
Cognitive persistence: Development and validation of a novel 
measure from the Wisconsin Card Sorting Test

Susan Teubner-Rhodes*, Kenneth I. Vaden Jr., Judy R. Dubno, and Mark A. Eckert**

Dept. of Otolaryngology-Head & Neck Surgery, Medical University of South Carolina, 135 
Rutledge Ave MSC550, Charleston, SC 29425

Abstract

The Wisconsin Card Sorting Test (WCST) has long been used as a neuropsychological assessment 

of executive function abilities, in particular, cognitive flexibility or “set-shifting.” Recent advances 

in scoring the task have helped to isolate specific WCST performance metrics that index set-

shifting abilities and have improved our understanding of how prefrontal and parietal cortex 

contribute to set-shifting. We present evidence that the ability to overcome task difficulty to 

achieve a goal, or “cognitive persistence,” is another important prefrontal function that is 

characterized by the WCST and that can be differentiated from efficient set-shifting. This novel 

measure of cognitive persistence was developed using the WCST-64 in an adult lifespan sample of 

230 participants. The measure was validated using individual variation in cingulo-opercular cortex 

function in a sub-sample of older adults who had completed a challenging speech recognition in 

noise fMRI task. Specifically, older adults with higher cognitive persistence were more likely to 

demonstrate word recognition benefit from cingulo-opercular activity. The WCST-derived 

cognitive persistence measure can be used to disentangle neural processes involved in set-shifting 

from those involved in persistence.
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1. Introduction

Psychologists have long recognized that achievement on goal-directed tasks emerges not 

only as a result of cognitive or intellectual ability, but also from the motivation, drive, or will 

to succeed (Wechsler, 1950). Thus, “persistence”—applying effort to overcome a mental 

challenge—is thought to be an essential component underlying performance on cognitive 

tasks. However, the contribution of persistence to inter-individual variability in performance 

on mentally-demanding tasks is often neglected. This may be due, in part, to the paucity of 
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neuropsychological assessments that disentangle the effects of persistence and cognitive 

ability on performance.

Existing measures of persistence and related motivational factors typically take the form of 

subjective self-report or observer-report surveys that may be biased by prior knowledge of 

achievement (Choi, Mogami, & Medalia, 2010; Cloninger, Przybeck, Svrakic, & Wetzel, 

1994; Doherty-Bigara & Gilmore, 2016; Onatsu-Arvilommi & Nurmi, 2000; Pintrich, 

Smith, Garcia, & McKeachie, 1991, 1993; Steinberg et al., 2007) and are often domain-

specific (e.g., academic achievement; Onatsu-Arvilommi & Nurmi, 2000; Pintrich et al., 

1991, 1993; Zhang, Nurmi, Kiuru, Lerkkanen, & Aunola, 2011). Of the few behavioral 

measures of persistence, most examine time spent on challenging tasks before deciding to 

quit (for review, see Leyro, Zvolensky, & Bernstein, 2010). While persistent individuals may 

be likely to engage effort in task performance for longer periods, the reverse does not follow, 

as higher ability levels may also increase how long individuals choose to work on a task. 

The goal of the current study was to establish a behavioral measure of persistence that was 

independent of task ability and reflected the application of effort to overcome performance 

difficulty, using the Wisconsin Card Sorting Task (WCST).

The WCST is a commonly used neuropsychological assessment that was developed to 

characterize frontal lobe function (Drewe, 1974; Milner, 1963; Nelson, 1976). The standard 

version of the task (Grant & Berg, 1948; Heaton, 1981; Kongs, Thompson, Iverson, & 

Heaton, 2000; Milner, 1963) involves matching a target card to one of four sample cards that 

vary in color, shape, and number, without knowing a priori how to match the cards. 

Participants learn the sorting rule (color, shape, or number) through trial-and-error from 

feedback on each trial, and the rule is changed after 10 consecutive correct responses.

The traditional index of frontal lobe function on the WCST is perseverative errors, that is, 

the number of errors made because participants sorted a card based on the previously 

reinforced rule instead of the current rule. The prefrontal cortex is thought to be essential for 

flexible rule switching, or “set-shifting”, because patients with lateral and/or dorsomedial 

prefrontal lesions exhibit more perseverative errors on the WCST than healthy controls or 

patients with non-frontal damage (Barceló & Knight, 2002; Drewe, 1974; Milner, 1963; 

Nelson, 1976; Stuss et al., 2000). Additionally, rule switches during the WCST and similar 

tasks elicit activity in lateral and dorsomedial prefrontal cortex (Hampshire, Gruszka, Fallon, 

& Owen, 2008; Konishi et al., 2002; Konishi et al., 1998; Nagahama et al., 1998; Ravizza & 

Carter, 2008), suggesting that these regions support set-shifting. However, non-prefrontal 

regions including posterior parietal cortex, occipital cortex and the striatum have also been 

implicated in set-shifting (Dang, Donde, Madison, O’Neil, & Jagust, 2012; Graham et al., 

2009; Konishi et al., 2002; Konishi et al., 1998; Nagahama et al., 1998; Ravizza & Carter, 

2008; Wang, Cao, Cai, Gao, & Li, 2015). Moreover, patients with prefrontal lesions can 

exhibit deficits in non-perseverative errors in addition to perseverative errors (Barceló & 

Knight, 2002; Drewe, 1974). These findings call into question the specificity of prefrontal 

cortex function in set-shifting, and appear to reflect the multi-faceted nature of cognitive 

processes that support WCST performance. The WCST requires not only set-shifting to 

flexibly switch rules, but also problem solving to deduce the correct sorting rule and 

working memory to maintain and retrieve task goals.
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Due to its varied behavioral demands, neuroimaging and patient studies find that the WCST 

actually engages widespread prefrontal, parietal and occipital regions (Berman et al., 1995; 

Konishi et al., 2002; Konishi et al., 1998; Nagahama et al., 1998; Nyhus & Barcelo, 2009). 

Recent research has attempted to specify the contributions of distinct cortical areas to WCST 

performance by breaking down the task into its constituent components or manipulating task 

demands (Barceló, 1999; Barceló & Knight, 2002; Dang et al., 2012; Graham et al., 2009; 

Lange et al., 2016; Nyhus & Barcelo, 2009; Ravizza & Carter, 2008; Stuss et al., 2000; 

Wang et al., 2015). In particular, Barceló and colleagues (1999, 2003; Barceló & Knight, 

2002) introduced the concept of an “efficient error,” which occurs when a participant 

happens to switch to the wrong sorting rule after receiving feedback that the rule has 

changed. A participant who is performing optimally is expected to commit efficient errors 

on 50% of trials following the detection of a rule change, because there are two remaining 

rules that could possibly be correct (see Figure 1). Importantly, when efficient errors were 

coded separately, patients with prefrontal lesions made fewer efficient errors, more 

perseverative errors, and more non-perseverative errors compared to controls (Barceló & 

Knight, 2002). These results suggest a dissociation between efficient errors and other error 

types, wherein prefrontal damage increases perseverative and non-perseverative errors while 

selectively decreasing efficient errors. Indeed, a factor analysis of error types on the WCST 

confirmed this distinction: efficient errors were negatively correlated with all other error 

types, whereas perseverative and non-perseverative errors were strongly positively correlated 

and did not load onto separate factors (Godinez, Friedman, Rhee, Miyake, & Hewitt, 2012). 

Because efficient errors reflect optimal shifting processes whereas other errors indicate 

suboptimal shifting, scoring efficient and non-perseverative errors together likely obscured 

the effects of frontal damage in prior studies (Drewe, 1974; Milner, 1963; Nelson, 1976; 

Stuss et al., 2000).

Clearly defining efficient errors and recognizing that they index normal and adaptive shifting 

processes has enabled targeted investigation of the neural correlates of set-shifting. Research 

using event-related potentials has shown that efficient errors elicit larger parietal-occipital 

N1 and frontal P2 amplitudes than perseverative errors (Barceló, 1999), suggesting that set-

shifting involves visual attention and frontal control. Relative to rule maintenance trials, 

switching rules evokes a robust frontal P3a component (Barceló, 2003) that is modulated by 

uncertainty of decision-response outcomes (Kopp & Lange, 2013). Efficient shifting in 

healthy young adults engages left precuneus, left inferior frontal gyrus (IFG), right dorsal 

anterior cingulate cortex (dACC) and right middle frontal gyrus (MFG) compared to 

correctly repeating a rule (Lao-Kaim et al., 2015). In addition, parametrically increasing rule 

search demands elicits greater activity in the bilateral IFG and MFG, bilateral inferior 

parietal lobe, right angular gyrus, superior parietal lobule, precuneus and putamen (Wang et 

al., 2015). Thus, successful set-shifting recruits a composite network of lateral and medial 

prefrontal cortex and posterior parietal cortex.

While our understanding of the specific neural networks involved in successful set-shifting 

on the WCST has advanced, other cognitive processes important to WCST performance 

have received less attention. In particular, WCST performance depends not only on the 

ability to flexibly shift between sorting rules, but also on the continued willingness to search 

for and apply the correct rule after encountering negative feedback that inevitably occurs 
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following a rule switch. In other words, individuals have to apply effort to overcome the 

performance difficulty that arises from switching rules, or use cognitive persistence, in order 

to respond correctly. The present study leverages the Barceló and Knight (2002) approach to 

isolate a cognitive persistence component of WCST performance and relate it to a prefrontal 

neural signature of persistence. Specifically, cognitive persistence was related to activity in a 

cingulo-opercular network that responds to performance difficulty and subsequently leads to 

better performance during a challenging speech recognition in noise task (Eckert, Teubner-

Rhodes, & Vaden, 2016; Vaden, Kuchinsky, Ahlstrom, Dubno, & Eckert, 2015; Vaden et al., 

2016; Vaden et al., 2013).

Although the role of cognitive persistence in WCST performance has not been explicitly 

studied, there is some evidence that it may be important. Reports from studies of patients 

with prefrontal lesions suggest that receiving frequent negative feedback during WCST 

administration caused some patients to become so frustrated that they refused to complete 

the task (Drewe, 1974; Nelson, 1976). The decision to quit a challenging task has previously 

been used as an inverse measure of persistence (Daughters, Lejuez, Bornovalova, et al., 

2005; Daughters, Lejuez, Kahler, Strong, & Brown, 2005; Daughters, Lejuez, Strong, et al., 

2005; Leyro et al., 2010; Quinn, Brandon, & Copeland, 1996; Steinberg, Williams, Gandhi, 

Foulds, & Brandon, 2010; Steinberg et al., 2012; Ventura, Shute, & Zhao, 2013). Choosing 

to terminate the WCST represents an extreme and relatively rare consequence of low 

persistence, but persistence may still affect performance among those who complete the 

task. Indeed, ratings of task effort on an intrinsic motivation survey (Choi et al., 2010) 

predicted overall WCST performance in patients with Schizophrenia (Tas, Brown, Esen-

Danaci, Lysaker, & Brune, 2012). Additionally, depressive symptoms, which often occur 

with decreased motivation and persistence (Potter et al., 2007; Ravizza & Delgado, 2014), 

predicted the total number of WCST errors made by adolescents (Han et al., 2016).

The importance of cognitive persistence becomes apparent when considering two 

hypothetical individuals who have equal difficulty with set-shifting, but differ in persistence. 

By definition, task difficulty is identical for these individuals, due to their equivalent ability. 

However, the more persistent person works harder to systematically search for and apply a 

new rule after experiencing an error. In contrast, the less persistent person is not willing to 

work as hard to identify the new rule and therefore tends to respond haphazardly and make 

more errors. The less persistent person may still discover the new rule by chance, but will 

have lower accuracy compared to the person with good persistence who applied effort to 

switch rules.

The above example illustrates that performance on a given task is determined by both the 

ability to perform that task and the effort applied to it. Differences in performance that are 

not explained by differences in the ability to perform a task reflect, in part, differences in 

persistence to overcome mental challenges. In the case of the WCST, set-shifting ability is 

critical to successful performance and (as shown below) explains the majority of variance in 

sorting accuracy. Nevertheless, some individuals perform better than predicted for their set-

shifting ability while others underperform. We propose that differences in sorting accuracy 

from what is expected by set-shifting ability can be used to index the application of effort to 

overcome difficulty, i.e., cognitive persistence. Controlling for set-shifting ability equates 
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task difficulty across individuals. Thus, remaining accuracy differences reflect the extent to 

which individuals continue to strive toward the task goal of discovering and using the correct 

sorting rule, despite encountering performance difficulty. We thus reasoned that we could 

obtain a measure of cognitive persistence from the WCST by controlling for set-shifting 

ability, measured by the number of efficient shifts, from sorting accuracy scores.

The aforementioned brain regions engaged during the WCST include cingulo-opercular 

regions that appear to serve as the neural instantiation of cognitive persistence. The cingulo-

opercular network, consisting of the right and left IFG, anterior insula/frontal operculum 

(AIFO), and dACC, is upregulated when the task at hand becomes more difficult and/or 

performance drops (Botvinick, Braver, Barch, Carter, & Cohen, 2001; Botvinick, Cohen, & 

Carter, 2004; Botvinick, Nystrom, Fissell, Carter, & Cohen, 1999; Carter, 1998; Crone, 

Wendelken, Donohue, & Bunge, 2006; Durston et al., 2003; Eichele et al., 2008; Luks, 

Simpson, Dale, & Hough, 2007; Ridderinkhof, Ullsperger, Crone, & Nieuwenhuis, 2004; 

Weissman, Roberts, Visscher, & Woldorff, 2006; Weissman, Warner, & Woldorff, 2009). 

Furthermore, cingulo-opercular engagement is associated with improved performance on the 

next trial (Botvinick et al., 2001; Botvinick et al., 2004; Kerns, 2006; Kerns et al., 2004; Orr 

& Weissman, 2009; Ridderinkhof et al., 2004; Weissman et al., 2006). Cingulo-opercular 

activation during challenging conditions has been observed across a variety of tasks, 

including understanding speech in multi-talker babble. A recent meta-analysis demonstrated 

that cingulo-opercular regions respond to decreased speech intelligibility when increased 

listening effort is needed (Eckert et al., 2016). Moreover, cingulo-opercular activity was 

elevated prior to successful word recognition in challenging listening conditions (Vaden et 

al., 2015; Vaden et al., 2013). One interpretation of these observations is that cingulo-

opercular activity reflects not only a performance monitoring response, but also the 

application of effort to optimize performance (Eckert et al., 2016). In other words, cingulo-

opercular function may reflect, at least in part, cognitive persistence.

In the present study, we used the WCST to develop a measure of cognitive persistence in a 

lifespan sample of typical adults. Persistence was defined as the extent to which participants 

performed better or worse than expected from their ability to flexibly shift rules. We then 

assessed the relationship between individual differences in persistence as estimated from the 

WCST and two measures of cingulo-opercular activity that are thought to reflect persistence 

during a challenging speech recognition in noise task. Specifically, we examined the extent 

to which persistence predicted 1) cingulo-opercular activity in response to word recognition 

errors and 2) cingulo-opercular activity that was associated with better subsequent 

performance in a group of middle-aged to older adults. We focused on this age group for the 

neuroimaging validation of persistence because it is well established that speech recognition 

in background noise is more effortful and challenging for older adults than younger adults 

(Anderson Gosselin & Gagné, 2011; Edwards, 2007; Kuchinsky et al., 2013; Zekveld, 

Kramer, & Festen, 2011). Thus, although recognizing speech in noise may require 

persistence for listeners of all ages, this is especially true later in life. We hypothesized that 

middle-aged to older adults with higher persistence would exhibit greater cingulo-opercular 

activity in response to errors and a stronger relationship between cingulo-opercular activity 

and subsequent word recognition, thereby providing validation for the persistence measure.
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2. Method

2.1. Participants

The sample included 246 adults across the lifespan (age range: 19.41 to 88.17 years) whose 

results were studied to develop a measure of cognitive persistence using the abbreviated 

WCST-64 (Kongs et al., 2000). Thirty-one of the participants had completed a speech 

recognition task during fMRI scanning, as described in Vaden et al. (2015). The remaining 

215 participants did not undergo neuroimaging. Participants were recruited as part of a 

longitudinal study on age-related hearing loss conducted at the Medical University of South 

Carolina. Evidence of conductive hearing loss or otologic/neurologic disease served as 

exclusionary criteria.

Two participants were excluded from all analyses because the WCST-64 was terminated by 

the experimenter prior to completion. An additional 14 participants, including three with 

neuroimaging data, were excluded because the task could not be scored for accuracy and 

efficient shifting as described below. These participants either never reached criterion for the 

first sorting rule or reached it so late in the task that they never encountered a detectable 

change in sorting rule. Thus, 230 participants contributed to the final WCST analysis (127 

females; age: M = 59.1 years, SD = 17.9). These 230 cases were used to estimate median 

accuracy for each number of efficient shifts from which the cognitive persistence score was 

computed. This enables the cognitive persistence score to be replicated by other research 

groups using the median values derived from this relatively large sample of typical adults.

The sub-sample of participants with neuroimaging data were 31 middle-aged to older adults 

between 50- and 81-years-old (19 females; age: M = 60.2 years, SD = 8.1) from the Vaden et 

al. (2015) study. Participants were excluded from the neuroimaging study for a history of 

head trauma, seizures, self-reported CNS disorders, and contraindications for safe MRI 

scanning. Participants were selected because they were older than 50 years and exhibited 

normal hearing or mild hearing loss (mean pure tone thresholds < 32 dB HL from 0.25 to 8 

kHz in the better ear with no more than 10 dB differences between ears). Again, three 

participants whose WCST-64 data could not be scored were excluded from the validation 

analyses, resulting in a sample comprising 28 participants (17 females; age: M = 60.6 years, 

SD = 8.3).

2.2. Development of Cognitive Persistence Measure

2.2.1. Procedure—Participants completed a computerized version of the standard 

WCST-64 (Kongs et al., 2000). Scores on this abbreviated 64-card version are generally 

comparable to those obtained on the full-length WCST (Greve, 2001), in which cards are 

administered until the participant completes 6 categories or 128 trials (Grant & Berg, 1948; 

Heaton, 1981). A test card containing a set of figures was presented on each trial, with the 

number (1–4), shape (triangle, circle, cross, star) and color (red, blue, yellow, green) of the 

figures varying from trial to trial. Four distinct key cards remained on screen for all trials, 

and participants were asked to sort each test card into one of the four key card groups. A 

correct response required matching the test card to the key card that had the same number, 

shape, or color, depending on the current sorting rule. Participants were not instructed how 

Teubner-Rhodes et al. Page 6

Neuropsychologia. Author manuscript; available in PMC 2018 July 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to sort the cards, but received feedback on their response accuracy. The sorting rule changed 

every time participants correctly sorted ten cards in a row. All participants completed 64 

trials, encountering between 1 and 6 sorting sequences depending on performance. A 

measure of cognitive persistence was obtained from the WCST-64 by controlling accuracy 

scores for set-shifting ability, as described below.

2.2.2. Scoring—We used the WCST-64 to examine set-shifting ability and the new 

estimate of cognitive persistence. Following Barceló and Knight (2002), we assessed set-

shifting ability by coding the number of “efficient shifts.” An efficient shift occurs when a 

sequence of trials with a given sorting rule is completely free from errors following a rule 

change, excepting errors that result from optimal switching. Thus, participants make an 

efficient shift when they switch to a new rule on the trial immediately following the first trial 

that signals a rule change (i.e., the first error; see Figure 1). Optimal switching will yield 

errors on approximately 50% of trials immediately following detection of a rule change, 

because the participant must guess between the two remaining rules upon discovering that 

the former rule is incorrect (Barceló & Knight, 2002). Feedback after trying the new rule 

dictates whether to keep using the new rule or to switch to the remaining rule.

A critical insight of the Barceló and Knight (2002) scoring system is that errors resulting 

from the strategy that maximizes performance should not be counted against the participant, 

because they reflect efficient shifting processes. Thus, detection errors and efficient errors, 

which were expected from optimal performance, were treated differently from other errors 

when coding accuracy. Table 1 provides definitions and scoring of different error types, with 

specific examples given in Figure 1. Sequences of trials that were completely correct or 

correct except for an efficient error were considered efficient shifts.

Efficient shifts after a rule change were counted only for blocks where participants reached 

the criterion of 10 correct trials in a row. Thus, if the participant reached the end of the task 

before reaching criterion for a given sequence, that sequence was not counted as efficient 

because it could not be determined if the participant would have responded correctly for the 

entire sequence. However, the trials from such incomplete sequences were still included in 

the computation of accuracy. Only trials/sequences that occurred after the first detectable 

rule change (i.e., post-switch trials) were included in scoring, as shifting processes cannot be 

evaluated prior to a rule change. The first sequence of trials was excluded from the accuracy 

measure and used to estimate task learning or establishment of task-set. Accuracy thus 

reflects the proportion correct of post-switch trials.

Participants who did not finish any sequences after the first one were assigned a score of −1 

for number of efficient shifts, as efficient sequences were not possible for these participants. 

Thus, the number of efficient shifts ranged from −1 to 4, where 4 was the maximum number 

of sequences that could be completed following the first rule change. Participants who had 

no trials after a detectable rule change were excluded from analyses because they had no 

post-switch trials that could be scored for accuracy. This exclusionary criterion included 

participants who never completed the first sequence and participants who completed the first 

sequence just before the end of the task.
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The WCST-64 contains some trials for which the test card matches a key card on more than 

one dimension. These required special coding rules, which are described in Table 2. Detailed 

examples of three of these special cases are depicted in Figure 2. All of the coding rules 

dealt with such multidimensional responses by favoring the response that followed the 

optimal strategy, thereby maximizing participants’ number of efficient shifts and accuracy. 

Thus, multidimensional responses were handled consistently across instances. As shown in 

the results below (see Figure 4), participants’ responses ranged the entire spectrum in 

number of efficient shifts and only a small proportion (<5%) of participants achieved the 

maximum number of efficient shifts.

2.2.3. Scoring Quality Control—There was 100% intra-rater consistency for scoring 

efficient shifts and 99% intra-rater consistency for scoring trial accuracy across the data for a 

selected subset of 30 participants. There was 96% inter-rater consistency for scoring 

efficient shifts and 99% inter-rater consistency for scoring trial accuracy for the 28 

neuroimaging participants. Raters met to discuss and resolve differences in scoring.

2.2.4. Statistical Analyses—We used non-parametric analyses to evaluate significance 

of our results because the number of efficient shifts was ordinal and not normally 

distributed. Specifically, non-parametric bootstrapping with 10,000 samples in the ‘boot’ 

package (version 1.3–18; Canty & Ripley, 2016; Davison & Hinkley, 1997) for R (version 

3.3.1; R Core Team, 2016) was used to compute the bias-corrected and accelerated (BCa; 

Efron, 1987) 95% Confidence Interval (CI) for each statistic of interest. Correlation and 

mean difference statistics were considered significant if their 95% CIs did not include 0. 

Group medians (see below) were considered significantly different if their 95% CIs did not 

overlap.

2.2.5. Calculation of Cognitive Persistence—The measure of cognitive persistence 

was obtained by residualizing accuracy for set-shifting ability by controlling for the number 

of efficient shifts. Again, the rationale behind this approach was that accuracy on the WCST 

emerges primarily as a function of set-shifting ability and that individual differences in 

accuracy that are not explained by set-shifting ability are a result of differences in the ability 

or willingness to apply effort to overcome difficulty, a.k.a., cognitive persistence. After 

controlling for set-shifting ability, individuals with greater persistence will have higher 

accuracy because they continue to apply effort toward successful sorting even after receiving 

negative feedback, systematically searching for and using the correct rule.

An assumption underlying this residual accuracy approach is that the number of efficient 

shifts predicts accuracy. To ensure that this was the case, we conducted a non-parametric 

Spearman’s rank correlation to assess the strength of the relationship between the number of 

efficient shifts and accuracy. Then, the median accuracy at each efficient shift value was 

used to compute accuracy residuals, i.e., the difference between a participant’s observed 

accuracy and the median accuracy given their number of efficient shifts.

While the number of efficient shifts primarily reflects set-shifting ability, it may also reflect 

other cognitive abilities. Specifically, individuals who learn the task more quickly may have 

more efficient shifts because they have more opportunities to make an efficient shift. 
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Learning the task requires abstract reasoning to discern and test different sorting rules 

(Heaton, 1981; Kongs et al., 2000) and working memory to update the space of possible 

rules following feedback (Gold, Carpenter, Randolph, Goldberg, & Weinberger, 1997; 

Hartman, Bolton, & Fehnel, 2001; Lange et al., 2016). Additionally, achieving an efficient 

shift following a rule change requires working memory to successfully maintain the new rule 

for the remainder of the set (Buchsbaum, Greer, Chang, & Berman, 2005; Steinmetz & 

Houssemand, 2011). Moreover, research on the latent structure of executive functions has 

demonstrated that individual differences in set-shifting measures, like number of efficient 

shifts, also reflect variance in an inhibition function that is applied to all executive function 

tasks (Miyake & Friedman, 2012). Thus, adjusting accuracy for number of efficient shifts 

not only controls for set-shifting ability, but should also control for abstract reasoning, 

working memory, and inhibition. Such additional controls would help ensure that residual 

accuracy reflects differences in persistence rather than differences in other cognitive 

functions that affect WCST performance.

2.3. Behavioral Validation of Cognitive Persistence

We examined behavioral measures of abstract reasoning, working memory, and performance 

consistency to assess the convergent and divergent validity of cognitive persistence. If 

adjusting accuracy for number of efficient shifts successfully controls for other cognitive 

abilities employed during WCST performance, then number of efficient shifts should 

correlate with measures of abstract reasoning and working memory, but cognitive 

persistence should not. In contrast, cognitive persistence, but not number of efficient shifts, 

should correlate with consistent performance over the course of a task.

2.3.1. Abstract Reasoning—The number of trials to complete the first category on the 

WCST-64 is a standard metric of learning, where fewer trials indicate better abstract 

reasoning and problem solving (Kongs et al., 2000). Participants who complete the first 

category in fewer trials may have more opportunities to make efficient shifts.

2.3.2. Working Memory—The logical memory and family pictures immediate recall 

subtests from the Wechsler Memory Scale-III Abbreviated (WMS; Wechsler, 1997, 2002) 

were used to assess auditory and visual working memory, respectively. Although these 

subtests do not directly index working memory, both auditory and visual memory are 

significantly correlated with working memory in factor analyses of the WMS (Pauls, 

Petermann, & Lepach, 2013; Price, Tulsky, Millis, & Weiss, 2002). The logical memory 

subtest required participants to repeat stories told to them by the experimenter as accurately 

as possible for a maximum score of 75. The family pictures memory subtest required 

participants to recall details from a set of visual scenes—specifically, the characters, their 

locations, and their actions—for a maximum score of 64.

2.3.3. Performance Consistency—Participants completed the Continuous Performance 

Test-2 (CPT; Conners, 2000). The CPT entails responding as quickly as possible to a series 

of visually presented letters, but withholding responses for the letter ‘X’. The standard error 

of a participant’s reaction time for hits (correct responses to target letters) was used to 

evaluate performance consistency over the course of a task. Higher standard errors indicate 
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that participants exhibit more varied response times, reflecting inconsistent performance. 

Performance consistency has been linked to the ability or motivation to sustain effort for the 

duration of a task (Douglas, 1999; Leth-Steensen, King Elbaz, & Douglas, 2000). 

Specifically, evidence from clinical populations including attention-deficit/hyperactivity 

disorder and traumatic brain injury demonstrates that individuals exhibiting lower cognitive 

effort (i.e., sub-par performance unrelated to their condition) have less consistent response 

times on the CPT (Busse & Whiteside, 2012; Ord, Boettcher, Greve, & Bianchini, 2010; 

Suhr, Sullivan, & Rodriguez, 2011).

2.4. Cingulo-opercular Validation of Cognitive Persistence

Cingulo-opercular regions are engaged during the WCST and similar tasks (Hampshire, 

Gruszka, Fallon, et al., 2008; Konishi et al., 2002; Konishi et al., 1998; Nagahama et al., 

1998), and there is evidence from lesion, animal, and imaging studies that cingulo-opercular 

regions function to identify and overcome impediments to a desired goal (di Pellegrino, 

Ciaramelli, & Làdavas, 2007; Holec, Pirot, & Euston, 2014; Kerns, 2006; Kerns et al., 2004; 

Ridderinkhof et al., 2004; Tow & Whitty, 1953). In other words, activity in cingulo-

opercular regions indicates when people persist despite task difficulty.

For these reasons, measures of cingulo-opercular function were obtained from a challenging 

task that required participants to listen to words presented in babble at two relatively poor 

signal-to-noise ratios (SNRs) and repeat the words they heard. This task elicits significant 

cingulo-opercular activity when participants make an error in repeating a word (Vaden et al., 

2015), reflecting a neural response to uncertainty in difficult task conditions. No explicit 

response feedback is given, but prior work has shown that the cingulo-opercular network 

responds to error commission even in the absence of feedback (Ham et al., 2013; Mars et al., 

2005; Neta, Schlaggar, & Petersen, 2014; van Veen, Holroyd, Cohen, Stenger, & Carter, 

2004), perhaps as a result of ongoing response conflict or uncertainty (Botvinick et al., 2001; 

Yeung, Botvinick, & Cohen, 2004). We define increases in cingulo-opercular activity 

associated with performance errors on the immediately preceding trial as “error responses.” 

Moreover, this task has been used to show that elevated cingulo-opercular activity predicts 

word recognition on a subsequent trial (Vaden et al., 2015), indicating that this activity helps 

to overcome task difficulty and improve performance. We define variation in cingulo-

opercular activity that predicts correct performance on the next trial as “adaptive control.”

To validate that the WCST measure of persistence corresponded to neural activity that 

responds to and overcomes task difficulty (Eckert et al., 2016), we examined the extent to 

which individual differences in cognitive persistence were related to 1) error responses and 

2) adaptive control. Except where otherwise indicated, fMRI analyses were conducted using 

SPM8 (Wellcome Trust Centre for Neuroimaging, University College London). The fMRI 

speech recognition task and analyses are summarized here for clarity. Complete details of 

data acquisition and preprocessing are given in Vaden et al. (2015).

2.4.1. Speech Recognition in Noise fMRI Paradigm—Participants heard 120 

monosyllabic words (Dirks, Takayanagi, Moshfegh, Noffsingler, & Fausti, 2001) presented 

binaurally at +3 or +10 dB SNR (Vaden et al., 2015; Vaden et al., 2013) with a multi-talker 
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babble (Kalikow, Stevens, & Elliott, 1977) presented at 82 dB sound pressure level. SNR 

was blocked so that between four and six words were presented consecutively at each SNR. 

Whole-brain functional images were collected every 8.6 s using a sparse single-shot echo-

planar imaging sequence. Each word presentation involved image acquisition (from 0–1.6 s), 

a delay (from 1.6–3.1 s) to limit forward masking of the speech by the scanner noise, word 

presentation (from 3.1–4.1 s), a response window to repeat the word (from 4.1–6.1 s), and an 

inter-trial interval (from 6.1–8.6 s). This interval was selected to allow head motion to 

diminish prior to acquisition of the next functional image and to capture the BOLD response 

when it was maximal, while attempting to limit the length of each TR and the duration of the 

experiment. Babble played continuously throughout the task. Additional images were 

obtained at rest (30 TRs) and during babble-only periods (30 TRs). Responses were scored 

as correct only when participants repeated the stimulus word exactly as presented, and 

missing and uninterpretable responses were excluded from analyses.

2.4.2. Analysis of Adaptive Control—Cingulo-opercular regions of interest (ROIs) that 

predicted subsequent word recognition were defined from an independent sample of 18 

younger adult participants who had completed the same speech recognition in noise task 

(Vaden et al., 2013). BOLD contrast from the preceding trial was used to predict word 

recognition on the next trial. As described in that study, lme4 (version 0.999375.42; Bates, 

Maechler, & Bolker, 2011) and AnalyzeFMRI (version 1.1–14; Bordier, Dojat, & de 

Micheaux, 2011) packages for R statistics software (version 2.15.0; R Core Team, 2012) 

were used to compute logistic mixed-effects models of word recognition accuracy in each 

voxel, with preceding BOLD activity, SNR, preceding BOLD × SNR interaction and random 

subject effects as predictors. The first word of each SNR block was excluded so that 

recognition accuracy did not reflect flexibility in shifting between SNRs. There were four 

clusters within the cingulo-opercular network that demonstrated significant main effects 

(voxel punc < 0.001, cluster pfwe < 0.05) of preceding BOLD activity on word recognition: 

the left IFG, the right AIFO, the anterior dACC, and the posterior dACC. A mask of the 

significant cingulo-opercular clusters was warped into a study-specific template generated 

from the native anatomical images of all 31 middle-aged to older adult participants (Vaden et 

al., 2015; Vaden et al., 2016) using Advanced Normalization Tools (ANTS version 1.9, 

http://picsl.upenn.edu/software/ants/; Avants et al., 2011).

The independently-defined cingulo-opercular mask (see Figure 3) was used to calculate 

standard estimates (betas) of the relation between cingulo-opercular activity and word 

recognition on the next trial for each older adult participant. Logistic regression models of 

word recognition accuracy (excluding the first word of each SNR block) were computed 

separately for each participant, with preceding BOLD activity averaged across all cingulo-

opercular voxels, SNR, and preceding BOLD × SNR interaction as factors. Each beta 

estimate of preceding BOLD activity thus reflects the strength of the relationship between 

cingulo-opercular activity and subsequent word recognition performance for that participant. 

A multiple regression analysis examined the extent to which cognitive persistence and 

number of efficient shifts predicted variability in these adaptive-control betas. Follow-up 

analyses of significant effects examined betas that were estimated separately for each of the 

adaptive-control ROIs (dACC, left IFG and right AIFO). Initial analyses indicated that beta 
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estimates from the anterior dACC and the posterior dACC were highly correlated (r = 0.73, 

p < 0.001), so these regions were collapsed into a single ROI.

2.4.3. Analysis of Error Responses—Cingulo-opercular ROIs where cortex was 

responsive to word recognition errors were defined from the independent sample of 18 

younger adults described above. A general linear model was used to model the BOLD time-

series as a function of +3 dB SNR, +10 dB SNR, babble-only trials, transition trials (marked 

by changes between rest, babble-only, and task blocks), and parametric modulators for word 

recognition accuracy on each SNR predictor (see Vaden et al., 2013). Significantly greater 

BOLD activity for incorrect relative to correct word recognition (voxel punc < 0.001, cluster 

pfwe < 0.05) was observed in 3 clusters within the cingulo-opercular network, which were 

warped into a study-specific template as described above. The error-response ROIs (dACC, 

left IFG, right AIFO) had a greater spatial extent than the adaptive-control ROIs (859 vs. 

410 voxels). The two sets of ROIs had 264 voxels in common (26.3% overlap; see Figure 3).

The BOLD contrast for word recognition errors (incorrect > correct) was computed for the 

28 middle-aged to older adult participants using the same general linear model predictors 

used to identify the error-response ROIs (see Vaden et al., 2015). Then, the mean beta value 

across voxels in the SPM contrast map that fell within the error-response mask was 

computed for each participant. Follow-up analyses used mean beta values calculated 

separately for each of the three error-response ROIs.

3. Results

The relationship between number of efficient shifts and accuracy is shown in Figure 4. As 

expected, the number of efficient shifts was strongly related to accuracy (Spearman’s rank 

correlation: ρ = 0.90, p < 0.001). We used the median accuracy at each efficient shift value 

to determine the expected accuracy for each participant (see Table 3); for instance, a 

participant with 0 efficient shifts had an expected accuracy of 0.7143. To define cognitive 

persistence, we subtracted expected accuracy, ŷ, from observed accuracy, y. A positive 

cognitive persistence value indicates that an individual is performing better than predicted by 

their number of efficient shifts, while a negative value indicates that they are performing 

worse (see Figure 4). The magnitude of the cognitive persistence value indicates how much 

an individual’s actual proportion correct deviates from their expected proportion correct.

3.1. Predictors of Cognitive Persistence

Correlations between demographic variables and scores on WCST measures are reported in 

Table 4. Participants exhibited fewer efficient shifts when they were older and when they had 

fewer years of education. In contrast, cognitive persistence was not significantly correlated 

with age or education. Thus, controlling for number of efficient shifts effectively controlled 

for education and age-related declines in task ability.

Correlations of the number of efficient shifts and persistence with measures of abstract 

reasoning, working memory and performance consistency are reported in Table 5. As 

hypothesized, the number of efficient shifts was related to abstract reasoning and working 

memory, but not to performance consistency, whereas cognitive persistence showed the 
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reverse pattern. Specifically, participants who had more efficient shifts required fewer trials 

to complete the first category (see Table 5), suggesting that number of efficient shifts in part 

reflects abstract reasoning abilities required to learn the task. They also had higher scores on 

both the auditory and visual subtests of the WMS, indicating the role of working memory in 

updating and maintaining the sorting rule to achieve efficient shifts. In contrast, cognitive 

persistence was only related to performance consistency—participants with higher cognitive 

persistence had smaller standard errors of reaction time on the CPT, indicating that they 

responded more consistently across trials. This pattern of results demonstrates that the 

cognitive persistence measure reflects sustaining performance for the duration of a task 

rather than other abilities employed during the WCST.

3.2. Adaptive Control Responses and Persistence

Multiple regression revealed that cognitive persistence (β = 0.39, 95% CI = [0.03, 0.64])1, 

but not number of efficient shifts (β = 0.07, 95% CI = [−0.26, 0.39]), was significantly 

related to adaptive-control beta estimates, i.e. the magnitude of the effect of cingulo-

opercular activity on subsequent word recognition2. In other words, individuals with greater 

cognitive persistence showed a larger performance benefit following increased cingulo-

opercular activity, independently of their number of efficient shifts. Follow-up analyses 

demonstrated that cognitive persistence was most strongly related to the adaptive-control 

betas from the dACC ROI (r = 0.40, 95% CI = [0.05, 0.65]; see Figure 5), as the correlations 

in the other cingulo-opercular ROIs did not reach significance (left IFG: r = 0.28, 95% CI = 

[−0.07, 0.59]; right AIFO: r = 0.23, 95% CI = [−0.16, 0.56]). These results indicate that 

varied performance on the WCST reflects, in part, individual variation in dACC function 

linked to enhancing performance on an effortful task.

3.3. Error Responses and Persistence

Multiple regression demonstrated that cognitive persistence (β = 0.55, 95% CI = [0.29, 

0.77]), but not number of efficient shifts (β = 0.36, 95% CI = [−0.07, 0.68]), significantly 

predicted cingulo-opercular activity in response to errors. Follow-up analyses indicated that 

cognitive persistence was significantly correlated with error responses in both the left IFG (r 
= 0.51, 95% CI = [0.24, 0.70]) and the dACC (r = 0.39, 95% CI = [0.11, 0.61]). However, 

persistence was not related to right AIFO error-responses (r = 0.15, 95% CI = [−0.21, 0.50]).

Because cognitive persistence was significantly associated with both error-responses and 

adaptive-control effects, particularly within the dACC, the degree of independence of the 

persistence results was unclear. To investigate this question, we examined the extent to 

which adaptive-control betas in the dACC were associated with persistence after controlling 

for error-response betas in the same region. Multiple regression demonstrated that individual 

1All βs indicate standardized estimates.
2To determine whether these results were affected by preceding trial accuracy, we examined adaptive control estimates separately for 
trials that followed correct responses versus errors. Two participants were excluded from the post-error analysis (GLM overfitting, 
n=1; beta estimate >3 SD from the mean, n=1). Neither persistence (β = 0.15, 95% CI = [−0.16, 0.37]) nor number of efficient shifts 
(β = −0.02, 95% CI = [−0.34, 0.33]) predicted adaptive-control beta estimates following correct responses only. However, persistence 
significantly predicted adaptive-control beta estimates for post-error trials (β = 0.48, 95% CI = [0.11, 0.71]), whereas number of 
efficient shifts did not (β = 0.04, 95% CI = [−0.36, 0.44]). This pattern of results suggests that relationship between persistence and 
adaptive control primarily reflected performance adjustments following errors.
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variation in the performance benefit from dACC activity was no longer significantly related 

to persistence (β = 0.28, 95% CI = [−0.15, 0.68]) after accounting for error-responses (β = 

0.27, 95% CI = [−0.10, 0.62]). Thus, adaptive-control effects and error-responses in dACC 

account for the same variance in cognitive persistence.

In summary, the current findings provide evidence for regional specialization within the 

cingulo-opercular network: while individual variation in cognitive persistence predicted 

error responses in left IFG and dACC, the association between persistence and adaptive-

control activity emerged only in dACC. The relationship between cognitive persistence and 

activity in dACC, which is theorized to detect and overcome performance difficulty 

(Botvinick et al., 2001; Botvinick et al., 2004; Eckert et al., 2016), provides a functional 

validation for the novel WCST-derived persistence measure.

4. Discussion

Cognitive persistence is critical for understanding variation in task performance, but there 

are few measures of it. The results of this study demonstrate that cognitive persistence can 

be measured using variation in WCST performance that is unaccounted for by set-shifting 

abilities. This measure was conceptually validated by showing that individual variation in 

WCST persistence was related to activity in cingulo-opercular regions during a word 

recognition task both when older adults made an error and when they effectively adjusted 

their subsequent behavior. Indeed, individuals with greater WCST persistence exhibited a 

heightened error-response and greater adaptive control in dACC. They also demonstrated 

more consistent performance during the CPT, an independent measure of task effort over a 

sustained period. These results provide support for a novel use of the WCST to characterize 

persistence in typical adult populations.

The measure of cognitive persistence examined in the current study characterizes variation 

in WCST accuracy that differed from what is expected by set-shifting ability. This residual 

variance in part reflects differences in the willingness and ability to continue to apply effort 

to the task of finding and using the correct sorting rule, even after receiving repeated 

negative feedback. That is, sustained effort to succeed on the task can push accuracy above 

set-shifting ability whereas lack of effort can lower accuracy. For this reason, the residual 

accuracy can be thought of as a measure of the drive to optimize performance.

Controlling for set-shifting ability may remove some variance that is actually due to 

persistence, as individuals who exert more effort may also achieve more efficient shifts. 

However, our residual accuracy approach increases the purity of the persistence measure by 

removing variance in performance related to the range of cognitive abilities employed during 

the WCST. Crucially, the persistence measure was unrelated to education, trials to complete 

the first category on the WCST, and immediate recall subtests of the WMS, indicating that 

residual accuracy differences were not due to differences in academic achievement, abstract 

reasoning, or working memory. Individual variability in residual accuracy is not necessarily 

exclusively due to persistence, but could also reflect variance due to temporary 

psychological states such as mood or fatigue. Future work should examine the extent to 

which the persistence measure is reliable across repeated administrations.
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To better understand the meaning of the residual accuracy measure, it is worth considering 

the patterns of performance reflected in the cognitive persistence construct. For example, 

consider performance after the rule change for the following participants who received 

efficient shift scores of −1 and had between 25–33 post-switch trials. These are all 

individuals who struggled with the WCST, taking nearly half the task to complete the first 

category and never completing a second one, yet their variance in performance indicated 

different levels of persistence. One individual with higher persistence (0.283) had six 

separate runs of correct trials, averaging 4 trials per run (range: 1–7), but sometimes used the 

wrong rule after a correct multidimensional sort. Runs of incorrect trials lasted 1.8 trials on 

average (range: 1–3). Another individual with moderate persistence (−0.016) had six shorter 

runs of correct trials, averaging 2 trials per run (range: 1–4). That participant sometimes 

applied the wrong rule following a correct unambiguous response, with an average length of 

2.67 incorrect trials (range: 1–6). An individual with lower persistence (−0.084) had five 

even shorter runs of correct trials, averaging 1.8 trials per run (range: 1–3). In that case, runs 

of incorrect trials were also longer, lasting an average of 3.2 trials (range: 1–6). All three 

individuals “discovered” the new sorting rule, in that they received correct feedback for an 

unambiguous response. However, with higher persistence, individuals were more likely to 

repeat a correct response and to return to the correct rule more quickly after an incorrect 

response, consistent with a greater drive to optimize performance.

Our persistence measure follows from recent efforts to decompose complex behavioral tasks 

into their component processes to better understand why patient populations exhibit atypical 

performance. For example, defining efficient or strategically-appropriate errors was used to 

determine that patients with prefrontal lesions make few of these errors (Barceló & Knight, 

2002). We leveraged this approach to characterize WCST performance after accounting for 

efficient errors and their related efficient shifts.

The idea that performance on mentally-challenging tasks depends on individual differences 

in persistence in addition to cognitive ability is not new. Historically, psychologists have 

invoked the concept of conation to support the intuition that the intention and motivation to 

act works in conjunction with cognition to influence performance and learning (Deci, Ryan, 

& Williams, 1996; Kanfer, Ackerman, & Heggestad, 1996; Militello, Gentner, Swindler, & 

Beisner, 2006; Snow, 1996; Wechsler, 1950; Wolters, Yu, & Pintrich, 1996). Conation, 

which is akin to will or drive, is abstractly defined as, “The aspect of mental processes or 

behavior directed toward action or change and including impulse, desire, volition, and 

striving” (“The American Heritage® Dictionary of the English Language,” 2016). This 

broad definition has perhaps made it difficult to assess conation empirically (Militello et al., 

2006), and measures of conation have typically relied on participants’ self-evaluation 

(Kanfer et al., 1996; Wolters et al., 1996). By reconceptualizing conation as persistence, or 

the sustained application of effort to overcome task difficulty, we were able to concretely 

operationalize the concept as performance differences that are independent of task ability on 

the WCST.

To our knowledge, this study is the first to measure cognitive persistence from the WCST. 

Using a large lifespan sample, we have generated a look-up table (Table 3) to estimate a 

participant’s expected performance from their number of efficient shifts during the 
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computerized WCST-64 (Kongs et al., 2000). This table can be used to compute accuracy 

residuals as an index of cognitive persistence for healthy adults completing the WCST-64. 

However, the neural validation of this novel persistence measure was only performed in 

middle-aged to older adults, because recognizing speech in noise is known to require greater 

effort in this age group than in younger adults (Anderson Gosselin & Gagné, 2011; Edwards, 

2007; Kuchinsky et al., 2013; Zekveld et al., 2011). The extent to which the persistence 

measure generalizes to other populations, including younger adults and neuropsychological 

patients, merits additional investigation.

An advantage of our novel persistence measure is that it simply requires a single 

administration of the standard WCST-64 task, so that all of the traditional metrics of WCST 

performance can be obtained in addition to the novel persistence measure. It is also 

straightforward to interpret: positive values indicate higher-than-expected and negative 

values lower-than-expected accuracy given set-shifting ability, and the magnitude indicates 

the size of the deviation from expected proportion correct. That is, a participant with a +0.1 

persistence score has accuracy that is 10% higher than expected whereas a participant with a 

−0.1 persistence score has accuracy that is 10% lower than expected.

The look-up table can be applied to the original 128-card version of the WCST (Grant & 

Berg, 1948; Heaton, 1981) by scoring only the first 64 trials, which are identical to the 

abbreviated WCST-64 used here. Thus, scoring only the first 64 trials of the original WCST 

should yield comparable distributions of number of efficient shifts and proportion correct as 

obtained for the WCST-64. However, the table cannot be applied to scores derived from all 

completed trials of the original 128-card version, which is administered until the participant 

either achieves six categories or completes 128 trials. Because participants are able to 

accumulate more efficient shifts by completing more than 64 trials, scoring the entire 128-

card version would alter the relationship between efficient shifts and accuracy. In particular, 

the number of efficient shifts could become inflated for participants who require more trials 

to complete six categories.

Some WCST versions, such as the Modified Card Sorting Test (Nelson, 1976) and the 

Madrid Card Sorting Test (Barceló, 2003), have been modified to omit ambiguous cards that 

match key cards on more than one stimulus dimension. These versions also typically provide 

more explicit instructions about the task, such as notifying participants when the rule 

changes (Nelson, 1976) or identifying the possible sorting rules in advance (Barceló, 1999, 

2003; Barceló & Knight, 2002; Barceló, Sanz, Molina, & Rubia, 1997). These tasks have the 

advantages of being less frustrating, thereby reducing participant drop-out (Nelson, 1976), 

and permitting unambiguous scoring of responses, enabling precise trial-level analyses of 

different response types for neuroimaging studies (Barceló, 1999, 2003; Barceló & Knight, 

2002; Barceló et al., 1997). However, it has been argued that the removal of ambiguous 

cards fundamentally changes the nature of the task (de Zubicaray & Ashton, 1996; Greve, 

2001; Robinson, Kester, Saykin, Kaplan, & Gur, 1991), so it is not clear that these tasks 

could be used to measure persistence in the same way as the standard WCST-64. Indeed, 

because eliminating ambiguity is intended to reduce task difficulty and frustration, the 

modified versions may remove the very element of the task that makes it a useful measure of 

persistence. Persistence is important when participants must overcome an obstacle to 
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achieve a level of performance that is aligned with ability. Persistence should not materially 

affect performance for relatively easy tasks, except perhaps when the obstacle is sustaining a 

high level of performance for a long period of time. Whether or not persistence can be 

measured by controlling accuracy for number of efficient shifts in these modified versions 

remains an empirical question, but we caution that the presence of ambiguity may be 

essential to the utility of the WCST as a persistence measure.

Because the cognitive persistence metric was developed from the WCST-64, it is subject to 

the same limitations as the WCST-64 task. There may be some participant drop-out; 1% of 

our study participants failed to complete the task. Additionally, the task does not allow for 

unambiguous coding of responses. However, we provide a detailed method for handling 

multidimensional responses in order to code for efficient errors and consequently the 

number of efficient shifts on the standard WCST-64 task. This novel coding scheme is 

important because it enables researchers to index normal and adaptive shifting behavior on 

the standard WCST-64 in addition to the unambiguous Madrid Card Sorting Test (Barceló & 

Knight, 2002). Future studies should assess utility of number of efficient shifts on the 

WCST-64 for indexing prefrontal damage as well as its relationship with the same measure 

on the Madrid Card Sorting Test.

Some participants performed at ceiling on the WCST-64 task, making it difficult to measure 

their persistence. Participants who achieved 4 efficient shifts (11 of 230), the maximum 

number possible, were expected to have 100% accuracy on the task. As a result, participants 

who were performing at ceiling had cognitive persistence scores equal to 0. It is not possible 

to assess the extent to which participants persist beyond their ability-level when task ability 

alone enables perfect performance (i.e., when the task is too easy and does not require 

persistence). Thus, the best estimate of cognitive persistence for these participants is the 

“average” score of 0—they are doing as well as expected for their task ability. However, 

their actual cognitive persistence may be higher. This is comparable to ceiling effects on 

other cognitive tasks, where individuals who are performing at ceiling may actually have a 

better ability than can be measured on the task. The inclusion or exclusion of these few cases 

had limited influence on the results; however, imperfect performance and the need to 

overcome errors is critical for assessing persistence.

Finally, we note that 6% of our sample could not be scored for efficient shifts or persistence 

because they never completed the first category or had no post-switch trials. Put another 

way, it is not possible to measure persistence for individuals who do not appear to learn the 

task. One option to address this limitation may be to adopt a longer version of the WCST, 

thereby increasing the opportunity to complete the first category and encounter a rule 

change. In fact, 4 of the 14 participants who could not be scored ended the task with 8 or 

more correct responses in a row, suggesting that a longer task would enable scoring of these 

individuals. Future work should examine the possibility of measuring persistence from a 

longer version of the WCST.

4.1. Neural Validation

To validate the cognitive persistence measure, we demonstrated that it predicted individual 

variability in cingulo-opercular function in middle-aged to older adults. Specifically, we 
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related persistence to cingulo-opercular activity that was linked to trial-level performance 

during a challenging word recognition in noise task. This activity is thought to reflect the 

persistence to overcome performance obstacles, at least in part, as it is routinely observed 

following increases in task difficulty due to changing task demands or decrements in 

performance (Botvinick et al., 2004; Botvinick et al., 1999; Carter, 1998; Crone et al., 2006; 

Durston et al., 2003; Eichele et al., 2008; Luks et al., 2007; Ridderinkhof et al., 2004; 

Weissman et al., 2006; Weissman et al., 2009) and appears to boost subsequent performance 

(Botvinick et al., 2004; Kerns, 2006; Kerns et al., 2004; Orr & Weissman, 2009; 

Ridderinkhof et al., 2004; Weissman et al., 2006). The relation with persistence was largely 

driven by the cingulate cortex (dACC) rather than the more lateral frontal cortex regions.

The cingulo-opercular results are consistent with the theoretical framework that the dACC 

detects task difficulty and/or performance decrements to adjust the recruitment of top-down 

control resources accordingly (Botvinick, 2007; Botvinick et al., 2004; Ridderinkhof et al., 

2004). Specifically, dACC activity increases in response to conflict and predicts subsequent 

improvements in performance that are accompanied by increases in dorsolateral prefrontal 

activity (Kerns, 2006; Kerns et al., 2004). The dACC thus appears to signal to engage lateral 

frontal cortex to enact control when necessary, i.e., when increased effort is required to 

achieve a positive outcome. Moreover, damage to dACC is associated with avoidance of 

challenging but rewarding tasks (Holec et al., 2014; Tow & Whitty, 1953) and attenuates 

adjustments in behavior following stimulus conflict and response errors (di Pellegrino et al., 

2007; cf. Fellows & Farah, 2005). Patients with dACC lesions also show reduced reactive 

changes in heart rate variability and blood pressure in response to conditions requiring 

mental effort (Critchley et al., 2003), and thus fail to prepare the autonomic system to handle 

challenges. These findings suggest that the dACC helps to improve performance in 

conditions when performance has declined or may decline because of changes in task 

difficulty.

Interestingly, set-shifting and persistence demonstrated a dissociation in their relationships 

with cingulo-opercular and behavioral effects. Set-shifting was related to measures of 

abstract learning and working memory, but not to performance consistency or the cingulo-

opercular effects. In contrast, persistence was related to performance consistency and 

cingulo-opercular effects, but not to abstract learning or working memory. Specifically, 

persistence was associated with error responses in the left IFG and dACC, as well as dACC 

adaptive-control. The absence of a significant association between set-shifting and cingulo-

opercular effects may seem to contradict prior studies that have reported increased activity in 

cingulo-opercular regions during rule switches (Hampshire, Gruszka, & Owen, 2008; 

Konishi et al., 2002; Konishi et al., 1998; Lao-Kaim et al., 2015). However, we intentionally 

measured cingulo-opercular activity during error detection and subsequent improvements in 

performance—that is, activity related to overcoming obstacles. We believe this is the reason 

that persistence was selectively related to cingulo-opercular function in the present study. If 

we had measured cingulo-opercular activity during a set-shifting task, then we would indeed 

expect it to relate to number of efficient shifts on the WCST-64.

The extent of dACC error responses accounted for the relationship between persistence and 

dACC-related performance improvements. This is consistent with the premise that the 
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magnitude of the dACC response to difficulty or error drives subsequent improvements in 

performance (Botvinick et al., 2001; Botvinick et al., 2004). Heightened sensitivity to errors 

may indicate that there is value in applying effort, while heighted adaptive control may 

indicate the successful application of effort to overcome difficulty. In this way, error 

responses and adaptive control in dACC may reflect the drive to perform well and follow-

through in exerting effort, respectively.

We view the link between dACC activity and subsequent performance as an epiphenomenon 

of sustained task-related effort. Recent work by Holroyd and colleagues (Holroyd & 

Umemoto, 2016; Holroyd & Yeung, 2012) characterizes dACC activity as providing 

motivation for protracted, goal-directed behaviors. A general boost in dACC function, and 

thus the drive to optimize overall task performance, would mean that the dACC is more 

sensitive to performance difficulty and more likely to signal increases in effort to set 

performance back on track. For this reason, dACC function may underlie individual 

differences in personality traits including reward sensitivity and persistence (Holroyd & 

Umemoto, 2016). However, this difference in dACC function should only matter for 

effortful tasks, like the WCST and the speech recognition in noise task; there is no cost to 

overcome when good performance is achieved with little effort or control, so the dACC is 

not necessary in these contexts (Holroyd & Umemoto, 2016; Holroyd & Yeung, 2012). This 

interpretation helps explain why dACC lesions produce deficits in repeating rewarded 

responses across trials (Kennerley, Walton, Behrens, Buckley, & Rushworth, 2006) and 

overcoming obstacles to achieve a reward (Holec et al., 2014), but do not always affect trial-

level performance adjustments (Fellows & Farah, 2005; Kennerley et al., 2006). Because the 

WCST is an effortful task without explicit rewards, we predict that individuals with dACC 

lesions should have lower accuracy than expected from their number of efficient shifts, and 

thus, negative persistence values. However, individuals who start at ceiling on the WCST 

might be spared from these effects due to the ease with which they perform the task.

Recent computational models of dACC function suggest that the dACC encodes the value 

anticipated from the effort required to improve performance or receive a reward (Shenhav, 

Botvinick, & Cohen, 2013; Shenhav, Cohen, & Botvinick, 2016; Shenhav et al., 2017; 

Verguts, Vassena, & Silvetti, 2015). From this perspective, variability in persistence across 

individuals may emerge from two sources, differences in the valuation of the reward and 

differences in the perceived efficacy of applying effort. Individuals who place less value on 

positive performance outcomes and individuals who believe that effort is unlikely to improve 

performance should be less likely to engage dACC to apply effort in the service of 

performance. One implication of this framework is that dACC function and consequently, 

persistence, can be shifted by task parameters: individuals should exhibit more persistence 

on tasks that are perceived as having a relatively high value from the investment of effort 

(Shenhav et al., 2013; Shenhav et al., 2017; Verguts et al., 2015), regardless of task modality. 

Indeed, performance on cognitive tasks can be improved simply by increasing incentive 

values (for review, see Shenhav et al., 2017). This potential dependency between value and 

effort is an important consideration for future development of persistence tasks. 

Nevertheless, the WCST persistence measure appears to characterize a trait that varies 

across participants, but that is consistent within participants across tasks.
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Our conceptualization of cognitive persistence as the application of effort to improve 

performance is closely related to motivation. Individuals who are motivated to perform well 

are more likely to apply effort to achieve task goals, and motivation has been shown to 

explain about 5% of the variance in task performance after accounting for cognitive ability 

(Kanfer et al., 1996). However, our persistence measure focuses on the ultimate impact that 

motivation has on performance (via the application of effort) rather than the extent of 

motivation per se. The advantage to this approach is that it directly probes the amount of 

effort individuals employ relative to their cognitive ability.

4.2. Conclusions

We developed a novel measure of cognitive persistence from the WCST-64 and validated its 

relationship with cingulo-opercular activity that predicts subsequent performance on a 

speech recognition in noise task. Cognitive persistence can be thought of as the application 

of effort in the face of task difficulty to achieve a goal. Because successful performance on 

mentally-challenging tasks depends on both persistence and cognitive ability, these functions 

are typically confounded. By definition, our measure of cognitive persistence varies 

independently from set-shifting ability, a core executive function that is essential to 

performance on the WCST. Thus, it offers the potential to dissociate contributions of 

prefrontal cortex to persistence versus set-shifting and to understand how persistence versus 

set-shifting are affected by different neurobiological factors.
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Highlights

• The Wisconsin Card Sorting Test can measure persistence to overcome task 

difficulty

• Persistence predicts cingulo-opercular error responses and performance 

benefits

• The new measure can dissociate set-shifting and persistence
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Figure 1. 
Diagram of two possible efficient shift trial sequences in which the correct sorting rule 

changed from color to form. ✓: correct response; ✘: incorrect response. Participants can first 

detect a rule change upon receiving negative feedback for using the previous sorting rule. 

Following detection of a rule change, participants performing optimally will switch to one of 

the two remaining rules, which could be the incorrect rule (Efficient Shift Pattern 1) or the 

correct rule (Efficient Shift Pattern 2). An efficient error occurs when the participant 

switches to the wrong rule but then switches to and keeps using the right rule (e.g., the 

“Number” response in Efficient Shift Pattern 1). Both patterns shown in the diagram are 

expected as part of the optimal performance strategy after the sorting rule changes.

Teubner-Rhodes et al. Page 29

Neuropsychologia. Author manuscript; available in PMC 2018 July 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Special cases arising from participant responses that match on multiple dimensions 

(indicated in bold). C: color response; F: form response; N: number response. Top panel: 

The multidimensional response shifts the detection of a rule change, and thus the start of a 

new sequence, by one trial. Middle panel: The multidimensional response is scored as an 

efficient error, because the participant subsequently switches to the correct rule. Bottom 

panel: The multidimensional response shifts the opportunity to determine the new sorting 

rule by one trial, resulting in an efficient error later in the sequence.
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Figure 3. 
Cingulo-opercular ROIs for (A) adaptive-control effects (red) and (B) error-responses 

(green). Their overlap (yellow) is shown in (C). ROIs were defined from an independent 

sample of 18 younger adults and warped into study-specific space.
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Figure 4. 
The relationship between number of efficient shifts and accuracy on the WCST. Solid 

horizontal lines indicate the median for each category of efficient shifts. The dashed line 

indicates chance accuracy (25%). Individuals who fall above the median (red) have positive 

accuracy differences and consequently positive persistence values. Individuals who fall 

below the median (blue) have negative accuracy differences and consequently negative 

persistence values. For visualization purposes, data have been randomly jittered ±0.1 along 

the x-axis to reduce overlap. Persistence scores of exactly 0 are plotted in red.
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Figure 5. 
Middle-aged to older adults with higher cognitive persistence demonstrated significantly 

larger adaptive-control beta estimates in the dACC.
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Table 1

Scoring of Different Error Types

Definition Scoring Rationale

Detection errors First trial on which participants could detect a rule change, i.e., the 
first negative feedback following a rule change (Figure 1)

Detection errors were 
excluded from 
analyses

Detection errors are 
necessary to find out that 
the sorting rule has 
changed

Efficient errors Incorrect trials that resulted from switching to the wrong rule 
immediately following the detection of a rule change and led to 
correct performance for all subsequent trials in the sequence (Figure 
1)

Efficient errors were 
counted as correct

Efficient errors reflect 
optimal switching behavior

Other errors All other errors, including repeating the previous rule following the 
detection of a rule change (i.e., perseverations) and changing rules 
but making other errors later in the same sequence

Other errors were 
counted as incorrect

Other errors reflect sub-
optimal switching behavior
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Table 2

Scoring of Multidimensional Responses

Description Scoring Rationale

Case 1 Following a rule change, participants can sort correctly 
by using the previous rule if the card matches both the 
previous and the current rule (Figure 2, top panel)

For these trials, the first incidence of 
negative feedback following the rule change 
was considered the start of the new 
sequence

Participants have no 
prior indication that the 
rule has changed

Case 2 Following the first negative feedback that indicates a rule 
change, participants can sort the card such that it matches 
on both the previous rule and a new rule (Figure 2, 
middle panel)

These responses were considered efficient if 
participants engaged in the optimal strategy 
for the remainder of the sequence, i.e., 
continuing to use the new rule if correct and 
switching to the remaining rule if incorrect

This pattern of responses 
is consistent with 
optimal switching 
behavior

Case 3 Participants can switch to the incorrect rule following the 
detection of a rule change, but receive correct feedback 
because the card also matches the new correct rule 
(Figure 2, bottom panel); this may result in a later error 
because the participant continues to sort on the new but 
incorrect rule

These later errors were considered efficient 
if all subsequent trials in the sequence were 
correct

This pattern of responses 
is consistent with 
optimal switching 
behavior

Case 4 Participants can receive the first negative feedback 
following a rule change for a response that matched on 
both the previous rule and the other incorrect rule

These were interpreted as responses based 
on the previous rule only, and efficient shifts 
were scored as usual for switches to either 
of the remaining rules

This pattern of responses 
is consistent with 
optimal switching 
behavior
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Table 3

Expected accuracy (median) by number of efficient shifts

NES Bootstrap Median Estimates

Expected Accuracy Bias SE 95% CI

−1 0.4444 −0.0046 0.0214 [0.3800, 0.4643]

0 0.7143 −0.0057 0.0176 [0.6596, 0.7347]

1 0.8541 −0.0058 0.0170 [0.8158, 0.8750]

2 0.9149 −0.0039 0.0103 [0.8750, 0.9167]

3 0.9574 −0.0018 0.0066 [0.9375, 0.9574]

4 1.0000 −0.0010 0.0045 [0.9797, 1.0000]

Note. NES = number of efficient shifts.
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Table 4

Correlations [95% CIs] between Demographic Variables and WCST Metrics

1 2 3 4

1. Age —

2. Educationa 0.01 [−0.13, 0.16] —

3. NES −0.49 [−0.59, −0.37]* 0.30 [0.17, 0.41]* —

4. Persistence −0.04 [−0.15, 0.07] 0.07 [−0.09, 0.23] 0.01 [−0.13, 0.09] —

M

Female 59.86 15.70 0.94 −0.01

Male 58.16 15.51 0.80 −0.00

M differenceb 1.71 [−3.04, 6.45] 0.19 [−0.57, 0.93] 0.14 [−0.23, 0.52] −0.01 [−0.04, 0.02]

Note.

Education: years of education; NES: number of efficient shifts.

a
Education data were available for 176 participants.

b
Studentized 95% CIs as recommended by Canty and Ripley (2016).

*
95% CIs estimated from non-parametric bootstrap resampling did not include 0.
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Table 5

Correlations between WCST Metrics and Behavioral Validation Variables [95% CIs]

Number of Efficient Shifts Cognitive Persistence

Abstract Reasoning

TCFCa −0.33 [−0.41, −0.24]* 0.09 [−0.07, 0.25]

Working Memory

WMS-audb 0.38 [0.22, 0.51]* 0.01 [−0.15, 0.16]

WMS-visb 0.34 [0.17, 0.48]* 0.04 [−0.13, 0.22]

Performance Consistency

CPT SEc −0.13 [−0.31, 0.08] −0.22 [−0.40, −0.03]*

Note.

TCFC: trials to complete first category. WMS-aud: Wechsler Memory Scale auditory subtest. WMS-vis: Wechsler Memory Scale visual subtest. 
CPT SE: Continuous Performance Test standard error of hit reaction time.

a
Higher TCFC indicates poorer abstract reasoning.

b
WMS data available for 135 participants.

c
CPT data available for 108 participants. Higher CPT SE indicates less consistent performance.

*
95% CIs estimated from non-parametric bootstrap resampling did not include 0.
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