assessment of PD motor symptoms
(Uniform Parkinson’s Disease Rating Scale,MovementDisorders
Society revision [MDS-UPDRS] Part III score, and Modified
Hoehn & Yahr stage), symptom history, medications, focused
past medical history, environmental exposures, family history, and
neuropsychological testing. Participants were reviewed at di-
agnostic consensus conferences, which were attended by at least 2
movement disorders specialists, a neuropsychologist, and study
personnel. PD participants who met UKBB criteria for PD were
given a cognitive diagnosis of PD-NCI, PD-MCI following level II
criteria,29 or PDD,31 according to published criteria.

Definition of Cognitive Progression Groups
Participants were identified as progressors if (1) they were
PD-NCI at baseline and PD-MCI or PDD at their final study
visit or (2) if they were PD-MCI at baseline and PDD at their

final study visit. Participants who were PD-NCI or PD-MCI at
both baseline and final study visits were considered stable.
Participants with missing longitudinal data, including those
who were lost to follow-up, were excluded from the analyses
focused on cognitive progression (eTable 2; eResults).

Creating the Executive Functioning Composite
Executive functioning tests administered at baseline at all sites
included the Trail Making Test Parts A and B, Digit Symbol
subtest of the Wechsler Adult Intelligence Scale—Revised, Let-
ter-Number Sequencing, Semantic Fluency (animal naming),
and Phonemic Fluency (F and L). Executive functioning scores
from the entire baseline sample were used to create the PaCEF to
capture the full range of performance. Raw scores were recoded
into ordinal variables with 10 categories each, maintaining the
distribution as much as possible with an emphasis on preserving
the variability at the tails32 andmaintaining at least 10 participants
in each category (eFigure 1). The ordinal baseline scores were
then entered into a confirmatory factor analysis (CFA) using the
diagonally weighted least squares method of estimation to create
a theory-driven measure of executive functioning. Model fit was
determined using the comparative fit index (CFI; >0.95 indicates
good fit33), which compares the postulated and baseline models
and measures the relative improvement in fit; the Tucker-Lewis
index (TLI; >0.95 indicates good fit33), whichmeasures a relative
reduction in misfit per degree of freedom; and the root mean
square error of approximation (RMSEA; <0.05 indicates good
fit33), which measures how far a postulated model is from
a perfect model. Each ordinal test score was first weighted by the
standardized factor loading, and the weighted test scores were
summed to create the PaCEF. An online PaCEF calculator andR
code are available in the Supplement.

Statistical Models
Our first set of analyses characterized the change in cog-
nition over time for participants who were PD-NCI at
baseline and were stable, PD-NCI at baseline and pro-
gressed, PD-MCI at baseline and were stable, and PD-MCI at
baseline and progressed. To accomplish this, we conducted linear
mixed models with random intercepts and slopes as well as fixed
effects of baseline diagnosis (PD-NCI, PD-MCI) × progression
group (stable, progressed) × time, all 2-way interactions, and cova-
riates of age (centered at 66.4 years), sex, education (centered at 16.1
years), disease duration (years since symptom onset centered at 7.9
years), disease severity (MDS-UPDRS Part III score centered at
24.9), and site (JohnsHopkins, Portland, Seattle, Stanford) (i.e.,

PaCEFij = B0 +B1ðTimeijÞ + B2ðAgeiÞ + B3ðSexiÞ
+ B4ðEducationiÞ + B5ðDisease DurationiÞ
+ B6ðDisease  SeverityiÞ + B7ðBaseline DiagnosisiÞ

+B8ðProgression  GroupiÞ +B9ðSiteiÞ
+B10ðTimeij*AgeiÞ + B11ðTimeij*SexiÞ
+B12ðTimeij*EducationiÞ + B13ðTimeij*Disease DurationiÞ
+B14ðTimeij*Disease  SeverityiÞ
+B15ðTimeij*Baseline DiagnosisiÞ
+B16ðTimeij*Progression  GroupiÞ
+B17ðTimeij*Baseline Groupi*Progression  GroupiÞ + b1j,
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Table 1 Demographic and Clinical Characteristics of the (A) Cross-Sectional and (B) Longitudinal Samples

A. Cross-sectional sample PD-NCI (n = 251) PD-MCI (n = 480) PDD (n = 110) p Valuea

Age, y

Mean (SD) 64.7 (8.4) 67.7 (8.7) 70.3 (9.4) <0.0001c

PD-NCI < PD-MCI < PDD
Range 40.3–84.8 36.2–91.3 35.1–89.2

Sex, male, n (%) 121 (48.2) 353 (73.5) 97 (88.2) <0.0001c

PD-NCI < PD-MCI < PDD

Education, y

Mean (SD) 16.4 (2.4) 16.0 (2.5) 15.5 (2.8) 0.006c

PD-NCI > PDD
Range 12–20 4–20 8–20

Disease duration, y

Mean (SD) 7.4 (4.9) 8.1 (5.9) 10.5 (6.8) <0.0001c

PD-NCI | PD-MCI < PDD
Range 0.3–30.4 0.3–40.9 0.2–33.0

Race, n (%)

American Indian/Alaskan
Native

0 (0.0) 2 (0.4) 0 (0.0) 0.672

Asian/Pacific Islander 4 (1.6) 5 (1.0) 2 (1.8)

Black 0 (0.0) 4 (0.8) 2 (1.8)

More than 1 race 3 (1.2) 8 (1.7) 1 (0.9)

White 243 (96.8) 457 (95.2) 105 (95.5)

Unknown 1 (0.4) 4 (0.8) 0 (0)

Ethnicity, n (%)

Hispanic 4 (1.6) 6 (1.3) 2 (1.8) 0.810

Non-Hispanic 242 (96.4) 469 (97.7) 107 (97.3)

Unknown 5 (2.0) 5 (1.0) 1 (0.9)

MDS-UPDRS Part III score
(n = 822)

Mean (SD) 21.7 (10.6) 26.7 (11.5) 35.1 (13.2) <0.0001c

PD-NCI < PD-MCI < PDD
Range 3.0–64.0 4.0–66.0 11–68

Modified Hoehn & Yahr
(n = 840)

Median 2 2 2.5 <0.001c

PD-NCI < PD-MCI < PDD
Range 1–4 1–5 1–5

LEDD, mg/d (n = 830)

Mean (SD) 544.3 (460.7) 605.0 (483.5) 699.4 (560.0) 0.021c

PD-NCI < PDD
Range 0–2886.9 0–3750.0 0–3364.0

GBA (n = 834), n (%) 23 (9.2) 43 (9.0) 28 (25.9) <0.001c

PD-NCI | PD-MCI < PDD

APOE «4+ (n = 825), n (%) 52 (20.9) 112 (23.8) 25 (23.6) 0.660

Continued
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Table 1 Demographic and Clinical Characteristics of the (A) Cross-Sectional and (B) Longitudinal Samples (continued)

A. Cross-sectional sample PD-NCI (n = 251) PD-MCI (n = 480) PDD (n = 110) p Valuea

MoCA, total score (n = 836)

Mean (SD) 26.5 (2.0) 23.9 (2.5) 19.6 (3.5) <0.0001c

PD-NCI > PD-MCI > PDD
Range 21–30 16–29 8–28

B. Longitudinal sample

PD-NCI at baseline PD-MCI at baseline

Stable
(n = 110)

Progressed to
PD-MCI/PDD (n = 68) p Valueb

Stable
(n = 260)

Progressed to
PDD (n = 107) p Valueb

Age, y

Mean (SD) 63.5 (8.8) 64.9 (7.4) 0.280 66.6 (8.2) 70.0 (9.0) <0.001c

Range 43.0–83.9 41.5–81.8 41.9–91.3 36.2–90.1

Sex, male, n (%) 45 (40.9) 40 (58.8) 0.020c 191 (73.5) 83 (77.6) 0.411

Education, y

Mean (SD) 16.6 (2.3) 16.1 (2.5) 0.137 16.0 (2.4) 16.1 (2.5) 0.909

Range 12–20 12–20 8–20 12–20

Race, n (%)

American Indian/Alaskan Native 0 (0.0) 0 (0.0) 0.170 0 (0.0) 0 (0.0) 0.096

Asian/Pacific Islander 3 (2.7) 0 (0.0) 3 (1.2) 1 (0.9)

Black 0 (0.0) 0 (0.0) 0 (0.0) 2 (1.9)

More than 1 race 0 (0.0) 0 (0.0) 4 (1.5) 4 (3.7)

White 107 (97.3) 68 (100) 251 (96.5) 99 (92.5)

Unknown 0 (0.0) 0 (0.0) 2 (0.8) 1 (0.9)

Ethnicity, n (%)

Hispanic 1 (0.9) 1 (1.5) 0.660 4 (1.5) 0 (0.0) 0.288

Non-Hispanic 105 (95.5) 66 (97.0) 254 (97.7) 105 (98.1)

Unknown 4 (3.6) 1 (1.5) 2 (0.8) 2 (1.9)

Disease duration, y

Mean (SD) 6.4 (4.6) 8.5 (4.7) 0.003c 8.0 (5.9) 8.9 (5.3) 0.188

Range 0.6–30.4 0.3–21.2 0.6–32.8 0.9–23.8

MDS-UPDRS Part III score

Mean (SD) 20.1 (10.1) 23.5 (10.0) 0.030c 26.2 (11.9) 27.2 (10.1) 0.462

Range 3.0–64.0 5.0–48.0 3.0–66.0 9.0–57.0

Modified Hoehn & Yahr

Median 2 2 <0.001c 2 2 0.024c

Range 1–4 1–4 1–5 1–4

LEDD, mg/d

Mean (SD) 416.1 (377.0) 670.8 (422.0) <0.001c 557.6 (440.4) 690.1 (464.7) 0.010c

Range 0–2318.0 0–1990.0 0–2328.0 0–2876.0

GBA, N (%) 7 (6.4) 6 (8.8) 0.540 22 (8.4) 10 (9.4) 0.777

Continued
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where i = participant and j = years since baseline). Results with
and without Bonferroni corrections for 12 cognitive tests are
presented.

Our second set of analyses focused on understanding whether
baseline PaCEF score predicts time to progression (i.e., time to
PD-MCI/PDD for PD-NCI individuals at baseline; time to PDD
for PD-MCI individuals at baseline) using accelerated failure
time models with a Weibull distribution. Analyses adjusted for
age, sex, education, disease duration, disease severity, site, and
total study follow-up time. Survival analyses were used to con-
firm time to progression differences between individuals with
low vs high PaCEF scores, defined bymedian splits. Results with
and without Bonferroni corrections are presented.

Our third set of analyses calculated the sample sizes required
for future clinical trials to detect cognitive decline in PD-NCI
and PD-MCI participants who were stable vs progressed using
the PaCEF.34 Briefly, an unadjusted linear mixed model with
restricted maximum likelihood relating change in test score to
time since study entry was fitted to the longitudinal data.
Estimates of slopes and between- and within-person vari-
ability to detect a 25% or 50% reduction in slope in 1 or 2
years were extracted assuming 80% power, 5% probability
of type I error, and dropout of 10% per year. Sample size
estimates and confidence intervals were made comparing
slopes of participants who were stable vs progressors, which
represents the sample size needed to detect a treatment effect
compared with what is achievable with treatment (i.e., the
slopes of the stable participants are the upper limit expected
within the course of the disease). All analyses were repeated
with the MoCA; individual tests forming the PaCEF; the
Judgment of Line Orientation (JLO), which is a measure of
visuospatial function; a language measure based on

crosswalked scores35 from the Boston Naming Test and
Multilingual Naming Test; and Immediate and Delayed Re-
call scores from the Hopkins Verbal Learning Test—Revised,
which are measures of memory. Analyses were performed
using Stata 17.0 and R 4.2.2.

Data Availability
Anonymized data will be made available on request to qual-
ified investigators who have institutional review board ap-
proval and a Data Usage Agreement with the VA Puget Sound
Health Care System, VA Portland, Stanford University, and
Johns Hopkins University.

Results
Of 1,057 participants screened at baseline, 39 were excluded
due to a non-PD diagnosis, 12 were excluded for not meeting
UKBB criteria, and 165 were excluded for not having complete
baseline EF data, leaving a total of 841 participants (Table 1A).
Excluded participants were older, had longer disease duration
and more severe motor symptoms, and were more likely to
have dementia (eResults; eTable 2A). A stepwise increase in
age, disease duration, MDS-UPDRS Part III score, Modified
Hoehn & Yahr stage, and percentage of male participants and
a stepwise decrease in MoCA were observed when the com-
parison included PD-NCI to PD-MCI to PDD participants.
PDD participants were significantly more likely to be gluco-
cerebrosidase gene (GBA) carriers compared with both PD-
NCI and PD-MCI participants. The proportion of APOE e4
carriers did not significantly differ across cognitive groups.

Creating the PaCEF
CFA yielded a single-factor model of executive functioning
with excellent fit (CFI = 0.993, TLI = 0.989, and RMSEA =

Table 1 Demographic and Clinical Characteristics of the (A) Cross-Sectional and (B) Longitudinal Samples (continued)

B. Longitudinal sample

PD-NCI at baseline PD-MCI at baseline

Stable
(n = 110)

Progressed to
PD-MCI/PDD (n = 68) p Valueb

Stable
(n = 260)

Progressed to
PDD (n = 107) p Valueb

APOE «4+, N (%) 21 (19.1) 16 (23.5) 0.478 60 (23.3) 26 (24.8) 0.760

Total follow-up time, y

Mean (SD) 3.7 (2.3) 4.1 (1.9) 0.322 3.6 (2.2) 4.1 (2.0) 0.047c

Range 0.8–9.2 1.0–8.0 0.8–9.3 1.0–8.7

MoCA, total score

Mean (SD) 27.0 (1.8) 25.8 (2.2) <0.001c 24.2 (2.4) 23.5 (2.5) 0.010c

Range 21–30 21–29 17–29 17–29

Abbreviations: GBA = glucocerebrosidase gene; LEDD = levodopa equivalent daily dose; MDS-UPDRS = Uniform Parkinson’s Disease Rating Scale, Movement
Disorders Society revision; MoCA = Montreal Cognitive Assessment; PDD = Parkinson disease dementia; PD-MCI = Parkinson disease with mild cognitive
impairment; PD-NCI = Parkinson disease with no cognitive impairment.
a p Values based on 1-way analysis of variance for continuous variables, Kruskal-Wallis test for ordinal variables, and χ2 tests for categorical variables, with
Bonferroni or Dunn test used for post hoc pairwise analyses.
b p Values based on t tests for continuous variables and χ2 tests for categorical variables.
c Significant at p < 0.05.
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Figure 1 Creation of and Longitudinal Change in the PaCEF

(A) Confirmatory factor analysis used to create the PaCEF and (B) neuropsychological scores over time. PaCEF = Parkinson’s Disease Composite of Executive
Functioning.
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0.044; Figure 1A), providing support for the creation of the
PaCEF.

Change in Neuropsychological Scores
Over Time
We next examined the longitudinal sample to understand neu-
ropsychological scores over time. Of the 841 participants with
baseline data, 110 were excluded from longitudinal analyses as
they already had PDD at baseline, 185 did not have longitudinal
data available, and 1 had an unknown cognitive diagnosis at
follow-up, leaving a total of 545 participants for analysis (Table
1B). There were no significant demographic or clinical differ-
ences between non-demented participants who were included vs
excluded from longitudinal analyses (eResults; eTable 2B).
Linearmixedmodels examining the interaction between baseline
diagnosis, progression group, and time showed that those who

were NCI at baseline and were stable showed significant
improvements in PaCEF, Semantic Fluency, and Phonemic
Fluency over time although only Phonemic Fluency was signif-
icant after correcting formultiple comparisons (Table 2A; Figure
1B; eTable 3). By contrast, those who were NCI at baseline and
progressed to PD-MCI or PDD showed significant declines over
time on the PaCEF, MoCA, Trail Making Test Parts A and B,
Digit Symbol, Letter-Number Sequencing, and Semantic Flu-
ency; after correcting for multiple comparisons, PaCEF, MoCA,
TrailMakingTest Part B, andDigit Symbol remained significant.
Those who were PD-MCI at baseline and stable did not show
significant score changes on any of the measures. Finally, those
who were PD-MCI at baseline and progressed to PDD showed
significant declines on all measures and all measures except
Phonemic Fluency remained significant after correcting for
multiple comparisons.

Table 2 Cognitive Score (A) Changes Over Time Within Each Group and (B) Ability to Predict Time to Progression

(A) Cognitive score changes over time within each group

PD-NCI at baseline PD-MCI at baseline

Stable Progressed Stable Progressed

Estimate (SE) p Value Estimate (SE) p Value Estimate (SE) p Value Estimate (SE) p Value

PaCEF +0.246 (0.098) 0.012 −0.546 (0.122) <0.001c −0.003 (0.097) 0.978 −0.821 (0.115) <0.001c

MoCA +0.086 (0.076) 0.258 −0.297 (0.096) 0.002c +0.084 (0.074) 0.260 −0.486 (0.089) <0.001c

TMT Part A +0.333 (0.540) 0.537 −1.694 (0.676) 0.012 −0.689 (0.534) 0.197 −3.941 (0.633) <0.001c

TMT Part B +1.793 (1.432) 0.211 −5.259 (1.803) 0.004c −0.557 (1.424) 0.696 −13.086 (1.670) <0.001c

Digit Symbol +0.134 (0.242) 0.579 −1.351 (0.299) <0.001c −0.299 (0.236) 0.206 −1.461 (0.279) <0.001c

LNS +0.026 (0.052) 0.619 −0.166 (0.066) 0.013 +0.056 (0.051) 0.268 −0.191 (0.059) 0.001c

Semantic Fluency +0.289 (0.125) 0.020 −0.452 (0.159) 0.005 −0.058 (0.123) 0.636 −0.446 (0.145) 0.002c

Phonemic Fluency +0.963 (0.275) 0.001c −0.626 (0.342) 0.067 +0.427 (0.268) 0.111 −0.663 (0.317) 0.037

(B) Ability of baseline cognitive score to predict time to progression

PD-NCI at baseline
Progressors vs stable

PD-MCI at baseline
Progressors vs stable

TR 95% CI p Value TR 95% CI p Value

PaCEFa 1.32 1.04–1.67 0.024 1.58 1.40–1.79 <0.001c

MoCAa 1.21 1.01–1.46 0.042 1.17 1.04–1.32 0.010

TMT Part Aa,b 1.06 0.83–1.34 0.649 1.16 1.08–1.23 <0.001c

TMT Part Ba,b 1.14 0.87–1.49 0.786 1.33 1.23–1.44 <0.001c

Digit Symbola 1.21 1.00–1.45 0.045 1.41 1.25–1.60 <0.001c

LNSa 1.15 0.97–1.38 0.106 1.17 1.05–1.30 0.005

Semantic Fluencya 1.23 1.02–1.49 0.031 1.32 1.18–1.50 <0.001c

Phonemic Fluencya 1.04 0.89–1.21 0.638 1.18 1.04–1.35 0.009

Abbreviations: LNS = Letter-Number Sequencing; MDS-UPDRS = Uniform Parkinson’s Disease Rating Scale, Movement Disorders Society revision; MoCA =
Montreal Cognitive Assessment; PaCEF = Parkinson’s Disease Composite of Executive Functioning; PD-MCI = Parkinson disease with mild cognitive impair-
ment; PD-NCI = Parkinson disease with no cognitive impairment; TMT = Trail Making Test; TR = standardized time ratio.
Results control for age, sex, education, disease duration, disease severity (MDS-UPDRS Part III), site, and total follow-up time.
a Scores were converted to standardized scale (SD = 1) to facilitate comparison of TRs across measures (part B).
b Scores were reversed so that higher scores = better performance across all measures.
c p < 0.05 after correcting for multiple comparisons.
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Validating the PaCEF: Predicting
Clinical Progression
When predicting time to progression, higher scores on the
MoCA, PaCEF, Digit Symbol, and Semantic Fluency were
associated with longer time to PD-MCI or PDD in those who
were PD-NCI at baseline (Table 2B); however, none of these
tests remained significant predictors of time to progression
after correcting for multiple comparisons. For those who had
PD-MCI at baseline, higher scores on all measures were sig-
nificantly associated with longer time to PDD (Table 2B); after
correcting for multiple comparisons, MoCA, Letter-Number
Sequencing, and Phonemic Fluency were no longer significant.
Notably, the PaCEF showed the strongest association with
time to PDD (standardized time ratio: 1.58), highlighting its
utility. A median split on the PaCEF (PD-NCI low vs high
cognitive score cutoff: 25; PD-MCI low vs high cognitive score
cutoff: 20) and the MoCA (PD-NCI low vs high cognitive
score cutoff: 26; PD-MCI low vs high cognitive score cutoff:
24) were used to visualize time to progression using Kaplan-
Meier curves, and the distinction between high and low scorers

was larger using the PaCEF than using the MoCA, especially
for those who were PD-MCI at baseline (Figure 2).

Required Sample Sizes for Clinical Trials
The required sample sizes to achieve 80% power for 1- and 2-
year trials enrolling PD-NCI and PD-MCI participants using the
PaCEF, MoCA, and PaCEF subtests as endpoints are shown in
Figure 3. Sample size comparisons demonstrate a clear advantage
for the PaCEF as the total number of participants required is 73%
smaller than what would be required if the MoCA is used for 1-
year trials enrolling PD-NCI participants, 69% smaller for 2-year
trials enrolling PD-NCI participants, 16% smaller for 1-year trials
enrolling PD-MCI participants, and 18% smaller for 2-year trials
enrolling PD-MCI participants, assuming a 25% or 50% re-
duction in slopes. The advantage of using PaCEF as the endpoint
is even greater when compared to sample sizes estimated with
individual PaCEF subtests, as the required sample size with PaCEF
is 27%–86% smaller than what would be required if individual
PaCEF subtests are used for 1-year trials enrolling PD-NCI par-
ticipants, 33%–83% smaller for 2-year trials enrolling PD-NCI

Figure 2 Time to Cognitive Progression Based on Baseline PaCEF and Baseline MoCA Scores

Kaplan-Meier curves depicting time to cognitive progression in (A) Parkinson’s disease with no cognitive impairment (PD-NCI) at baseline and (B) Parkinson
disease with mild cognitive impairment (PD-MCI) at baseline comparing those with low and high cognitive scores on the PaCEF and MoCA. MoCA = Montreal
Cognitive Assessment; PaCEF = Parkinson’s Disease Composite of Executive Functioning.
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participants, 41%–88% smaller for 1-year trials enrolling PD-MCI
participants, and 39%–86% smaller for 2-year trials enrolling PD-
MCI participants, assuming a 25% or 50% reduction in slopes.

All results were similar when excluding GBA carriers (eResults;
eTable 4; eFigures 2 and 3). Results when examining visuospatial,
language, and memory domains showed mostly nonsignificant
score changes in all groups after correcting for multiple com-
parisons; mostly nonsignificant predictions of time to pro-
gression; and poor model fit precluding estimates of clinical trial
sample sizes or estimates that are several times larger than those
obtained with the PaCEF (eResults; eTable 5; eFigure 4).

Discussion
Because there is a lack of an optimal cognitive outcome
measure for clinical trials focused on cognition in PD, we
leveraged neuropsychological data from 841 PD participants
across 4 sites, 545 of whom had longitudinal data, to create the
PaCEF. After identifying a model of executive functioning
with excellent fit, we showed that PD participants who pro-
gressed in cognitive severity also showed expected declines on

the PaCEF, highlighting the PaCEF’s sensitivity to change.
Importantly, baseline PaCEF scores, but not baseline MoCA
scores, were able to predict time to progression in PD-MCI
participants. Sample size comparisons demonstrated an ad-
vantage of using the PaCEF as a clinical trial endpoint as the
required sample sizes were 69%–73% and 16%–18% smaller
than would be required if theMoCAwas used for clinical trials
enrolling PD-NCI and PD-MCI participants, respectively.
Taken together, our results demonstrate the utility of using
the PaCEF for clinical trials targeting cognition in PD.

Because there are no disease-modifying therapies for PD, trials
are instead focused on specific PD symptoms. The onset of
cognitive impairment in PD varies greatly, with some individ-
uals experiencing cognitive impairment before diagnosis and
other individuals maintaining normal cognition decades after
diagnosis. There is also substantial variability in the course of
cognitive decline.6 For example, leucine-rich repeat kinase 2
(LRRK2) carriers have lower rates of dementia and better
cognitive performance than non-LRRK2 carriers with PD,36

whereasGBA carriers have faster cognitive decline, are at higher
risk of progression to dementia, and have higher prevalence of
dementia than non-GBA carriers with PD.37 Our results were

Figure 3 Sample Size Estimates for Future PD Trials Based on Neuropsychological Endpoint Measures

Estimates of required sample size targeting (A) PD-NCI and (B) PD-MCI at enrollment. Estimates are provided for 1- and 2-year trials detecting 25% and 50%
reductions in slopes. Note that the y-axis range differs from row to row. PD = Parkinson disease; PD-MCI = Parkinson disease withmild cognitive impairment;
PD-NCI = Parkinson disease with no cognitive impairment.
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similar when including and excluding GBA carriers. Given that
it is possible for patients with PD to maintain normal cognition
until death and that the predictors of cognitive decline in
sporadic PD are poorly understood, it is intuitive for trials of
symptomatic therapies for cognitive impairment to enroll those
who already show some degree of cognitive impairment. For
these trials, our results highlighting the PaCEF’s sensitivity to
change and its ability to predict time to progression demon-
strate a clear benefit of using the PaCEF, rather than the
MoCA, individual PaCEF components, or tests assessing
visuospatial, language, or memory ability, as the primary
outcome.

Although we focused only on executive functioning to create
the PaCEF, there is notable heterogeneity in cognitive profiles
in PD.38 A meta-analysis on the cognitive profile of non-
demented PD showed similar effect size differences between
PD and healthy control participants in executive functioning,
verbal memory, and visuospatial ability.39 In addition, the
dual-syndrome hypothesis states that executive dysfunction
may be an early process related to dopaminergic degeneration
in PD, whereas impairments in posterior cortical deficits, in-
cluding visuospatial functioning, may be more indicative of
rapidly progressive cognitive decline.40 Thus, it is possible
that there are subgroups of PD for whom posterior cortical
functioning would be a better predictor of cognitive pro-
gression. However, previous research has shown that when
comparing subtypes, those with posterior cortical impair-
ments and those with more global deficit demonstrated
similarly steep subsequent decline on attention and exec-
utive tasks.41 Furthermore, given the nature of the un-
derlying pathology of PD, even subtypes with relatively
greater posterior-cortical declines are likely to have at least
some decline in attention/executive functions. In studies
where posterior cortical decline was reported to be most
strongly associated with progression to dementia, frontal
executive processes were still likely involved, as the tests
used to measure posterior cortical functioning were often
Semantic Fluency and Clock Drawing, both of which draw
heavily from executive functions. In our study, we dem-
onstrated that the PaCEF changed significantly in PD-NCI
and PD-MCI participants who progressed, whereas per-
formance on the JLO, a measure of visuospatial ability, did
not significantly change in any group and the JLO did not
significantly predict time to progression. The JLO alone
may not be sensitive enough to detect progression as
composites combining scores from several tests generally
provide more statistical power, but the number of validated
visuospatial tests is relatively small compared with the
number of validated executive functioning tests. This
makes it much more difficult to create a visuospatial
composite for clinical trial use.

Our sample size analyses demonstrated that the required sample
size for 1- and 2-year trials enrolling PD-MCI participants could
be reduced by 16%–18% if the PaCEF is used as the primary
outcome instead of theMoCA and by 39%–88% if the PaCEF is

used instead of individual PaCEF components. This is important
because the number of subjects enrolled into a trial is a major
driver of increasing costs.42 The number of functioning trial sites
is limited and trial recruitment is a major challenge, especially
when considering the screen failure rate in clinical trials can be
quite high. An additional consideration for recruitment is that
both patients and their caregivers are often required in clinical
trials for cognitive impairment in neurodegenerative disease.
Even though theMoCA only takes;10minutes to complete, in
contrast to the;25minutes required for all the tests forming the
PaCEF, the increased costs associated with recruiting more
participants into a larger trial using the MoCA would sub-
stantially outweigh a smaller trial with a longer cognitive battery.
Given the recent estimate of a pivotal trial cost of $39,467 per
patient in CNS clinical trials,43 a reduction of 134–302 PD-MCI
participants in a 1-year trial targeting 25% and 50% reductions in
slopes (Figure 3B) could potentially save approximately $5
million to $12 million for the trial.

Although the PaCEFwas designed for PD, the PaCEFmay also
be beneficial for clinical trials focused on dementia with Lewy
bodies (DLB), which shares the same primary underlying
neuropathology as PD (i.e., aggregation of intracellular α-syn-
uclein44) and has similar rates of cognitive andmotor decline as
PDD.45 DLB is clinically defined by the presence of dementia
in addition to 1 (possible DLB) or at least 2 (probable DLB)
core features (i.e., fluctuating cognition, visual hallucinations,
REM sleep behavior disorder, and parkinsonism),46 although
the distinction between PD and DLB is debated.47 There are
no disease-specific treatments currently approved for DLB by
the US Food and Drug Administration48 or the European
Medicines Agency, but there is growing interest in DLB drug
development49 with cognition being the target for 50% of DLB
drugs currently in the development pipeline.49 However, just as
with PD, most DLB clinical trials are not using primary end-
points that are disease-specific or validated for the DLB pop-
ulation.49 Given the shared underlying disease mechanism
between PD and DLB, the PaCEF may also be a useful end-
point for DLB trials focused on cognition.

There are several limitations to consider. First, our sample
consisted of primarily highly educated non-Hispanic White
individuals with access to large university settings, limiting the
generalizability of our findings. Second, performance on the
measures forming the PaCEF partially informed cognitive
diagnoses (i.e., the comprehensive neuropsychological bat-
teries used at each site included PaCEF tests and tests for
other domains). Although this may raise concerns for some
degree of circularity, there was variability in the degree of
score change from test to test (Table 1A; Figure 1B). Thus, it
was not necessarily a given that the PaCEF would show
expected score declines in those who progressed and, indeed,
scores from non-executive domains largely did not show
significant declines. In addition, our use of same measures to
define clinical status and detect change is akin to using the
gold standard practice of using the MDS-UPDRS Part III to
define motor severity and measure impact on motor
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symptoms. Third, although the PaCEF predicted conversion
to dementia, diagnosis of dementia requires additional in-
formation regarding independence on instrumental activities
of daily living, which will need to be separately measured in
PD clinical trials. Relatedly, we aimed to include a full range of
cognitive function and thus included PDD in the de-
velopment of the PaCEF. However, the inclusion of PDD
increases the chances of missing data due to advancing cog-
nitive, motor, and sensory impairment (eTable 2; eResults).
Thus, the generalizability of the PaCEF may be compromised
for those at more advanced stages of PD. Fourth, although
participants completed neuropsychological testing in the ON
dopaminergic medication state, motor functioning can affect
performance on 3 of the 6 measures that form the PaCEF (i.e.,
Trail Making Test Part A, Trail Making Test Part B, and Digit
Symbol). Fifth, alternate forms of the PaCEF measures were
not used, which could lead to practice effects. Indeed, this
likely explains the improved performance on the PaCEF and
other measures in the PD-NCI group who remained cogni-
tively stable (Table 2A; Figure 1B). However, the absence of or
reduction in practice effects has been shown to reflect subtle
deficits in learning andmemory, and alternate test forms do not
completely remove practice effects.50 Sixth, although we ex-
amined visuospatial, language, and memory scores, we were
unable to create composite scores for these other domains due
to varying neuropsychological batteries. Finally, the PDCGC
did not consistently recruit healthy control participants and we
were thus unable to examine PaCEF changes in a control
group.

Despite the growing interest and need for developing thera-
peutics addressing cognitive decline in PD, the outcomes used in
current clinical trials in PD are not specifically designed for or
validated in PD. Here, we demonstrate that the PaCEF is
a cognitive composite measure of executive functioning that
shows excellent fit in PD, that the PaCEF predicts time to pro-
gression in PD-MCI, and that use of the PaCEF can substantially
reduce the sample size required for clinical trials to detect effects.
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