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Abstract

Executive dysfunctions are a frequently described non-motor symptom in patients with
Parkinson’s disease (PD). However, the nature, extent, variability, and determinants of executive
dysfunctions in PD are still poorly understood. To improve the characterization of executive
dysfunctions in PD, we conducted a meta-analysis of the studies administering the Wisconsin
Card Sorting Test (WCST) to patients with PD and healthy controls. We included k = 161
studies, which allowed us to precisely estimate the size of PD-related WCST deficits and to run
powerful tests for potential moderators of these deficits. We found robust WCST deficits in PD,
which were medium-to-large in size. These deficits were most pronounced in patients tested after
withdrawal from dopaminergic medication and in samples characterized by severe motor
impairment and long disease duration. Substantial WCST impairment was also detected in non-
demented, non-depressed, and never-medicated patients with PD as well as after conservatively
correcting for publication bias. Based on these findings, impaired WCST performance can be
considered as a major hallmark of executive dysfunction in PD.

Keywords: Parkinson’s disease; executive dysfunction; cognitive flexibility; Wisconsin

Card Sorting Test; Meta-analysis
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1 Introduction

In addition to characteristic motor symptoms such as bradykinesia, rigidity, and tremor,
many patients with idiopathic Parkinson’s disease (PD) show deficits in cognitive functioning
(Zgaljardic, Borod, Foldi, & Mattis, 2003). While cognitive impairment in PD appears to be
heterogeneous in nature (Kehagia, Barker & Robbins, 2013; Miller, Neargarder, Risi, & Cronin-
Golomb, 2013; Robbins & Cools, 2014; Seer, Lange, Georgiev, Jahanshahi, & Kopp, 2016), the
domain of executive functioning has received particular attention over the past decades. The term
‘executive functioning’ refers to a set of higher-order cognitive processes that enable goal-
directed behavior and adjustments to novel situations by exerting top-down influence on lower-
level cognitive processes (Friedman & Miyake, 2017). When executive functions are impaired,
behavior becomes uncoordinated and disinhibited, rendering the individual inflexible and
susceptible to distraction (Elliot, 2003). It is thus not surprising that executive dysfunctions are
related to reduced quality of life in patients with PD and their caregivers (Kudlicka, Clare, &
Hindle, 2014). In addition, the presence of executive dysfunctions in patients with PD has been
shown to predict progression to Parkinson’s disease dementia (PDD) (Janvin, Aarsland, &
Larsen, 2005; Levy et al., 2002; Mahieux et al., 1998; Williams-Gray, Foltynie, Brayne, Robbins,
& Barker, 2007; Woods & Troster, 2003). Against this background, understanding the nature and
extent of executive dysfunctions in PD is of critical importance.

Executive dysfunctions in PD have most frequently been examined by means of
standardized neuropsychological tests. One of the most popular instruments in this literature is
the Wisconsin Card Sorting Test (WCST; Berg, 1948; Grant and Berg, 1948; Heaton, Chelune,
Talley, Kay, & Curtiss, 1993; Nelson, 1976).

The WCST requires participants to sort cards in accordance with one of three task rules

(color, shape, number). The currently prevailing task rule (or sorting category) is not explicitly
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revealed to participants. Participants have to test rules and to evaluate the examiner’s feedback in
order to identify the correct rule. After a predefined number of consecutive correct sorts by this
rule, the category is considered to be completed and the valid task rule changes (see Figure 1).
Card sorts according to the previously correct rule will then result in negative feedback.
Participants are required to flexibly respond to this feedback by shifting to a new rule. Once the
new rule has been identified, participants have to keep sorting by this rule until the next category
is completed. The number of completed categories given a constant number of trials is frequently
used as a measure of overall WCST performance. Moreover, a large number of additional
performance measures have been proposed as indicators of more specific cognitive processes
(Heaton et al., 1993; see Figure 1). Most prominently, deficits in cognitive flexibility (one of the
core executive functions, Miyake et al., 2000) are commonly thought to be reflected in the
number of perseverative errors committed on the WCST (Lange, Kroger, et al., 2016). A
perseverative error is scored when a participant keeps sorting by a particular WCST rule although
the experimenter’s feedback has signaled that this rule is no longer valid.

As early as 1983, Lees and Smith reported that newly diagnosed patients with PD
completed significantly less WCST categories and committed significantly more perseverative
errors than healthy matched control participants (HC). These and related findings have been
taken to support a link between the PD-specific dysfunction of the basal ganglia and deficient
executive functioning. In the decades to follow, this hypothesis has received additional support
from neuroimaging studies (Christopher & Strafella, 2013; Monchi, Hanganu, & Bellec, 2016).
Contemporary models of basal ganglia contributions to executive functioning (Frank, Loughry, &
O'Reilly, 2001; Hazy, Frank, & O'Reilly, 2007; Herd et al., 2014) have been critically informed

by the evidence for WCST deficits in patients with PD.
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The neuropsychological research design applied by Lees and Smith (1983) has been
replicated more than a hundred times in various samples of patients with PD. Despite this wealth
of research, the literature on WCST deficits in patients with PD has remained largely
unintegrated. An early review (Lees, 1989) of six studies suggested that PD is consistently
associated with WCST performance deficits, but that the nature and extent of these deficits may
differ across studies. More than 20 years later, a meta-analysis by Kudlicka, Clare, and Hindle
(2011) reported medium-to-large effect sizes (g = 0.43 — g = 0.69) with regard to the difference in
WCST performance between patients with PD and HC. This meta-analysis also revealed the
presence of substantial between-study heterogeneity in effect sizes. Medium-sized average effects
resulted from a combination of some studies with very large group differences (e.g., Tomer,
Fisher, Giladi, & Aharon-Peretz, 2002) and other studies with small PD-related WCST deficits
(e.g., Cooper, Sager, Jordan, Harvey, & Sullivan, 1991). As Kudlicka and colleagues (2011) only
included eight WCST studies in their meta-analysis, they were not able to identify the factors that
account for this variability in effect sizes.

The small number of studies meta-analyzed by Kudlicka and colleagues (2011) likely
resulted from the strict inclusion criteria applied in that meta-analysis. To be included, studies
had to be explicitly based on a neuropsychological perspective and to directly state that the main
goal of the study was “to investigate executive impairment in PD” (Kudlicka et al., 2011, p.
2307). In addition to limiting the precision with which effect sizes can be estimated and the
possibilities for identifying moderating factors, these inclusion criteria might be associated with
another methodological problem. Requiring studies to explicitly focus on executive impairment
in PD might exclude some of those studies that did not restrict their exploration of potential PD-
related alterations to the domain of executive functioning, but also administered other potentially

interesting measures. Depending on the perceived conclusiveness and significance of the results,
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the authors of such studies might decide to focus their report on one set of measures or another.
As a corollary, studies that do not find conclusive evidence for executive impairment in PD might
be less likely to be reported in an article with the explicit goal of investigating executive
impairment in PD and hence less likely to be included in the meta-analysis by Kudlicka and
colleagues (2011). This type of publication bias might lead to a substantial overestimation of PD-
related deficits on the WCST. As the small number of studies included by Kudlicka and
colleagues (2011) does not allow for powerful tests for publication bias, conducting a new, more
inclusive meta-analysis is the most promising way to arrive at more reliable evidence regarding
potential WCST performance deficits in patients with PD.

Here, we present a comprehensive meta-analytic overview of the studies comparing
WCST performance between patients with PD and HC. Our search strategy and inclusion criteria
led to the inclusion of effect sizes from more than 150 studies. The richness of this data set
allowed us to pursue four main study goals with high statistical power. First, we aimed to
precisely determine the extent and variability of WCST performance deficits in patients with PD.
Second, we compared PD-related WCST deficits across different WCST measures to examine
whether some aspects of WCST performance are more affected than others. Third, we
investigated whether the size of WCST performance deficits in patients with PD is moderated by
characteristics of the examined sample. By this means, we were able to test whether between-
study variability in WCST deficits can be accounted for by differences in the severity of motor
impairment, disease duration, and medication status, among others. Similarly, it was possible to
determine whether study quality (i.e., the degree to which patients and HC were matched with
regard to sociodemographic variables) affects the magnitude of reported WCST deficit in patients
with PD. Fourth, we estimated the extent to which our results are affected by publication bias and

took a series of measures to adjust for any potential biases. In combination, these analyses
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allowed investigating if PD is accompanied by substantial WCST performance deficits, how large

these deficits are, and under which circumstances they are most pronounced.

2 Methods
2.1 Search strategy

A systematic literature review was conducted in 2015 and updated in May 2017. We
searched for records including the term “Parkinson” in combination with any of the three
following keywords: “card sorting”, “WCST”, “MCST”. Google Scholar (12,425), PubMed
(113), PsycNet (439), and Web of Science (184) yielded a total of 13,211 hits for these
combinations of search terms (Figure 2).

We screened the titles and abstracts of these records to exclude studies that did not report
any original WCST data obtained from patients with PD. Each record was screened by at least
one author (CB or AK). When this author was not sure whether a record can be excluded, she
discussed the case with a second author (FL). We accessed the full text of those records that we
did not exclude based on this criterion. Where full texts were not accessible online or via local
university libraries, we attempted to contact the original authors. In total, we accessed 616 full
texts.

In a next step, we excluded 455 of these papers because they did not fulfill all of the
following inclusion criteria.

1) A standard version of the WCST had to be administered to a sample of patients with
PD as well as to a sample of healthy control participants (HCs). Non-standard WCST versions
(e.g., computerized paradigms for the assessment of response times) were excluded when their
outcome measures did not directly relate to the standard WCST measures distinguished in this

meta-analysis.
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2) The article had to report data for at least one WCST measure at a level of detail that
allows for the calculation of effect sizes. Articles were included when they provided means and
standard deviations for patients with PD and HCs or the test statistic for the between-group
comparison in WCST performance. We also included articles reporting descriptive data (median
and range or median and interquartile range) that allow for estimating means and standard
deviations according to the procedure described by Wan, Wang, Liu, and Tong (2014).

3) The WCST data reported in the paper had to be unique. When the same (or partially
overlapping) data were reported in multiple papers, we included that record which provided the
most comprehensive WCST data (e.g., more outcome variables) or data from a larger sample of
participants. When we considered multiple papers equally informative, we selected the record
with the earliest publication date.

We explicitly included papers written in languages other than English if WCST data
relevant for effect-size calculation were identifiable without ambiguity. We retained 161 records
that fulfilled the criteria listed above. Each record was screened by at least one of the authors and
a randomly selected subset (n = 30) of the accessed full texts was screened independently by two
of the authors (C.B. & F.L.) to determine inter-rater reliability (IRR) of the inclusion procedure.
Both authors identified the same seven of these records as eligible for inclusion (k = 1.00).

2.2 WCST outcome measures

We performed separate meta-analyses for those established measures of WCST
performance that have been reported in at least 10 of the included studies (see Figure 1, for
illustration of these measures). This criterion was set to guarantee a minimum of statistical power
for all analyses and to prevent the number of analyses from being inflated by the inclusion of
rarely used or idiosyncratic measures. Analyzed measures include: 1) the number of completed

categories, 2) the number of perseverative errors, 3) the percentage of perseverative errors, 4) the
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number (or percentage) of perseverative responses, 5) the number (or percentage) of non-
perseverative errors, 6) the total number (or percentage) of errors, 7) the number of trials required
to complete the first criterion, 8) the number of failures to maintain set, 9) the percentage of
conceptual level responses, and 10) global scores of WCST performance. While we were able to
distinguish between the number and percentage of perseverative errors, making the same
distinction for other outcome measures was deemed impractical due to relatively small numbers
of studies reporting percentage values for these measures. When studies did not report the total
number (or percentage) of errors but the total number (or percentage) of correct responses, we
used the latter measure and changed the sign of the extracted effect size. The outcome-measure
category “global scores” includes diverse aggregate measures reported in the included studies.

We selected the two most frequently reported variables as principal outcome measures for
additional in-depth analyses of WCST performance deficits in patients with PD. We observed
that the vast majority of the included articles reported at least one measure of perseveration. To
avoid redundancy and increase statistical power, we selected one measure of perseveration for
each of these studies (cf. Demakis, 2003). This measure will be referred to as “perseverations” in
the following. When multiple measures of perseveration were reported, we selected the measure
for the perseveration variable according to the following hierarchy: number of perseverative
errors, percentage of perseverative errors, number of perseverative responses, percentage of
perseverative responses. Similarly, most of the included articles reported the number of WCST
categories completed by patients with PD and HC. Hence, we selected the number of completed
categories as the second principal outcome measure.
2.3 WCST Data Extraction and Effect Size Calculation

When articles reported means and standard deviations of WCST outcome variables for

patients and HCs, we calculated the t-statistic for the between-group comparison as defined by
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Welch’s t-test. For studies that did not provide these but other descriptive statistics (i.e., group
medians as well as either minima and maxima or interquartile range), means and standard
deviations were estimated using the procedure described by Wan and colleagues (2014) and
subsequently used to calculate the t-statistic. For studies that did not report sufficient descriptive
data, but the t-statistic of the corresponding group comparison, we used this t-statistic as long as
the direction of the outcome (PD-related improvement vs. deficit) was unambiguous. For a subset
of 37 studies (the seven included studies used for determining the IRR of the inclusion procedure
plus 30 additional randomly selected studies), effect-size relevant data for our two principal
outcome measures was extracted and t-statistics were determined by two independent raters (C.B.
& F.L.). The inter-rater Pearson correlation between t-statistics was r = .95 for the number of
completed categories and r = .93 for perseverations.

Effect sizes (Cohen’s d) and their 95% confidence intervals (Cls) were calculated from t-
statistics using the SPSS syntaxes provided by Wuensch (2012). When the value of the t-statistic
was 0 due to floor or ceiling effects (e.g., when both groups completed an average of six
categories with a standard deviation of zero), this procedure does not allow estimating a
confidence interval. In these cases, we replaced the t-statistic by 1, estimated the size of the ClI,
and centered it around 0. When an article did not report any of the data mentioned above but the
F-value of a between-subjects ANOVA (with the difference being unambiguous in direction),
Cohen’s d was calculated using the procedure provided by Lenhard and Lenhard (2016). For
studies reporting only the test statistic (z) of a Wilcoxon Signed Rank Test, z was divided by the
square root of the sample size to obtain r which then was transformed to d (Field, 2013). When a
study involved more than one group of patients with PD (e.qg., tremor-dominant vs. akinetic and
rigidity-dominant patients, Yu, Wu, Tai, Lin, & Hua, 2010), data were pooled across groups

(unless the subgroups were divided according to one of our a priori defined moderator variables,
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see below). This procedure resulted in effect sizes being extracted from a total of 180 samples of
PD patients (see Table 1). Effect sizes were transformed such that more positive values indicate
more pronounced deficits in patients with PD.
2.4 Basic Meta-Analysis

Mean effect sizes and confidence intervals for our two principal WCST outcomes as well
as the other nine WCST measures were calculated using the random-effects model SPSS syntax
provided by Field and Gillett (2010). A random-effects model was chosen because we assumed
the true extent of PD-related WCST deficits to differ systematically between studies (e.g., as a
function of the included moderator variables). Heterogeneity of effect sizes was examined using
Cochran’s Q and the 12 index (Higgins, Thompson, Deeks, & Altman, 2003). By comparing
Cochran’s Q (estimated under fixed-effect assumptions) to a y? distribution, we tested whether
heterogeneity among studies was significant. The 1% index served as an estimate of between-study
variability in true effect sizes, with 12 values of about 25%, 50% and 75% indicating low,
moderate, and high heterogeneity, respectively (Higgins et al., 2003). We also performed a meta-
analysis on the difference between the effect sizes of our two principal outcome measures. To
this end, we subtracted the effect size for perseverations from the effect size for categories for
every study that reported data for both variables, and applied the above mentioned random-
effects model syntax to the effect-size difference. By this means, it was possible to analyze
whether one of our principal WCST outcome measures was significantly more affected than the
other in patients with PD.
2.5 Moderator analysis

Our two principal WCST outcome measures were also used to investigate potential
moderators of WCST performance deficits in patients with PD. Specifically, we tested whether

effect sizes for the comparison between patients and HCs varied as a function of various sample
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characteristics or indicators of study quality. We selected the following sample characteristics as
potential moderators: 1) the mean age of patients in the PD group, 2) the proportion of female
participants in the PD group, 3) the mean disease duration in the PD group, 4) the mean HY stage
in the PD group, 5) the mean score on the motor scale of the Unified Parkinson's Disease Rating
Scale (UPDRS), 6) the mean score of the Mini-Mental State Examination (MMSE; Folstein,
Folstein, & McHugh, 1975), 7) the medication status of patients during the time of
neuropsychological examination, 8) the exclusion of patients with dementia in the PD group, 9)
the exclusion of patients with depression in the PD group.

When only a range for patients’ HY stages was provided (e.g., stage I — 1), we used the
mean between these stages (in this case, 1.5) as an estimate for the mean HY stage in the PD
group unless the provided range was too large (i.e., larger than three stages) to render meaningful
information. For studies reporting an HY stage range larger than three, we did not attempt to
estimate mean HY stage and these studies were excluded from the analysis of this moderator.
When studies provided HY or UPDRS values for both patients’ ON (i.e., with dopaminergic
medication) and OFF (i.e., without dopaminergic medication) state, we selected the measurement
that corresponded to the medication status in which patients were examined with the WCST.
With regard to the medication status, we distinguished between studies that included only
patients who were examined ON medication and studies that included only patients who were
examined OFF medication. Within the latter category, we additionally distinguished between
unmedicated patients who had never received dopaminergic medication (de novo) and patients
who had undergone a medication washout period prior to neuropsychological testing
(withdrawal). A relatively large number of samples included both medicated and unmedicated
patients (see Table 1) and these studies have been excluded from the analysis of this potential

moderator. With regard to the presence of dementia, we distinguished between studies that

12



275

276

277

2178

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

excluded patients with dementia and studies that did not exclude patients with dementia. A study
was coded as excluding patients with dementia when it explicitly mentioned that none of the
patients showed signs of dementia. In the large majority of these studies, it was not specified
which criterion had been used to exclude patients with dementia. Most of the studies that did
provide this information used an MMSE cut-off score of 24 to screen for dementia. To apply a
consistent criterion across all studies, we also coded studies as excluding patients with dementia
when no explicit exclusion statement was given, but when we could ascertain that all included
patients scored higher than 24 on the MMSE. We note, however, that an MMSE score of 24 or
lower is commonly considered to be neither necessary nor sufficient for a diagnosis of PDD
(Dubois et al., 2007; Emre et al., 2007). Furthermore, we applied a rather conservative criterion
to distinguish between studies that excluded depressed patients and studies that did not exclude
depressed patients. In order for a study to be coded as excluding depressed patients, the study was
required to (a) explicitly mention depression as an exclusion criterion and (b) report a smaller
than medium difference (d < 0.5) between patients with PD and healthy controls on a depression
rating scale. If patients’ performance on the WCST is found to be impaired in these studies, it is
rather unlikely that PD-related WCST impairment is secondary to depression. Originally, we
planned to also evaluate the moderating role of neurosurgical procedures on PD-related WCST
deficits. However, across all studies, only three studies (Ravizza & Ciranni, 2002; Smith &
MacDowall, 2006a,b) reported having included small numbers of patients with PD who had
undergone pallidal surgery (three patients in total) or deep-brain stimulation (one patient). We
thus refrained from including this sample characteristic in our moderator analysis.

As indicators of study quality, we used three measures that reflect how well patients with
PD and HCs had been matched. Specifically, we selected 1) the difference between the mean age

in the PD group and the mean age in the control group, 2) the difference between the proportion
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of female participants in the PD group and the proportion of female participants in the control
group, and 3) the difference between the mean MMSE score in the PD group and the mean
MMSE score in the control group.

We determined IRR for the extraction of moderator variables from the individual studies
according to the same procedure as described for the extraction of effect sizes (see above). Inter-
rater Pearson correlation coefficients were larger than .9 for seven of the nine continuous
variables, .78 for the proportion of female participants in the patient sample and .23 for the
gender proportion difference between the PD group and the HC group. The latter two values
resulted from an isolated coding error made during data extraction from a single study, which we
corrected before running the meta-analyses (corrected r = 1.00). IRR for the three categorical
variables (medication status, depression and dementia) was k = 1.00. To facilitate comparison
between predictors, all continuous variables were z-transformed before we conducted the
moderator analyses.

The relationship between these nine continuous and three categorical predictors and PD-
HC group differences in WCST categories and perseverations was examined using separate
weighted multiple regression analyses (Field & Gillett, 2010). In a subsequent step, we included
all significant predictors in the same meta-regression model to determine which, if any, variable
explains unique variance in the size of PD-related WCST performance deficits.

Note that we report results on an additional categorical moderator variable that might be
related to study quality. During the review process, we were alerted of the possibility that data
extracted from unpublished studies (which did not undergo peer-review) or from studies
published in a language other than English (which are more difficult to screen for the relevant
information) might be less reliable. As a consequence, we analyzed whether effect sizes and their

heterogeneity differed between those studies and studies published in English journals by adding
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“publication status” (0 = published and English, 1 = unpublished or non-English) to our
moderator analyses.
2.6 Publication Bias Analysis

We took a series of measures to prevent, assess, and adjust for the possible influence of
publication bias (i.e., the overrepresentation of studies showing statistically significant results due
to their selective publication in scientific journals). First, we did not limit our search of relevant
studies to the literature published in journals with peer-review, but also included theses and
dissertations that are indexed in Google Scholar. Second, we ran follow-up robustness analyses
including only non-significant effect sizes. By definition, it can be excluded that this sample of
non-significant effect sizes is affected by publication bias. Hence, when mean effect sizes for PD-
related WCST performance deficits are still significantly larger than zero in this subset of studies,
it can be excluded that the evidence for these deficits purely results from the selective publication
of significant results. Third, the Begg and Mazumdar’s rank correlation test was calculated as
implemented in the syntax by Field and Gillett (2010) to examine the relationship between effect
sizes and their standard errors. A positive correlation between these two variables would indicate
an overrepresentation of small studies with large effect sizes. Such a small-study effect can be the
result of publication bias and it would likely contribute to an overestimation of the true effect
size. In an attempt to adjust for possible relationships between sample size and effect size, we ran
weighted linear regression analyses with effect sizes as outcome variable, the inverse of sample
sizes as predictor variable, and sample sizes as weights (Peters, Sutton, Jones, Abrams, &
Rushton, 2006). The model’s intercept is interpreted as a tentative estimate of the effect size in a
perfectly precise (i.e., infinitely large) study. Finally, we used the weight functions proposed by
Vevea and Woods (2005) and implemented by Field and Gillett (2010) in SPSS and R to examine

the degree to which mean effect sizes change under different selection bias models. The four
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347  implemented models reflect the assumptions that 1) significant studies in reporting PD-related
348  WCST deficits have a moderately increased chance of being published (moderate one-tailed

349  selection), 2) significant studies in reporting PD-related WCST deficits have a severely increased
350 chance of being published (severe one-tailed selection), 3) significant studies in either direction
351  (PD-related WCST deficits or improvements) have a moderately increased chance of being

352  published (moderate two-tailed selection), and 4) significant studies in either direction (PD-

353 related WCST deficits or improvements) have a severely increased chance of being published
354  (severe two-tailed selection). The degree to which effect sizes differ between the results of our
355 random-effects meta-analyses and these selection-model analyses reflects the robustness of the
356  effect-size estimates against the assumption that they have been produced by publication bias

357  (Field & Gillett, 2010).

358 3 Results

359 3.1 WCST Deficits in Patients with PD

360 Patients with PD performed significantly worse than HC on all of the meta-analyzed
361  WCST measures (see Table 2). PD-related WCST performance deficits were medium-to-large in
362  size for most measures and ranged from d = 0.29 (failures to maintain set) to d = 0.78 (total
363  number of errors). Due to the large number of included studies, we were able to estimate effect
364  sizes with considerable precision as reflected in the narrow confidence intervals displayed in
365  Table 2. Being based on more than 140 samples and involving over 7500 participants, the

366  analyses of PD-related deficits on our two main outcome measures (categories, perseverations)
367  were particularly powerful. While patients with PD showed substantial impairment on both of
368  these measures, PD-related WCST deficits seem to be larger with regard to the number of

369  completed categories, d = 0.74, 95% CI [0.67, 0.82], than with regard to the number of
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committed perseverations, d = 0.57, 95% CI [0.49, 0.63]. Note that the Cls surrounding the two
effect sizes do not overlap, suggesting that the magnitude of PD-related WCST performance
deficits differs significantly across measures. To test this idea more directly, we conducted a
follow-up analysis involving those studies that allowed calculating effect sizes for both the
number of completed categories and the number of committed perseverations. For each of these k
= 118 samples, we calculated the difference between the two corresponding effect sizes (Ad). A
meta-analysis of effect-size differences revealed that PD-related deficits on the category measure
were indeed significantly larger than on the perseveration measure, Ad = 0.14, 95% CI [0.08,
0.20].
3.2 Publication Bias Analysis

Across all analyzed measures, the effect sizes extracted from individual studies were
positively associated with their standard errors as indicated by Begg and Mazumdar’s rank
correlation test. Correlations were small-to-medium in size and reached statistical significance for
five of the analyzed WCST variables (categories, perseverations, perseveration errors (n), non-
perseverative errors, total errors). These results suggest that the effect sizes from our random-
effects meta-analyses may be overestimated due to publication bias or another type of small-
sample bias in the analyzed set of studies. However, we ran a number of additional robustness
analyses suggesting that the influence of this kind of bias on our effect-size estimates is rather
small (Table 3). First, when we repeated our analyses including only the studies that reported a
non-significant difference between patients with PD and HC in their performance on the WCST,
average effect sizes remained significantly larger than zero in all but one case (failures to
maintain set). Second, when we regressed effect sizes on the inverse of the associated sample
sizes, the obtained corrected effect-size estimates (i.e., the intercepts in the regression model)

decreased only slightly in comparison to the effect-size estimates from our random-effects
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analysis and remained significantly larger than zero in all but three cases (trials to criterion,
failures to maintain set, global score). Third, application of the selection bias models proposed by
Vevea and Woods (2005) showed that effect-size estimates decrease only marginally, even if one
assumes a severe selection bias in favor of studies reporting significant results. Two results that
stood out in the latter analysis were the large negative estimates for group differences with regard
to failures to maintain set and conceptual level responses when severe one-tailed publication bias
was assumed. These implausible figures seem to be due to the presence of some instances of
small and non-significant performance improvements in patients with PD in the small set of
studies reporting these WCST measures. Removing these studies with negative effect sizes
renders the results of the selection model analysis for failures to maintain set and conceptual level
responses comparable to the results for other WCST variables.

In sum, for some of the analyzed WCST measures that have not been reported in a large
number of studies, our robustness analyses did not unequivocally support the presence of
significant deficits in patients with PD. In contrast, the available data revealed robust PD-related
deficits on more established WCST measures (e.g., categories, perseverations, total errors) that
are very unlikely to result from publication bias.

3.3 Heterogeneity and Moderator Analyses

Effect-size heterogeneity ranged from negligible (non-perseverative errors, trials to
criterion) to large (conceptual level responses) values, and was moderate (i.e., around 12 = 50%)
for most of the analyzed WCST measures. These results indicate that the size of PD-related
deficits on the WCST may vary as a function of sample characteristics or study quality. To
address this possibility, we conducted a series of moderator analyses using our two principal
WCST outcome measures (categories and perseverations). As can be seen from inspection of

Table 4, PD-related WCST deficits with regard to perseverations were not significantly
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moderated by sample characteristics (age, gender, disease duration, HY stage, UPDRS motor
score, MMSE score, dementia status, depression status, medication status) or by indicators of
matching quality (PD vs. HC differences in age, gender, and MMSE scores). Similarly, effect
sizes did not differ as a function of publication status. Unpublished studies or studies published in
a non-English language yielded effect sizes (categories: d = 0.70, 95% CI [0.47, 0.93], I?=
44.48%, perseverations: d = 0.49, 95% CI [0.22, 0.75], 1> = 34.82%) that were similar to those
reported in published English journal articles (categories: d = 0.75, 95% CI [0.67, 0.83], I2=
58.21%, perseverations: d = 0.57, 95% CI [0.50, 0.65], 1° = 52.21%).

In contrast, longer disease duration, 8 = .09, t(120) = 2.13, p = .036, and higher scores on
the UPDRS motor scale, 3 = .16, t(69) = 3.08, p = .003, predicted larger PD-related WCST
deficits on our second main outcome measure (i.e., the number of completed categories). Deficits
on the category measure also varied as a function of medication state, ¥*(2) = 8.24, p = .016 (see
Figure 3). Studies that exclusively included never medicated de novo patients found only small
differences between PD patients and HC, d = 0.35, 95% CI [0.20, 0.49], 1% = 8.05%. Deficits were
larger in patients who were tested on their usual dopaminergic medication, d = 0.76, 95% CI
[0.66, 0.86], 1> =56.81%, and largest in patients who were tested during withdrawal of their usual
medication, d = 1.13, 95% CI [0.60, 1.65], 1> = 62.85%. When the three significant predictors of
PD-related deficits in the number of completed WCST categories were entered simultaneously,
only the UPDRS score, 8 = .18, t(41) = 2.64, p =.012, but neither disease duration, § = -.02, t(41)
=-0.38, p =.708, nor medication status, ¥*(2) = 3.42, p = .181, emerged as a significant predictor.
To further characterize the relationship between motor impairment (as measured by the UPDRS)
and WCST performance deficits in patients with PD, we calculated effect sizes separately for the
four quartiles of studies distinguished according to the mean UPDRS score of the included

patients (Figure 4). As can be seen from Figure 4, effect sizes (d = 0.61, d = 0.53, d = 0.62) do
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not vary substantially across the first three UPDRS quartiles (with mean UPDRS scores of M =
12.63, M =17.12, M = 21.11). However, in contrast to these first three UPDRS quartiles, WCST
performance deficits in patients with PD were considerably increased (d = 1.09) in the set of
studies reporting average UPDRS scores in the highest quartile (M = 29.22). Of note, PD-related
WCST performance deficits were also substantial in the subset of studies excluding patients with
dementia (categories: k = 108, d = 0.70, 95% CI [0.61, 0.79], 1? = 56.27%, perseverations: k =
113, d = 0.55, 95% CI [0.47, 0.63], 1> = 3.27%) as well as in the small number of studies fulfilling
our conservative criteria for excluding patients with depression (categories: k =7, d =0.77, 95%
CI1[0.54, 1.01], 12 = 0%, perseverations: k = 7, d = 0.83, 95% CI [0.55, 1.11], 1= 26.67%).
4 Discussion

Our meta-analysis of WCST performance alterations in patients with PD revealed three
key findings. First, in contrast to healthy controls, patients with PD showed significant
impairment across all examined WCST measures. These deficits were medium-to-large in size
and remained robust even when we conservatively corrected for publication bias. Second, the
number of completed WCST categories was significantly more affected by PD-related changes
than WCST measures of perseveration. Third, WCST deficits were most pronounced in PD
patients that were tested after withdrawal from dopaminergic medication and in those samples
that were characterized by high disease duration and severe motor impairment. Among these
moderators, the degree of motor impairment (as measured by the UPDRS) seems to be the most
important predictor of WCST performance deficits in patients with PD.
4.1 The size and robustness of WCST deficits in patients with PD

Our observation of significant WCST performance deficits in patients with PD will not be
surprising to readers who are familiar with the literature on cognitive impairment in PD. WCST

deficits are routinely cited as part of a PD-related pattern of executive dysfunctions (Brown &
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Marsden, 1990; Dirnberger & Jahanshahi, 2013; Kehagia, Barker, & Robbins, 2010) and we are
not aware of any contemporary doubts about the impairment of WCST performance in PD.
However, our meta-analysis revealed novel insights into the size and robustness of these deficits.
Most notably, group differences between patients with PD and HC on measures of global WCST
performance (i.e., the number of completed categories, the number of total errors) were
associated with large effect sizes (d = 0.74 — d = 0.78), which are uncommon in the meta-analytic
WCST literature. Substantial WCST deficits have been observed in various neurological and
psychiatric disorders, including amyotrophic lateral sclerosis (ALS; Beeldman et al., 2016;
Lange, Vogts et al., 2016), primary dystonia (Lange, Seer, Salchow et al., 2016), Gilles de la
Tourette syndrome (Lange, Seer, Miller-Vahl, & Kopp, 2017), eating disorders (Roberts,
Tchanturia, Stahl, Southgate, & Treasure, 2007), attention deficit hyperactivity disorder (Romine
et al., 2004), depression (Snyder, 2013), and obsessive-compulsive disorder (Shin, Lee, Kim, &
Kwon, 2014). Across these conditions, disease-related WCST performance deficits are
remarkably similar and not larger than medium in size (typically around d = 0.5; Lange, Seer, &
Kopp, 2017). For example, a recent meta-analysis on WCST deficits in primary dystonia (Lange,
Seer, Salchow et al., 2016) reported an average effect size for the difference between patients and
HC in the number of completed categories of d = .41, 95% CI [0.18, 0.64]. Note that the
confidence interval around this effect size does not overlap with the corresponding interval from
our present analysis of WCST deficits in PD, d = 0.74, 95% CI [0.67, 0.82]. WCST performance
deficits on the category measure thus seem to be substantially larger in PD than in primary
dystonia. This finding suggests that WCST deficits in PD cannot entirely be attributed to disease-
unspecific factors (e.g., symptom-related distraction; Jahanshahi, Rowe, & Fuller, 2003) that are
common to all of the conditions listed above. We will return to this possibility when discussing

the moderating effect of motor impairment on WCST deficits in PD.
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490 In comparison to an earlier meta-analysis on WCST impairment in PD (Kudlicka et al.,
491  2011), our meta-analysis arrived at more precise effect-size estimates. For example, the 95%
492  confidence interval reported by Kudlicka and colleagues for the PD-related decrease in the

493  number of completed WCST categories ranged from d = 0.39 to d = 0.97 and was thus almost
494  four times wider than the interval determined in our analysis. Moreover, the large number of
495  studies included in our meta-analysis allowed for a powerful test of the possibility that reported
496  WCST deficits might be inflated by publication bias. Although we found evidence for subtle
497  small-study effects (i.e., statistical relationships between study precision and effect size),

498  corrections for these effects did not substantially alter our results. Deficits with regard to the
499  number of completed WCST categories, for example, remained larger than d = 0.6 even when
500 adjusted for the (most likely unrealistic) assumption that reports in the field have been produced
501 under severe one-sided publication bias. The limited influence of publication bias on our meta-
502 analysis may reflect a fortunate decoupling of WCST results and publication success across the
503 included studies. Many of the studies included in our analysis did not exclusively focus on the
504  WCST difference between patients with PD and HC. Authors of these studies administered the
505 WCST as a part of larger batteries of standardized neuropsychological tests or as a background
506  measure when mainly focusing on PD-related alterations in other domains. As a result, the

507 publication of these reports is rather unlikely to depend on statistically significant WCST

508 performance deficits between patients and controls. Our meta-analysis thus also illustrates how
509 the neuropsychological research culture of routinely reporting data from standardized tests can
510 lead to comparatively unbiased literatures and effect-size estimates.

511 To fully realize this potential, studies involving neuropsychological methodology would
512  benefit from a higher degree of standardization in the reporting of test results. Many studies in the

513 field provide only the names of the administered tests (sometimes without mentioning the test
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version and without citation) and do not specify the reported outcome variables (Miller,
Schoenberg, & Bilder, 2014). Similarly, it has been noted that for neuropsychological tests
involving multiple outcome measures many studies only report an arbitrary selection of outcomes
(Loring & Bowden, 2014). We observed both these phenomena when extracting data from
studies on WCST performance in patients with PD. To further increase the comparability of
neuropsychological studies and the precision of meta-analyses in the field, we would like to
encourage the implementation of reporting standards for the presentation of neuropsychological
test results. Every study administering the WCST should, for example, explicitly mention the
WCST version that was used and report means and standard deviations for all of the outcome
measures that can be obtained from this test version. If a study involves a more narrow focus on a
particular facet of WCST performance, this focus needs to be justified a priori and an unbiased
report of data for all available variables should be given in the supplementary materials.
4.2 Different facets of WCST performance in patients with PD

The factors that account for the small but significant difference in the size of PD-related
deficits on our two primary WCST measures (i.e., categories and perseverations) cannot be
identified with certainty. The difference might result from a statistical artefact (e.g., the category
measure might be subject to a ceiling effect that amplifies the group difference) or reflect that the
category measure is more sensitive to the type of WCST impairment characteristic for PD.
Results from our moderator analysis support the latter possibility as they illustrate that PD-related
deficits on the category measure, but not on the perseveration measure, vary as a function of the
duration and severity of PD. Importantly, the observed dissociation of WCST performance
measures suggests that WCST impairment in PD might not be primarily due to patients’
difficulties in the domain of cognitive flexibility. As a complex executive functioning task, the

WCST does not exclusively require cognitive flexibility, but also a diverse set of additional
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cognitive processes (Buchsbaum et al., 2005; Dehaene & Changeux, 1991; Lange, Seer, & Kopp,
2017; Ridderinkhof, Span, & van der Molen, 2002). Global measures of WCST performance
(such as the number of completed categories) reflect the interaction of these processes, while
more specific measures (such as the number of perseverations) have the potential to be more
process-pure indicators of specific cognitive abilities (e.g., cognitive flexibility). If PD-related
WCST impairment were mainly inflexible in nature, we would have expected large deficits on
the perseveration measure, which would be diluted (and hence, smaller) in the more global
category measure. The fact that we observed the opposite pattern suggests that WCST
performance deficits in PD might result from a change in a cognitive process that is more
relevant to the number of completed categories than to the number of committed perseverations.
Given the available data, this conclusion remains speculative and alternative explanations cannot
be excluded. For example, it is also possible that the differential sensitivity of WCST measures to
PD-related changes reflects differences in reliability between the measures (Bowden et al., 1998).
A more detailed analysis of WCST performance might allow identifying the cognitive
processes that give rise to the decreased number of completed WCST categories in patients with
PD. Given the results of our meta-analysis, it might be particularly promising to focus on
improving the decomposition of non-perseverative WCST errors (Barceld, 1999; Barcel6 &
Knight, 2002; Barcel6, Mufioz-Céspedes, Pozo, & Rubia, 2000; Lange, Kroger, et al. 2016;
Nyhus & Barcel6, 2009). The non-perseverative error score is an aggregate of all WCST errors
that are not perseverative errors. Among others, it confounds failures to maintain set, efficient
errors, and integration errors (Lange, Kroger, et al. 2016). In comparison to other WCST
measures, PD-related WCST deficits in the number of failures to maintain set seem to be rather
small (d = 0.29). Efficient errors occur when participants switch rules after negative feedback, but

do not directly identify the newly correct rule. They are necessary to respond flexibly to WCST
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task demands and, as a corollary, negatively correlated with the tendency to commit perseverative
errors (Godinez, Friedman, Rhee, Miyake, & Hewitt, 2012). Hence, the number of efficient errors
can be expected to be smaller rather than larger in patients with PD as compared to HC (i.e., the
effect size as scored in our meta-analysis should be d < 0). This implies that PD-related deficits
with regard to another non-perseverative error type need to be larger than d = 0.58 in order for the
PD-related deficit in the overall non-perseverative error score to reach the observed effect size of
d = 0.58. One possible candidate for a type of non-perseverative error that could be
disproportionally affected by PD is the so-called integration error (Lange, Kroger, et al. 2016).
An integration error is scored when, after an inevitable efficient error, participants fail to
integrate the available information to infer the correct new WCST rule. Integration errors are
thought to reflect deficient rule-inference processes and have been identified as the primary facet
of impairment on a computerized WCST version in older adults and patients with primary
dystonia (Lange, Seer, & Kopp, 2017). Separate scoring of integration errors in future studies can
reveal to which extent the PD-related increase in non-perseverative errors (and, hence, the
decrease in the number of completed WCST categories) is driven by impaired rule inference in
patients with PD.
4.3 Moderators of WCST performance deficits in patients with PD

Our moderator analyses helped to explain a considerable amount of variability in the size
of PD-related WCST deficits across studies. WCST performance deficits were significantly
enhanced by the withdrawal of dopaminergic medication and as a function of disease duration
and symptom severity. These findings are consistent with a link between progressing striatal
dopamine depletion and executive dysfunctions in PD (Cools, Barker, Sahakian, & Robbins,
2003; Leh, Petrides, & Strafella, 2010; MacDonald & Monchi, 2011; Robbins & Cools, 2014).

The degeneration of dopaminergic neurons in the substantia nigra pars compacta and the
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associated lack of dopamine in the dorsal striatum progress with disease duration (Kordower et
al., 2013) and executive functions that involve the dorsal striatum can be expected to follow this
trend. Striatal dopamine levels can partially be restored by dopamine replacement therapy, which
may relate to a corresponding improvement of executive functioning in PD. Note, however, that
the link between disease duration, dopaminergic medication, and WCST performance deficits
demonstrated in our meta-analysis does not necessarily imply that striatal dopamine plays a role
in the cognitive processes underlying WCST performance. Disease duration and withdrawal of
dopaminergic medication are also associated with exacerbated motor symptoms. The severity of
motor impairment emerged as an additional predictor in our moderator analysis and, in contrast to
disease duration and medication status, it was the only moderator that explained unique variance
in the size of WCST performance deficits. WCST impairment in patients with PD thus seems to
primarily vary as a function of motor impairment. Motor symptoms have been proposed to
constitute a distraction during neuropsychological testing, which can affect patients’ cognitive
performance (Jahanshahi et al., 2003, 2014). Rather than resulting entirely from underlying
neuropathological changes to dopaminergic systems, WCST performance deficits in PD may at
least partly be caused by symptom-related distraction. Similarly, the effects of disease duration
and medication status on WCST performance might be mediated through their influence on
patients’ motor symptoms. Future studies are needed to manipulate dopaminergic status while
carefully controlling the effects of symptom-related distraction to dissociate primary and
secondary contributions to WCST performance deficits in PD.

The presence of substantial WCST performance deficits in never-medicated de novo
patients with PD and in patients in the lowest UPDRS quartile further supports the generality of
this neuropsychological symptom in PD. Likewise, WCST performance was found to be

impaired in those studies that explicitly excluded patients with dementia or depression. Hence,
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impaired WCST performance in patients with PD seems to be a highly robust phenomenon that
can be observed across a large range of patient characteristics.
4.4 Future directions

Although our moderator analysis offered some tentative insights into the factors that
contribute to WCST performance deficits in PD, it does not allow drawing definitive inferences
with regard to mechanisms underlying this neuropsychological symptom. More studies relating
WCST performance in PD to neurophysiological data (Cropley et al., 2008; Gawrys et al., 2014;
Jubault, Monetta, Strafella, Lafontaine, & Monchi, 2009; Lange, Seer, Loens, et al., 2016;
Monchi et al., 2004; Monchi, Petrides, Mejia-Constain, & Strafella, 2007; Nagano-Saito et al.,
2014) are required to characterize the neural substrates of WCST impairment in PD. In addition,
studies evaluating the impact of deep-brain stimulation (e.g., Jahanshahi et al., 2000; Martinez-
Martinez, Aguilar, & Acevedo-Triana, 2017) or dopaminergic medication (e.g., Gotham, Brown,
& Marsden, 1988; Pascual-Sedano et al., 2008) might offer more direct evidence with regard to
causal relationships between neural changes and WCST deficits in patients with PD. Finally, it
would be desirable if more studies compared WCST performance in PD not only to HC but also
to a clinical control group (e.g., Cordato, Halliday, Caine, & Morris, 2006; Dujardin, Defebvre,
Krystkowiak, Degreef, & Destee, 2003; Puertas-Martin, et al., 2016). Demonstrating PD-related
WCST impairment in contrast to a group of patients with comparable motor symptoms would
support a link between the pathophysiology of PD and cognitive inflexibility that cannot be
attributed to disease-unspecific factors (e.g., symptom-related distraction; cf. Lange, Seer,
Dengler, Dressler, & Kopp, 2016).

5 Conclusion
PD is associated with robust performance deficits on the WCST. These deficits can also

be observed in non-demented, non-depressed, and never-medicated patients with PD, and they
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are linked to the severity of patients’ motor symptoms. Given the large number of studies
providing evidence in support of this change, altered WCST performance can be considered a

well-established neuropsychological symptom in patients with PD.
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Figure Captions
Figure 1. The first thirteen trials completed by a hypothetical examinee on the Modified
Wisconsin Card Sorting Test (M-WCST; Schretlen, 2010). On this version of the test, a category
is considered completed after six consecutive sorts according to the correct rule. In contrast, the
widely disseminated Wisconsin Card Sorting Test version by Heaton and colleagues (1993)
requires ten consecutive correct responses. Here, the hypothetical examinee needs eight trials to
complete the first category (trials to criterion = 8). Over the first thirteen trials, the examinee
commits five errors, with two of them being perseverative (i.e., repetitions of a rule that whose
application has resulted in negative feedback on the previous trial) and the other three being non-
perseverative errors. The individual also commits four perseverative responses (i.e., sorts
according to the previously correct rule). Note that the number of perseverative responses and the
number of trials to reach the first criterion are not scored within the M-WCST, but within the
Heaton et al. version of the test. The same applies to the percentage of conceptual level responses
(i.e., consecutive correct responses occurring in runs of three) and the number of failures to
maintain set (i.e., errors that are made after five consecutive correct responses but before the

category is completed). C = color, S = shape, N = number.

Figure 2. Flow chart depicting the selection of articles for our meta-analysis.

Figure 3. Mean effect sizes for the difference in the number of WCST categories completed by
patients with Parkinson’s disease and healthy control participants as a function of disease
duration, patients’ scores on the motor scale of the Unified Parkinson's Disease Rating Scale
(UPDRYS), and patients’ medication status. The vertical line reflects the mean effect size from our

random-effects meta-analyses (d = 0.74) for comparison.
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Figure 4. Mean effect sizes for the difference in the number of WCST categories completed by
patients with Parkinson’s disease and healthy control participants as a function of patients’ scores
on the motor scale of the Unified Parkinson's Disease Rating Scale (UPDRS). Within each
quartile, studies are listed in ascending order according to their sample sizes. The area of the

circles is proportional to the studies’ sample sizes.
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Table 1.

Overview of the studies included in the meta-analysis of Wisconsin Card Sorting Test (WCST) performance in patients with Parkinson’s Disease

selected
Study Neo Nuc age  %F  Agge Awr dur  HY UPDRS MMSE Amwmse med dem dep Dcategories Dselected pers. measure measure of
perseveration
Abo-El-Naga M .
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Alewriadouet 57 o7 651 378 19 244 1104 26 167 - - ON E NE 034[-012,080] 051[0.04, 097 erseveratve
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Alonso Recio et
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éz()%';‘;‘eta" 69 37 689 380 08 -21.0 684 - . 284 06 ON E NE 065[0.24, 1.06]
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Demented
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al. (2001) - 6 16 683 333 167 162 2.0 17,5 - E NE 0 [-0.94, 0.94] 0[-0.94, 0.94]
Early PD 0.3 (DN) errors (n)
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-10.0

32.9

18.9

17.0

20.5

69.5

73.6

120.0

64.8

121.2

53.0

104.4

46.8

43.2

88.5

935

111.6

0.0

0.0

85.7

69.6

1.6

2.0

2.0

1.8

1.9

2.6

2.0

25

2.2

24

2.3

2.0

11.8

27.2

31.2

24.3

23.8

17.7

67

29.3

29.1

27.8

28.8

28.4

28.9

29.1

28.7

29.0

28.8

0.0

0.6

(OFF)

M (U)

ON

ON
ON
(ON)
OFF

ON

ON

ON

(ON)
ON

ON

OFF
(DN)

(OFF)
ON

ON

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

1.01[0.22, 1.78]

0.45 [-0.17, 1.06]

0.67 [0.03, 1.30]

0.28 [-0.44, 1.00]

0.43 [-0.14, 1.00]

1.17 [0.41, 1.90]

0.79 [0.04, 1.53]

0.34 [-0.07, 0.76]

0.55 [-0.04, 1.14]

0.89 [0.11, 1.65]

-0.38 [-1.08, 0.32]

0.65 [0.01, 1.28]
0.43[-0.12, 0.98]

0.09 [-0.63, 0.81]

0.79[0.07, 1.51]
0.89 [0.16, 1.61]
0.25 [-0.47, 0.97]
-0.09 [-0.55, 0.37]
0.27 [-0.14, 0.69]
0.38[-0.22, 0.98]

-0.05 [-0.63, 0.53]

Perseverative
errors

Perseverative
errors

Perseverative
errors (%)
Perseverative
errors
Perseverative
errors (n)

Perseverative
errors (%)
Perseverative
errors
Perseverative
errors (%)

Persevere

Perseverative
errors

Perseverations

Perseverative
errors



Fama et al.
(2000)
Farina et al.
(2000)
Filoteo et al.
(2005)
Flensborg

Damholdt et al.

(2012)
Fonoff et al.
(2015)
Galtier et al.
(2014)

Gasparini et al.

(2001)
Gauggel et al.
(2004)
Gawrys et al.
(2008)
Gawrys et al.
(2014)
Gnanalingham
etal. (1997)
Gotham et al.
(1988)
Graham et al.
(2000)

Hanby et al.
(2014)
Hawkins et al.
(2012)
Hocherman et
al. (2004)
Hozumi et al.
(2000)

lijima et al.
(2000)
Inzelberg et al.
(2001)

20

20

19

71

28

43

15

31

19

30

12

15

21

61

72

19

15

20

38

18

19

30

28

20

15

28

21

18

21

16

13

19

24

21

13

25

63.1

57.9

67.4

69.4

59.3

59.2

66.6

57.8

57.0

56.0

72.6

64.4

61.4

67.3

63.8

64.2

65.4

63.1

74.0

35.0

57.9

42.9

44.2

46.7

46.9

56.7

33.0

25.0

48.0

24.6

35.0

26.3

53.3

55.0

375

2.2
1.3

0.6
13
0.0
17
1.0

11

1.3

1.1
0.7
0.8
2.6

1.5

0.7
6.5
0.8

2.6
1.0

12.2

-10.8

-31.3

2.0

-28.0

-23.0

-26.1

7.7

-12.5

70.8

28.0

91.2

84.8

159.6

99.6

86.4

108.2

53.4

81.0

110.4

118.8

133.2

101.5

50.4

36.0

67.2

58.8

76.5

1.5

1.7

2.8

2.3

2.5

2.6

1.9

2.0

24

1.8

15

2.1

2.2

2.5

9.1

16.2

28.5

30.0

18.7

68

27.4

27.8

27.7

28.4

27.6

29.2

28.9

24.1

28.1

-1.6

-1.3

-1.4

0.2

ON
M (B)

ON

ON

ON

OFF
ON

ON

(ON)

(ON)
M (B)

ON
ON
ON
(ON)
ON
ON

OFF

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

0.80 [0.23, 1.36]
1.04[0.35, 1.71]

-0.17 [-0.69, 0.36]

1.09 [0.63, 1.54]

0.34 [-0.19, 0.86]
0.88[0.32, 1.43]

1.58 [0.74, 2.40]

0.65 [0.01, 1.28]
153 [0.86, 2.18]
0.35 [-0.37, 1.06]

0.93[0.18, 1.67]

0.55 [-0.08, 1.18]
1.98 [1.05, 2.88]
0 [-0.59, 0.59]

1.48 [0.25, 2.67]

0.48 [-0.07, 1.03]
1.03[0.34, 1.70]

-0.19 [-0.83, 0.45]

0.78 [0.34, 1.22]

0.68 [0.14, 1.22]

1.82[0.95, 2.67]
0.57 [0.04, 1.09]
0.95 [0.29, 1.60]
1.25[0.61, 1.89]
0.68 [-0.06, 1.40]

0.86 [0.11, 1.59]

0.77[0.24, 1.29]
0.71[0.23, 1.18]
0.75[0.10, 1.39]
1.99 [1.06, 2.90]
0.07 [-0.52, 0.65]

1.21[-0.02, 2.38]

Perseverative
responses
Perseverative
errors
Perseverative
errors

Perseverative
errors

Perseverative
errors

Perseverative
errors
Perseverative
errors (%)
Perseverative
errors

Perseverations

Perseverative
errors
Perseverative
errors

Perseverative
errors

Perseverations

Perseverative
errors
Perseverative
errors
Perseverative
errors
Perseverative
errors (%)



Ito & Kitagawa
(2006)
Jahanshabhi et
al. (2002)
Katai et al.
(2003)
Katsarou et al.
(2004)
Kaufman et al.
(2016)
Krishna et al.
(2014)
Labudda et al.
(2010)

Lange et al.
(2016)

Lees & Smith
(1983)

Leroi et al.
(2012)

Leroi et al.
(2013)

Levin et al.
(1989)
Liozidou et al.
(2012)
Lohmann et al.
(2009)
Marklund et al.
(2009)
McDowd et al.
(2011)
Mignard et al.
(2001)
Mimura et al.
(2006)

Mioni et al.
(2016)

Mohr et al.
(1990)

13

20

45

14

76

10

32

30

102

90

41

73

40*

18

29

22

18

25

10

12

20

40

12

43

12

35

30

33

20

41

48

10

30

22

20

17

10

62.9

57.0

64.6

59.3

63.3

66.3

57.6

62.6

58.9

63.1

61.1

63.4

61.2

47.8

65.1

71.9

63.0

68.9

70.7

53.0

52.9

23.1

65.0

311

21.0

30.3

20.0

34.4

36.7

28.7

27.5

34.1

38.4

295

50.0

27.3

72.2

56.0

20.0

3.0
1.9

1.5

1.6

0.6

4.7
0.4

5.0

3.2

1.6

0.1

4.0

0.1

5.0

2.4

0.0

-51.9

0.0

3.6

-21.0

-30.0

-22.7

-26.1

-10.0

8.9

0.0

73.2

174.0

66.0

73.2

121.2

102.4

84.8

93.6

28.8

95.2

97.1

22.8

124.8

180.0

96.0

2.1

2.9

2.2

2.5

24

2.6

3.0

2.0

1.8

2.2

2.3

1.9

2.0

14

2.2

24

25

2.9

42.1

27.3

25.4

21.4

19.7

28.1

28.1

11.4

215

16.8

13.1

69

28.6

28.0

29.2

27.6

28.4

27.9

27.8

28.5

ON
OFF
(ON)
ON
ON
ON
ON

M (B)

OFF
(DN)

ON
ON
(ON)
ON

ON

OFF
(DN)

ON

ON

(ON)

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

1.75[0.69, 2.77]
0.77 [-0.05, 1.58]
0.75 [0.10, 1.38]
0.35[-0.08, 0.78]

1.37 [0.49, 2.21]

0.35 [-0.50, 1.19]
0.68 [0.18, 1.17]

0.55 [0.03, 1.06]

0.37 [-0.07, 0.81]
2.13[1.68, 2.59]
1.58 [0.75, 2.40]

0.56 [-0.24, 1.34]

0.59 [-0.02, 1.19]
0.96 [0.28, 1.63]
0.79[0.14, 1.42]

0.27 [-0.61, 1.15]

1.91[0.83, 2.96]

0.62[-0.19, 1.42]

0.29 [-0.33, 0.91]

0.44[0.01, 0.87]

1.15[0.30, 1.97]

-0.05 [-0.89, 0.79]

0.84 [0.34, 1.34]

0.78 [0.25, 1.30]

0.39 [-0.10, 0.87]

0.55[0.11, 0.99]

1.53[1.12, 1.94]

0.53 [-0.24, 1.30]

0.50 [-0.29, 1.28]

0.67[0.14, 1.19]

0.49 [-0.16, 1.13]

0.740.10, 1.38]

0.32 [-0.57, 1.19]

Perseverative
errors
Perseverative
errors
Perseverative
errors
Perseverative
errors
Perseverative
responses

Perseverations

Perseverative
errors
Perseverative
errors

Perseverative
errors
Perseverative
responses
Perseverative
errors

Perseverations

Perseverative
errors
Perseverative
errors

Perseverative
errors
Perseverative
errors
Perseverative
responses



Mollion et al.
(2003)

Moro dos
Santos et al.
(2010)

Miiller et al.
(2000)

Mufiiz Casado
& Osuna
Benavides
(2007)

Miinte et al.
(2015)
Muslimovic et
al. (2007)
Nichelli et al.
(1994)
Nojszewska et
al. (2009)
Osternack Pinto
(2005) - High
H&Y
Osternack Pinto
(2005) - Low
H&Y

Paolo et al.
(1995)
Passamonti et
al. (2013)
Pavlova et al.
(2014)

Pell & Leonard
(2003)
Pellicano et al.
(2012)
Pellicano et al.
(2015)

Perfetti et al.
(2010)

18

21

20

18

12

95

18

46

17

19

181

16

46

21

13

84

25

22

20

18

12

44

14

14

18

18

187

13

20

21

13

84

24

57.6

74.0

55.3

71.7

66.5

64.9

58.6

65.6

64.0

67.4

68.9

59.6

69.6

61.7

58.8

63.3

69.8

33.3

57.1

65.0

58.3

38.9

37.0

70.0

60.0

34.8

250

30.4

47.6

31.0

38.1

48.0

1.8

0.8

2.0

0.8
0.6
0.1
0.2

15
0.2

-24.0

0.0

60.0

50.0

-28.3

-16.7

0.4

0.0

0.0

-22.8

96.0

84.0

425

124.8

37.2

93.6

178.8

109.2

67.1

36.7

70.7

46.8

51.6

12.0

2.0

1.5

2.3

1.8

1.9

3.0

2.5

3.2

2.3

1.8

2.0

1.9

1.6

2.2

16.0

22.3

18.2

21.5

31.9

14.5

18.5

151

19.9

70

29.3

25.8

27.9

26.7

28.4

28.6

27.0

0.1

-1.1

-0.6

ON

ON

M (B)

ON

ON

(ON)
(ON)
ON

ON

ON

OFF

M (U)

(ON)
ON

OFF
(DN)

ON

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

1.06 [0.20, 1.90]

0.05 [-0.55, 0.65]

0.63 [-0.01, 1.26]

1.48 [0.73, 2.21]

0.27 [-0.53, 1.08]
0.53[0.17, 0.89]

0.44 [0.27, 1.14]

1.30 [0.56, 2.02]

0.74[0.07, 1.41]

0.86 [0.65, 1.08]

2.65 [1.95, 3.34]

0.38 [-0.23, 0.99]

0.36 [0.06, 0.67]

1.08[0.21, 1.92]

-0.26 [-0.85, 0.35]

1.10[0.42, 1.76]

1.66 [0.89, 2.41]

0.63 [0.27, 1.00]

0.58 [-0.03, 1.19]

0.42 [-0.26, 1.08]

0.65 [-0.02, 1.31]

0.65 [0.44, 0.86]

0.12[-0.61, 0.85]

0.46 [-0.15, 1.07]

-0.12 [-0.89, 0.65]

0.45 [0.14, 0.76]

0.94 [0.34, 1.53]

Perseverative
errors (%)

Perseverative
errors

Perseverations

Perseverative
errors

Perseverations

Perseverative
errors (n)

Perseverative
responses

Perseverative
responses

Perseverative
errors
Perseverative
errors

Perseverative
errors (%)
Perseverative
errors
Perseverative
errors
Perseverative
responses



Péron et al.
(2010a)

Péron et al.
(2010b)

Péron et al.
(2010c)

Péron et al.
(2014) -
Advanced PD
Péron et al.
(2014) - Early
PD

Perretta et al.
(2005) - High
H&Y

Perretta et al.
(2005) - Low
H&Y

Petrova et al.
(2010)
Petrova et al.
(2012) - Mild
dementia
Petrova et al.
(2012) - Very
mild dementia
Pillon et al.
(1996)
Pirogovsky-
Turk et al.
(2017)

Poletti et al.
(2012)

Possin (2007) -
Experimentl
Possin (2007) -
Experiment2
Possin (2007) -
Experiment3

44

21

13

15

15

16

14

23

22

36

20

68

126

18

17

15

30

21

13

15

15

17

17

25

26

26

14

30

100

15

12

10

61.4

59.5

53.3

59.5

60.3

.

72.4

67.9

73.1

69.8

62.4

67.0

66.6

67.4

67.0

69.5

43.2

52.4

38.5

66.7

66.7

50.0

43.8

35.3

37.3

44.4

38.9

40.0

24

1.3

3.6

4.4

5.1

0.5

4.4

11

0.2
0.1

2.4
2.8

0.0

0.0

0.0

0.0

7.9

1.7

-21.4

-15.7

0.0

-11.1

139.2

132.0

126.0

133.2

33.6

75.6

103.2

98.4

97.2

73.2

166.8

73.2

64.8

73.2

13

1.3

1.2

13

0.6

3.3

21

2.3

2.7

2.6

2.5

2.0

2.0

2.1

2.2

11.2

9.5

8.8

27.2

11.3

21.2

29.3

30.5

18.1

23.9

16.9

21.5

23.9

21.7

71

28.1

29.0

28.2

21.9

26.4

28.9

27.5

-6.6

-2.1

ON
ON

ON

ON

ON

ON

ON

ON

ON

OFF
(DN)

ON
ON

ON

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

0.94[0.12, 1.75]
0.64 [0.16, 1.11]

0.69 [0.06, 1.31]

0.28 [-0.44, 1.00]

0.37 [-0.35, 1.09]

1.17 [0.42, 1.90]

0.60 [-0.13, 1.32]

0.84 [0.24, 1.42]

0.98[0.37, 1.57]

0.62 [0.10, 1.13]

0.56 [-0.14, 1.25]

0.15[-0.11, 0.42]
0.17 [-0.52, 0.85]
-0.13 [-0.93, 0.67]

0.41[-0.40, 1.22]

0.69 [-0.11, 1.47]
0.93 [0.44, 1.42]

0.50 [-0.12, 1.11]

0.49 [-0.24, 1.22]

0.50 [-0.23, 1.22]

0.34 [-0.35, 1.02]

0.10 [-0.61, 0.80]

0.88[0.28, 1.47]

1.04 [0.30, 1.76]

0.07 [-0.36, 0.50]

0.09 [-0.17, 0.36]
-0.01 [-0.25, 0.25]
-0.25 [-0.99, 0.49]

0.61[-0.21, 1.43]

Perseverative
errors (n)

Perseverations
Perseverations

Perseverative
errors (n)

Perseverative
errors (n)

Perseverative
errors (%)

Perseverative
errors (%)

Perseverations

Perseverations

Perseverative
responses

Perseverative
errors
Perseverative
responses
Perseverative
responses
Perseverative
responses



Pozzi et al.
(1994) -
Demented
Pozzi et al.
(1994) — Non-
demented

Price (2005)
Price (2006)

Price (2010)

Price & Shin
(2009)
Puertas-Martin
et al. (2016)
Ravizza &
Ciranni (2002)
Roca et al.
(2012)

Rosen et al.
(2013)

Rosen et al.
(2015)
Rouillard et al.
(2017)

Sagar et al.
(1991)
Sanchez et al.
(2002)
Schmidt (2013)
Smith &
McDowall
(2006a)

Smith &
McDowall
(2006b)

Smith &
McDowall
(2011)

13

34

17

16

15

22

32

32

19

20

49

56

33

31

18

16

10

10

18

17

12

10

32

13

22

20

23

47

32

46
32

28

22

18

70.4

63.5

66.8

66.4

67.7

71.7

67.7

68.0

62.3

65.2

67.5

66.3

60.1

69.7
64.5

63.0

58.1

62.7

31.0

62.0

59.0

62.5

33.3

36.1

40.6

63.2

30.0

44.9

48.2

48.5
38.7

29.0

33.3

26.7

11

5.8

1.4

0.0

3.5

1.2

0.2

0.0

3.0

3.1

0.8

24

1.6

0.8
1.6

0.1

1.7

-19.0

12.0

3.7

0.0

-23.9

-1.8

-10.2
-20.7

1320

-12.2

-12.2

57.6

64.8

98.4

98.4

77.6

79.1

76.8

153.6

17.6

69.5

100.8

76.0

13.2

28.7
70.8

81.5

81.8

63.7

2.3

1.9

1.8

2.5

2.6

15

2.5

25

1.6

2.0
2.1

2.3

2.3

2.2

12.6

14.9

18.0

72

19.6

27.5

28.0

28.4

28.6

28.6

28.8

27.8

28.7

28.8

28.9

28.8

0.0

ON

ON

ON
ON
ON
ON
ON
ON
M (B)
ON

ON

(ON)
OFF
(DN)

ON

(ON)

ON

ON

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE

NE
NE

NE

NE

NE

0.23 [-0.52, 0.98]

0.94 [0.03, 1.83]

0.77[0.21, 1.33]

0.34 [-0.09, 0.78]

1.38 [0.88, 1.88]
0.76 [0.32, 1.20]

0.29 [-0.22, 0.80]

-0.02 [-0.53, 0.49]

-0.01 [-0.54, 0.53]

1.25[0.51, 1.97]
1.02 [0.28, 1.74]
0.28 [-0.49, 1.04]
0.71[-0.06, 1.47]

0.12[-0.37, 0.61]

1.68 [0.94, 2.41]
0.23[-0.17, 0.63]

-0.20 [-0.63, 0.24]

0.63[0.20, 1.07]

0.44 [-0.08, 0.96]

-0.37 [-1.00, 0.26]
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Woods & Perseverative

Tréster|(2003) 3 18 695 330 08 00 710 21 - - - ON E NE 048[-0.10,1.05] 0.92[0.33,1.51] rore

Yuetal.,, - Perseverative

(2010) 55 30 625 327 ,; -206 434 15 167 283  -01 - E NE 0.54[0.09,0.99] 0.20 [-0.25, 0.64] rors

é‘(‘)g:)' 94 84 616 372 06 -68 484 15 - - - - NE NE 0.76[0.46,1.07]  0.47[0.17, 0.76] Perse"egf::)‘g

é‘ég;‘; 39 40 627 359 08 -141 516 16 189 279 00 ON E NE 030[-0.15074] 0.06[-0.38,0.50] Perseveg?:gﬁ

Zeng etal. 18 16 639 333 27 -105 547 17 . 287 02 ON E NE 137[061,212] 146[069 221] @ crseverative

(2002) errors
Nepo  Nhc age %F Aage A dur HY UPDRS MMSE Awmwmse

Mean 30 24 640 418 05 7.0 760 21 204 280 -09

Standard 24 20 50 129 22 143 390 05 6.8 14 13

deviation

% reported 100 100 100 84 96 8. 8 79 50 50 48 93 100 100 80 79 79

Note. The column “Selected measure of perseveration” displays the description of the selected perseveration measures as used by the authors of the original paper. age = mean
age of participants in the patient group in years, %F = proportion of female participants in the patient group, A = Difference patients - controls, dur = disease duration in the
patient group, HY = Hoehn & Yahr-stage in the patient group, UPDRS = mean score on the motor scale of the Unified Parkinson's Disease Rating Scale in the patient group,
MMSE = mean score of the Mini-Mental State Examination in the patient group, med = medication status in the patient group (OFF (DN) = OFF (de novo), OFF (DW) = OFF
(dopamine withdrawal), OFF (M) = OFF (mixed = de novo and withdrawal), M (ON) = Mixed (Majority ON), M (OFF) = Mixed (Majority OFF), M (U) = Mixed (Unknown),
M (B) = Mixed (Balanced), dem = dementia status of the patient group: E = Excluded, NE = Not Excluded, dep = depression status of the patient group: E = Excluded, NE =
Not Excluded “-““= data not available, *sample size differs across different WCST measures (categories: n = 40, perseverations: n = 39)
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Table 2.

Results of the meta-analyses comparing WCST performance between patients with Parkinson’s disease and healthy control participants

Failures

. . Perseverative Perseverative Perseverative Non- . Total Trials to to Conceptual Global
Categories Perseverations perseverative Lo o Level
errors (n) errors (%) responses Errors criterion maintain score
errors set responses
Number of
samples 144 143 85 22 29 31 60 18 27 13 13
(k)
Significant 54 46.85 45.88 50.00 48.28 58.06 63.33 22.22 25.93 53.85 61.54
effects (%)
Total Nep 4166 4324 2651 513 995 1261 1668 714 786 634 449
Total Nuc 3561 3417 2146 430 800 956 1399 594 704 475 239
Average
effect size 0.74 0.57 0.56 0.60 0.59 0.58 0.78 0.38 0.29 0.68 0.77
Cohen’s d
[0.67, [0.65, [0.25, [0.13, [0.37, [0.54,
(0)
[95% CI] 0.82] [0.50, 0.64] [0.46, 0.65] [0.41, 0.79] [0.47,0.71] [0.48, 0.67] 0.01] 0.51] 0.45] 0.99] 1.01]
Q 331.55* 290.67* 182.03* 38.87* 39.45 33.00 159.70* 20.57 52.07* 59.94* 21.56*
|12 56.27 51.15 53.85 45.97 23.94 3.04 63.06 7.62 50.07 76.64 44.34

1341  Note. *p = .05.

75



Table 3.

Assessment of the potential impact of publication bias in our meta-analysis on PD-related WCST performance deficits

Failures

. . Perseverative Perseverative Perseverative Non- . Total Trialsto to Conceptual Global
Categories Perseverations perseverative o . Level
errors (n) errors (%) responses Errors criterion maintain score
errors set responses

drandom-
effects meta- 0.74 0.57 0.56 0.60 0.59 0.58 0.78 0.38 0.29 0.68 0.77
analysis
[95% CIT 1067 [0.65, [0.25 [0.13 [0.54
random—effe-cts 0.82] [0.50, 0.64] [0.46, 0.65] [0.41,0.79] [0.47,0.71] [0.48, 0.67] 091] 051] 0.45] [0.37,0.99] 1.01]
meta-analysis
dnon-
significant 0.34 0.25 0.25 0.46 0.32 0.38 0.36 0.25 0.11 0.24 0.71
studies
[95%
Cl]non- [0.26, [0.23, [0.12, [0.00, [0.39,
anfcant 0.42] [0.18, 0.38] [0.16, 0.33] [0.20, 0.71] [0.17,0.47] [0.21, 0.54] 049] 038] 0.23] [0.02, 0.50] 103
studies
TBegg &
regression 0.69 0.49 0.46 0.46 0.52 0.40 0.73 0.14 0.19 0.80 0.35
[95% [0.54, [0.42, [-0.07, [-0.10, [-0.09,
Cllregression 0.84] [0.36, 0.63] [0.32, 0.65] [0.04, 0.95] [0.30, 0.74] [0.25, 0.56] 1.05] 0.35] 0.49] [0.25, 1.35] 0.81]
Omoderate one- 0.68 0.50 0.49 0.53 0.55 0.55 0.71 0.34 0.21 0.58 0.69
tailed selection
Gsevere one- 0.61 0.39 0.37 0.43 0.51 0.52 0.62 0.28 -1.07 -1.24 0.67
tailed selection
Omoderate two- 0.70 0.53 0.52 0.56 0.56 0.55 0.74 0.35 0.27 0.63 0.70
tailed selection
Gsevere two- 0.64 0.47 0.47 0.49 0.52 0.52 0.70 0.30 0.24 0.56 0.69

tailed selection
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1342
1343
1344
1345

Note. The first two rows present the results from our random-effects meta-analysis for comparison. The following two rows display the effect sizes and their
confidence intervals (Cls) for those studies that reported non-significant results. Begg and Mazumar’s rank correlation coefficient (tgegg & Mazumar) describes the
association between effect sizes and their standard errors across all included samples. dregression IS the intersect of the weighted linear regression model predicting
effect sizes from the inverse of sample sizes. The final four rows display the results of the four selection bias models proposed by Vevea and Woods (2005).
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1346

Table 4.
Results of the meta-regression analyses conducted to examine the role of potential moderators of PD-related WCST performance deficits

Categories Perseverations

Continuous moderators B 95% Cl df t p B 95% ClI df t p
Age .02 [-.07,.10] 141 0.38 .708 -.01 [-.08, .07] 140 -0.19 .846
Percent female patients -.03 [-.12, .06] 120 -0.65 514 .01 [-.07, .09] 124 0.23 .816
Disease duration .09* [.01,.17] 124 2.13 .036 .07 [-.01, .14] 126 1.68 .092
Hoehn & Yahr .07 [-.02, .16] 112 1.58 118 .05 [-.04, .13] 114 1.10 275
UPDRS motor score 16* [.06, .27] 69 3.08 .003 .03 [-.06, .12] 71 0.62 537
MMSE .02 [-.07,.11] 69 0.46 .646 -.04 [-.14, .06] 71 -0.81 420
PD-HC difference age .06 [-.02, .14] 135 1.46 146 .04 [-.04, .11] 134 0.89 377
fe%;(fpd{;:iecriggﬁspeme”t .02 [11,.07] 115 0.39 699 .03 [10,.05] 119 0.69 493
PD-HC difference MMSE -.05 [-.14, .04] 68 -1.10 274 -.06 [-.18, .07] 68 -0.93 .354

Categorical moderators i df i df p
Dementia status 3.28 1 .070 1.29 1 .255
Depression status 0.05 1 .820 2.69 1 101
Medication status 8.24* 2 016 4.74 2 .094
Publication status 0.15 1 701 0.39 1 532

Note:

*p < .05,
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