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Abstract

This study sought to provide a direct comparison between old and new versions of
the Trail Making Test (TMT). Eighty-five undergraduate student volunteers were
administered the old and new TMT. A third of them were instructed to feign
neuropsychiatric deficits. The classification accuracy of the TMTs was evaluated
against experimentally induced and psychometrically defined invalid performance.
Results showed that the old TMT demonstrated superior psychometric properties,
both as a measure of cognitive ability and performance validity. In conclusion,
newer and more sophisticated versions of a test are not necessarily better than
older, established instruments. Replications in clinical samples are needed to verify
the findings.

Introduction
Performance Validity: Definition, Importance, Brief History

Performance validity is the extent to which the examinee’s score on a given test accurately
reflects the underlying abilities the instrument was designed to measure. As such, it is a basic
assumption underlying the validity of the clinical interpretations based on psychometric data
(Lezak et al., 2012). Historically, valid performance was assumed by default, reinforced by the
belief that non-credible responding would be readily apparent to the assessing clinician. As such,
there was no perceived need for objective measures of performance validity. However, it has long
been evident that clinical intuition is an inadequate detection method (Heaton et al., 1978).
Although the proportion of practitioners who report relying on subjective judgment to determine
the credibility of a given response set has been shrinking (Dandachi-FitzGerald et al., 2013), recent
reports raise concerns about the veracity of self-reported clinical practices (MacAllister et el.,
2019).

Although conversations about invalid performance are often uncomfortable, failing to
address the issue can harm the examinee and a wide range of stakeholders (Chafetz et al., 2015;
Kirkwood, 2015; Rogers & Bender, 2018; Lippa, 2018; Niesten, Merckelbach, Dandacni-
FitzGerald, & Jelicic, 2020; Rickards et al., 2018), and ultimately, undermine the credibility of
neuropsychological assessments as a whole. Professional organizations recognize the significant
threat non-credible responding poses to the validity of diagnostic and treatment decisions. As
consolidated in the National Academy of Neuropsychology consensus statement (NAN; Bush et
al., 2005) and reinforced by the American Academy of Clinical Neuropsychology (AACN;
Heilbronner et al., 2009), best-practice standards deem critical the inclusion of symptom (SVT)
and performance validity testing (PVT) in neuropsychological assessments (Bush et al., 2014;
Schutte et al., 2015). Whereas SVTs are employed to detect fabricated or exaggerated self-reported
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symptoms, PVTs monitor the credibility of test-taking behavior on performance-based cognitive
measures.
Free-standing vs Embedded Measures

By design, SVTs and PVTs are either free-standing like the Inventory of Problems
(Viglione, et al., 2017) and the Word Choice Test (WCT; Pearson, 2009) or embedded like the
Response Bias Scale of the MMPI-2 (Gervais et al., 2007) and the reliable digit span (Greiffenstein
et al., 1994). Long considered gold standard instruments, free-standing PVTs tend to have more
robust signal detection performance, as they were specifically designed and calibrated to separate
credible from non-credible presentation (Alverson et al., 2019; Larrabee, 2008; Erdodi, Green, et
al., 2019). However, their limitations are becoming increasingly apparent: the cost of test material
and clinician time, vulnerability to coaching (Bauer & McCaffrey, 2006; Victor & Abeles, 2004),
failure to provide information on cognitive ability (arguably, the ultimate goal of
neuropsychological assessment) despite taxing the examinee’s mental stamina (Mossman & Hart,
1996; Rickards et al., 2018), and the risky epistemological leap of rendering an entire
neurocognitive profile invalid based on failures on a few isolated PVTs (Bigler, 2014).

The growing awareness of these issues has led to the recent proliferation of embedded
validity indicators (EVIs). EVIs have the advantage of simultaneously measuring the target clinical
construct and the credibility of test-taking behavior, providing a cost-effective and inconspicuous
method for monitoring performance validity (Rai et al., 2019; Webber & Soble, 2018). In addition,
EVIs are fused with standard neuropsychological tests. Therefore, they monitor performance
validity from within measures of cognitive ability. Like their free-standing counterparts, EVIs use
empirically derived cutoffs to distinguish credible from non-credible response sets.

By lowering the administrative cost of repeatedly sampling performance validity, EVIs
provide an attractive alternative to resource-intensive free-standing PVTs while providing a
multivariate approach to performance validity assessment. Boone (2009) advocated for the
administration of multiple validity measures distributed throughout evaluation sessions, given the
potential for fluctuating and domain-specific patterns of non-credible responding (Cottingham et
al., 2014; Erdodi, Dunn et al., 2018; Erdodi, Tyson, Abeare et al., 2018; Schroeder et al., 2019).
Numerous studies have shown that multivariate models provide robust probabilistic metrics of the
veracity of the assessment results since they are more likely to detect transient episodes of invalid
performance, ranging from unintentional drifts in the attention of compliant examinees to overt
malingering (Boskovic et al., 2019; Dandachi-FitzGerald et al., 2020; Jones, 2016; Martin et al.,
2015; Mossman & Hart, 1996; Tracy, 2014; Walczyk et al., 2018).

The Trail Making Test (TMT)

Originally developed by US Army psychologists, the TMT has two parts: A and B. TMT4
requires the examinee to draw lines to connect encircled numbers (1 through 25) scattered on an
8.5 x 11-inch page in increasing order, as quickly as possible. TM T3 increases the cognitive load
by requiring the examinee to switch back and forth between numbers (increasing order) and letters
(alphabetical order). The most commonly used current administration protocol was established by
Reitan (1958) and requires the examiner to point out errors and direct the examinee to self-correct.

TMT,4 is a measure of simple visual attention, scanning, and psychomotor speed. In
contrast, TMTp is a measure of complex/divided visual attention, and mental flexibility. The main
outcome measure is time-to-completion (T2C) in seconds. Performance on TMT is influenced by
age (Salthouse et al., 2000; Stuss et al., 1987) and level of education (Bornstein, 1985; Hester et
al., 2005). The TMT is sensitive to neuropsychological deficits associated with a wide range of
disorders (Craun et al., 2019; Greer et al., 2010) ranging from traumatic brain injury (Lange et al.,
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2005) to psychiatric disorders (Gass & Daniel, 1990; Lamberty et al., 1994; Knowles et al., 2015;
Neill & Rossell, 2013; Savla et al., 2011) to neurodegenerative conditions (Bialystok et al., 2014;
Greenlief et al., 1985; Heidler-Gary et al., 2007).

The Delis-Kaplan Executive Systems (D-KEFS; Delis, Kaplan, & Kramer, 2001)
adaptation (TMTp.kers) is a modified and expanded version of the original test. The TMTp.kers
contains five trials: (1) Visual Scanning, (2) Number Sequencing, (3) Letter Sequencing, (4)
Number-Letter Switching, and (5) Motor Speed. Each trial is presented on a 17 x 11-inch paper.
The four baseline trials (1, 2, 3, and 5) measure the requisite subskills (visual scanning, number
sequencing, letter sequencing, and motor speed) needed to perform Trial 4 (TMTp-xers 4), a task
analogous to TMTs.

The TMT as EVI

In response to concerns that TMT performance may be confounded by non-credible
responding (Backhaus et al., 2004; Goebel, 1983; Lees-Haley & Fox, 1990; O’Bryant et al., 2003;
Ruffolo et al., 2000), initial EVI development efforts proposed raw score cutoffs (Busse &
Whiteside, 2012; Iverson et al., 2002; Powell et al., 2011; Shura et al., 2016; Whiteside et al.,
2018). Across studies, the proposed cutoffs ranged considerably from >48” to >63” for TM T, and
from >125” to >200” for TMT3.

Some researchers experimented with derivative raw-score-based TMT variables as EVIs.
Busse & Whiteside (2012) found that the >190” cutoft for the sum of TMT,4 and TMT 3 approached
.90 specificity. Subsequently, Shura et al., (2016) reported that a much more liberal cutoff (>137")
achieved the same level of specificity. Alternatively, Iverson et al. (2002) proposed that a TMT 54
raw score ratio of <1.50 separated credible from non-credible responding. An independent cross-
validation by Merten et al., (2007) found this cutoff to be highly specific but insensitive to invalid
performance.

Ashendorf et al., (2017) were the first to introduce TMT validity cutoffs based on
demographically adjusted scores: the TMT4 T <37 and TMTp T <35 reached the benchmark .90
specificity at .50-.53 sensitivity. These cutoffs failed to achieve the same level of specificity in a
subsequent replication by Abeare et al. (2019). In their study, the first cutoff that cleared .90
specificity against all criterion measures was T <33 for both TMT4 and TMT3, with .33-.68
sensitivity. More recently, Erdodi & Lichtenstein (2020) found TMT, T <35 (.32-.43 sensitivity
at .91-.95 specificity) and TMTs T <37 (.32-.47 sensitivity at .86-.95 specificity) to be optimal
cutoffs.

To our knowledge, there has been only one attempt at introducing validity cutoffs for the
TMTp.kers. Erdodi, Hurtubise et al. (2018) found that age-corrected scaled score (ACSS) cutoffs
of <5 on TMTp-k£rs 1-3, <4 on TMTp.kers 4, and <8 on TMTp.kers 5 effectively separated valid and
invalid response sets. On the TMTp.xers 42 raw score ratio (the conceptual equivalent to the
TMTsu4), the original cutoff of <1.50 had high specificity (.95-.96) but negligible sensitivity (.00-
.07).

The Present Study

The purpose of this research project was two-fold: to replicate the validity cutoffs
introduced by Erdodi, Hurtubise et al. (2018) in a different, non-clinical sample and to provide a
direct comparison between the classic TMT and the D-KEFS version — both as EVIs and measures
of visuomotor speed/executive skills. We hypothesized that TMT 4 ¢« 3 would be more sensitive to
non-credible responding than TMTp.kers, and produce superior classification accuracy. We also
predicted that TMT 4 ¢ 5 would be more sensitive to natural fluctuations in psychomotor speed and
executive skills compared to the TMTp.xzrs, given the difference in score metrics [TMT 4 ¢
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expressed as T-scores (0-100) vs TMTp.xers expressed as ACSS (1-19)]. Presenting data on both
tests and validating them against a common criterion measure would allow assessors to make
empirically informed decisions regarding the relative merits of the two TMT versions and their
respective EVIs.

Method

Participants. The sample consisted of 85 undergraduate students who volunteered for
academic research at a midsize Canadian university. Mean age was 21.7 years (SD = 5.6), while
mean education was 14.5 years (SD = 1.3). The majority of the sample (86%) was female,
reflecting the true gender imbalance among students majoring in psychology at the university. The
data were collected for the first author’s Master’s Thesis project, and were used in a previous
publication examining different topics (reference blinded for review).

Table 1

Recoded Components of the EI-7 and Corresponding Base Rates of Failure

EI-7 Values
0 1 2 3
EI-7 Component Pass Fail FAIL FAIL
Animals >33 21-33 15-20 <14
Base Rate 77.4 13.1 4.8 4.8
BNT-15 T2C <75 75-85 86-100 >100
Base Rate 88.2 2.4 2.4 6.0
CDwais-m >6 6 5 <4
Base Rate 80.7 4.8 8.4 6.0
CIM >0 9 8 <7
Base Rate 74.1 10.6 2.4 12.9
FAS >33 28-33 20-27 <19
Base Rate 72.6 19.1 3.6 4.8
GPB pominant >31 19-31 12-18 <11
Base Rate 69.4 20.0 5.9 4.7
RDS >7 7 6 <5
Base Rate 82.1 7.1 1.2 9.5

Note. EI-7: Erdodi Index Seven; Animals: Category fluency (demographically adjusted T-score based on
norms by Heaton et al., 2004; Hayward et al., 1987; Hurtubise et al., 2020; Sugarman & Axelrod, 2015);
BNT-15: Boston Naming Test — Short Form (An et al., 2019); T2C: Time to completion (seconds); CDy4ss-
ur - Coding subtest of the Wechsler Adult Intelligence Scale — Third Edition (age-corrected scaled score;
Ashendorfetal., 2017; Erdodi, Abeare et al., 2017; Erdodi & Lichtenstein, 2017; Etherton et al., 2006; Inman
& Berry, 2002; Kim et al., 2010; Trueblood, 1994); CIM: Raw score on the Complex Ideational Material
subtest of the Boston Diagnostic Aphasia Battery (An et al., 2019; Erdodi, 2019; Erdodi et al., 2016; Erdodi
& Roth, 2017); FAS: Letter fluency (demographically adjusted T-score based on norms by Heaton et al.,
2004; Curtis et al., 2008; Hurtubise et al., 2020; Sugarman & Axelrod, 2014; Whiteside et al., 2015);
GPBpominan: : Grooved Pegboard Test dominant hand (demographically adjusted T-score based on norms by
Heaton et al., 2004; Erdodi, Kirsch, et al., 2018; Erdodi, Seke et al., 2017); RDS: Reliable Digit Span
(Greiffenstein et al., 1994; Pearson, 2009; Reese, et al., 2012; Schroeder et al., 2012; Webber & Soble, 2018).
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Materials. All participants were administered a brief neuropsychological battery.
Demographically adjusted T-scores for the TMT 445 were calculated using norms by Heaton et al.
(2004). ACSSs for the TMTp.kers were calculated using norms provided by the technical manual
(Delis et al., 2001). The TMTp.x£rs was administered in the first block of tests, followed by the
TMT 4¢5.

The main free-standing PVT was the Word Choice Test (WCT; Pearson, 2009). An
additional validity composite [Erdodi Index Seven (EI-7)] was developed by aggregating
embedded PVTs into a single-number summary of the credibility of a given cognitive profile
(Erdodi, 2019). Each of the EI-7 components was recoded onto a 4-point ordinal scale: a score in
the unequivocally valid range was coded as 0, whereas a score in the unequivocally invalid range
was coded as 3. A score that only failed the most liberal cutoff available was coded as 1, whereas
the next more conservative failure was coded as 2. If clear a priori cutoffs were not available, the
El levels 2 and 3 were calibrated to correspond to the 10™ and 5 percentiles, respectively.

The value of the EI-7 is obtained by summing its recoded components. As such, it can
range from 0 (all 7 PVTs passed) to 21 (all 7 PVTs failed at the most conservative cut-off). An EI-
7 score <I is considered an overall Pass, while scores >4 are considered an overall Fail (Erdodi,
2019). EI-7 scores 2 and 3 are considered Borderline and excluded from analyses requiring a
dichotomous outcome, as they are significantly different from both Pass and Fail (Erdodi &
Abeare, 2020; Erdodi, Seke et al., 2017; Erdodi, Tyson et al., 2018; Lichtenstein et al., 2019). The
majority (61.2%) of the sample produced valid profiles, while 20% had psychometric evidence of
non-credible performance.

Table 2

Distribution of the EI-7 Scores and their Clinical Classification

Classification
BT f % UM ByRow  Overall
0 33 38.8 38.8 PASS
1 19 224 61.2 Pass PASS
2 10 11.8 72.9 Borderline
3 6 7.1 80.0 Borderline
4 1 1.2 81.2 Fail
5 3 3.5 84.7 Fail
6 0 0.0 84.7 FAIL
7 1 1.2 85.9 FAIL FAIL
8 1 1.2 87.1 FAIL
9 3 35 90.6 FAIL
>10 9 10.6 100.0 FAIL

Note. EI-7: Erdodi Index Seven; f: Frequency distribution. Capitalization and boldface indicate
increased confidence in correctly classifying a given profile as invalid.

Procedure. Participants were recruited through the university’s online system designed to
match student volunteers with research studies. Students were randomly assigned to either the
control condition (i.e., tests were administered under standard instructions) or the experimental
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malingering (expMAL) condition (i.e., participants were instructed to feign neuropsychological
deficits without being detected) using a 2:1 ratio. Data from five participants in the expMAL group
were excluded from the study because during the manipulation check at the end of the study they
indicated that they had failed to comply with the instructions. The vignette used to induce expMAL
has been published in previous papers by the same research group (references blinded for review).

Psychometric testing was administered by the first author or undergraduate research
assistants trained in test administration and scoring. Participants were provided information on the
condition to which they were assigned (i.e., control or expMAL) in a sealed envelope, and were
instructed not to disclose that information to the individual who was administering the tests. The
study was approved by the University’s Research Ethics Board. APA ethical guidelines governing
research with human participants were observed throughout the study.

Data Analysis. Descriptive statistics [M, SD, base rate of failure (BRr.i)] were reported
where relevant. The main inferential statistics were one-way ANOVAs, independent-sample z-
tests (for continuous variables), and y* (for categorical variables). Effect size estimates were
provided in partial eta squared (n2,), Cohen’s d, and ®°. The statistical significance of the
difference between two SDs was determined using Levene’s test of homogeneity of variance.
Receiver operating characteristics [area under the curve (AUC), and the corresponding 95% Cls]
were computed in SPSS 25.0. Classification accuracy [sensitivity, specificity, likelihood ratio
(LR)] was computed using standard formulas.

Results
Cross-Validating the EI-7

Although the EI-7 has been previously validated against both expMAL in cognitively intact
participants (An et al., 2019; Rai et al., 2019) and psychometrically defined known-groups within
clinical samples (Erdodi, 2019; Erdodi, Green et al., 2019; Rai & Erdodi, 2019), its classification
accuracy was computed to demonstrate its predictive validity within the present sample. As shown
in Table 3, the EI-7 produced very high AUCs (.88-.96) and good combinations of sensitivity (.71-
.93) and specificity (.91-.96).

Table 3

Classification Accuracy of the EI-7 against Various Criterion Measures

EI-7 Criterion

Statistics expMAL WCT Rey-15
AUC .96 .93 .88
95% CI 91-1.00 .87-1.00 .80-.96
Sensitivity .93 .92 1
Specificit .93 91 .96

y

> 43.3 39.5 35.6
p <.001 <.001 <.001
®? .64 .57 .52
+LR 12.5 10.3 17.1
-LR 0.08 0.08 0.30

Note. EI-7: Erdodi Index Seven (Fail defined as >4; Erdodi, 2019); expMAL:
Experimental malingering; WCT: Word Choice Test [Pearson, 2009; Fail defined
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as <45 (Barhon et al., 2015; Bain & Soble, 2019; Davis, 2014; Erdodi et al., 2014;
Erdodi & Lichtenstein, 2019; Zuccato et al., 2018) or time-to-completion >156”
(Erdodi & Lichtenstein, 2019; Erdodi, Tyson et al., 2017)]; Rey-15: Rey Fifteen
Item Test (Rey, 1941) combination score (free recall + recognition hits; Fail
defined as <23; Boone et al., 2002; Poynter et al., 2019).

Between-Group Differences on the TMTs as a Function of Performance Validity

Participants in the control group performed within the Average range on both versions of
the TMT, and significantly above the expMAL group (Table 4). Effect sizes were larger for the
TMT, (d = 1.41) than the TMTp.kers 2 (d = 0.88), but comparable for the TM Tz and TMTp-xeFs 4
(d: 0.65-0.79). On the raw score ratio, a significant difference emerged on TMTg.4 (d = 0.94), but
not on TMTp.kers 42 (p = .811).

Table 4

Between-Group Differences on the TMTs as a Function of Performance Validity

Criterion
Control expMAL
n=:60 n=25
TMT Version & Score G1VS.
M SD M SD t p d 02

TMT,4 T-Score 514 4. 306 14.9 577 <001 141 .899

7
TMT3g T-Score 490 9.5 399 1.4 3.63 .001 0.69 341
TMTg, Raw Score Ratio 2.57 058 1.88 0.66 3.50 .001 0.90 151
TMTp.xers 2 ACSS 96 2.7 64 44 4.09 <001 0.88 .002
TMTp.xers 4+ ACSS 94 2.7 69 3.8 3.46 .001 0.79 .005
TMTp.xers 42 Raw Score 241 0.7 236 1.06 0.24 811 - .045
Ratio 5

WCT
Pass Fail
n==065 n=17

TMT 4 T-Score 50.5 I4. 241 10.7 6.85 <001 2.08 .086

4
TMT3 T-Score 487 9.7 350 89 4.85 <001 147 .550
TMTy Raw Score Ratio 2.52 0.78 1.70 041 3.61 <001 1.21 .009
TMTp.kers 2 ACSS 95 2.7 49 4.1 5.55 <001 1.33 .007
TMTp-kers 4 ACSS 92 28 6.5 4.2 3.20 002 0.76 .003

TMTp-xeFs 472 Raw Score 251 0.8 1.98 0.62 2.31 .023 0.70 257
Ratio 8

EI-7
Pass Fail
n=>52 n=15

143



Erdodi, Hurtubise, Brantuo, Cutler, Kennedy, and Hirst

TMT4 T-Score 52.6 13. 260 13.4 658 <001 195 .540
9
TMT;3 T-Score 497 9.0 341 8.6 576 <001 1.77 .645
TMT, Raw Score Ratio 2.59 0.98 1.87 0.70 291 .005 0.93 .097
TMTp.kers 2 ACSS 102 2.3 49 4.1 6.74 <001 1.59 <.001
TMTp-xers 4 ACSS 99 23 6.1 4.2 4.67 <001 1.12 <.001
TMTp.xers 472 Raw Score 248 0.7 2.13 0.82 1.61 113 - .683
Ratio 7

Note. TMT: Trail Making Test (Reitan, 1955; demographically adjusted T-scores based on norms by Heaton et al.,
2004); D-KEFS: Delis-Kaplan Executive Function System (Delis et al., 2001); ACSS: Age-corrected scaled score;
expMAL: Experimental malingering; o vs. 6: The p-value associated with Levene’s test of homogeneity of variance;
WCT: Word Choice Test [Pearson, 2009; Fail defined as <45 (Barhon et al., 2015; Bain & Soble, 2019; Davis, 2014;
Erdodi et al., 2014; Erdodi & Lichtenstein, 2019; Zuccato, Tyson, & Erdodi, 2018) or time-to-completion >156”
(Erdodi & Lichtenstein, 2019; Erdodi, Tyson et al., 2017)]; EI-7: Erdodi Index Seven (Fail defined as >4; Erdodi,
2019).

A similar pattern of performance was observed against the WCT as the criterion measure:
an Average range mean score within the Pass group with significantly lower scores in the Fail
group; effect sizes more pronounced on the contrasts involving the TMT, and TMTp.xers 2 (d =
2.08 vs. 1.33) than the TMTp and TMTp.kers4(d = 0.91 vs 0.76). An important deviation from the
previous trend was that a significant difference emerged on the TMTp.kers 42 raw score ratio,
although the effect size was lower than that on TM T34 (d = 0.70 vs 1.25).

Results based on the EI-7 as criterion mirrored the trend observed against expMAL: larger
effects on the TMT, and TMTp.xers 2 contrasts (d = 1.95 vs 1.59) compared to the TMTp and
TMTp-kers4(d = 1.10 vs 1.12), significant difference on the TMTg/4 (d = 1.00), but not on TMTp.
KEFS 4/2 Taw score ratio (p =.113).

Classification Accuracy of TMTs against Criterion PVTs

All TMT scores except the TMTp.xers 42 raw score ratio produced significant AUCs
against the criterion measures (0.72 - 0.92). AUC values were significantly higher on the TMT4
compared to TMTp.gers 2 against expMAL (0.83 vs. 0.72) and WCT (0.93 vs. 0.82), narrowly
missing the threshold against the EI-7 (0.91 vs. 0.83). Likewise, the TMT3s/4 consistently
outperformed the TMTp_x£rs 42 (0.78-0.83 vs. 0.61-0.70). AUC values were comparable on TMTp
and TMTp.xers 4 (Table 5).

Table 5

Overall Classification Accuracy of the TMTs against Various Criterion Measures
Criterion Measure

expMAL WCT EI-7
TMT Version & Score Aéj 95% CI ACU 95% CT AUC  95% CI
TMT,4 T-Score 83 .73-93 .93 .87-.99 91 .82-.99
TMT3g T-Score 73 .60-.86 .84 .74-95 .90 .81-.99
TMTs/4 Raw Score Ratio 77 .65-.89 82 .71-92 .78 .64-92
TMTp.xers 2 ACSS 72 .57-87 82 .67-97 .83 .69-98
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TMTp-kers 4+ ACSS 12 .59-.85 72 .54-.89 78 .61-.95
TMTp-xeFs 472 Raw Score .61 46-.76 .70 .55-.85 .63 .45-.80
Ratio

Note. TMT: Trail Making Test (Reitan, 1955; demographically adjusted T-scores based on norms by Heaton et al.,
2004); D-KEFS: Delis-Kaplan Executive Function System (Delis et al., 2001); ACSS: Age-corrected scaled score;
expMAL: Experimental malingering; WCT: Word Choice Test [Pearson, 2009; Fail defined as <45 (Barhon et al., 2015;
Bain & Soble, 2019; Davis, 2014; Erdodi et al., 2014; Erdodi & Lichtenstein, 2019; Zuccato et al., 2018) or time-to-
completion >156” (Erdodi & Lichtenstein, 2019; Erdodi, Tyson et al., 2017)]; EI-7: Erdodi Index Seven (Fail defined
as >4; Erdodi, 2019).

A TMT, cutoff of T <37 produced a good combination of sensitivity (.80) and specificity
(.87) against the EI-7, but failed to achieve the minimum specificity threshold against expMAL
and the WCT. There was no observed value for T = 35. At T <33, specificity was approaching .90
(.86-.88), at .61-.75 sensitivity. Lowering the cutoff to <31 further consolidated specificity (.88-
.90) without sacrificing any sensitivity. T <29 achieved uniformly high specificity (.92-.95) at a
small cost to sensitivity (.57-.69). Making the cutoff even more conservative (T <27) reached the
point of diminishing return: unchanged specificity but a decline in sensitivity (.52-.63).

On the TMTj3 , a cutoff of T <37 fell similarly short of minimum specificity standards
against expMAL and the WCT. However, lowering the cutoff to T <35 produced good
combinations of sensitivity (.42-.60) and specificity (.87-.94). Making the cutoff even more
conservative resulted in a predictable trade-off of near-ceiling specificity (.95-1.00) and
diminished sensitivity (.33-.53).

A TMTp.kers 2 ACSS <6 cutoff met the minimum specificity threshold against all criterion
PVTs, with sensitivity ranging between .52 and .65. Lowering the cutoff to <5 resulted in
significant improvement in specificity (.92-.98), at a reasonable cost to sensitivity (.36-.53).
Making the cutoff even more conservative (<4) had no meaningful effect on classification
accuracy.

A TMTp.kers 4+ ACSS <6 cutoff produced good combinations of sensitivity (.44-.53) and
specificity (.87-.92). Lowering the cutoff to <5 significantly improved specificity (.96-.98) at the
expense of sensitivity (.28-.41). The next level of cutoff (<4) was the point of diminishing return:
no change in specificity, further decline in sensitivity (.20-.29).

A TMTg/4 raw score ratio cutoff of <1.70 achieved good combinations of sensitivity (.56-
.65) and specificity (.85-.88). Lowering the cutoff to <1.60 disproportionately sacrificed sensitivity
(.44-.53) for specificity (.86-.90). Making the cutoff even more conservative (<1.50) resulted in a
sensible trade-off between markedly improved specificity (.94-.97) and relatively well-preserved
sensitivity (.31-.41).

Finally, a TMTp.x£rs 42 raw score ratio cutoff of <1.70 was highly specific (.92-.94), but
not very sensitive (.20-.29) to psychometrically defined invalid performance. Lowering the cutoff
to <1.60 resulted in the predictable trade-off between marginally improved specificity (.93-.96) at
a proportional loss in sensitivity (.16-.24). Making the cutoff even more conservative (<1.50)
extended this trend by further consolidating specificity (.95-.98) and eroding sensitivity (.12-.18).
Table 6 provides a detailed summary of the analyses.
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Table 6

Sensitivity and Specificity of the TMTs against Various Criterion Measures

Criterion Measure

expMAL WCT EI-7
BRFai 29.4 20.2 24.6
TMT Version & Score Cutoff SENS SPEC SENS SPEC SENS SPEC
TMT,4 T-Score <37 31.7 .65 .81 .88 .82 .80 .87
<35 - - - - - - -
<33 29.3 .61 .88 75 .86 73 .88
<31 24 .4 .61 .90 75 .88 73 .90
<29 23.2 .57 .95 .69 .92 .67 .94
<27 19.5 52 .95 .63 .92 .60 .94
TMTp T-Score <37 27.6 46 .81 .60 .80 .67 .85
<35 21.1 42 .89 53 .87 .60 .94
<33 11.8 33 .98 40 .95 53 1.00
<31 7.9 21 .98 33 .98 33 1.00
<29 53 17 1.00 27  1.00 27  1.00
TMTpg/4 Raw Score Ratio <1.70 244 .56 .88 .65 .85 .56 .88
<1.60 20.7 48 .90 .53 .86 44 .90
<1.50 12.2 .36 .97 41 .94 31 .96
TMTp-kers 2 ACSS <6 24.7 52 .87 .59 .84 .65 .90
<5 16.5 .36 .92 .53 .93 .53 .98
<4 15.3 .36 .93 53 .94 53 .98
TMTp.kers + ACSS <6 21.2 44 .88 .53 .87 .53 .92
<5 17.6 28 .97 35 .96 41 .98
<4 10.6 .20 .97 .24 .96 .29 .98
TMTp.xEeFs 42 Raw Score <1.70 11.8 .20 .92 .29 .93 .29 .94
Ratio
<1.60 9.4 .16 .93 .24 .94 24 .96
<1.50 7.1 A2 .95 18 .96 18 .98

Note. TMT: Trail Making Test (Reitan, 1955; demographically adjusted T-scores based on norms by Heaton et al.,
2004); D-KEFS: Delis-Kaplan Executive Function System (Delis et al., 2001); ACSS: Age-corrected scaled score;
BRp.ii: Base rate of failure (% of the sample that failed a given cut-off); expMAL: Experimental malingering; WCT:
Word Choice Test [Pearson, 2009; Fail defined as <45 (Barhon et al., 2015; Bain & Soble, 2019; Davis, 2014; Erdodi
et al., 2014; Erdodi & Lichtenstein, 2019; Zuccato et al., 2018) or time-to-completion >156” (Erdodi & Lichtenstein,
2019; Erdodi, Tyson et al., 2017)]; EI-7: Erdodi Index Seven (Fail defined as >4; Erdodi, 2019); SENS: Sensitivity;
SPEC: Specificity.

Optimal Cutoffs as a Function of BRrai across Versions of the TMT

As expected, a larger proportion of participants in the expMAL condition failed both TMT4
and TMTp.kers 2. However, the effect size was noticeably larger for TMT, [®? = .281 vs. .116).
Also, BRrair within the expMAL group was 1.69 times higher on the TMT,4 than TMTp.kers ».
Similarly, there was a stronger association between criterion grouping and failing the TMTp (O =
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.205) than failing the TMTp.kzrs 4 (®*>= .133). While BRr,i within the expMAL group was similar
on both versions of the test (33.3% vs. 28.0%), participants in the control group were 1.74 times
more likely to fail the TMTp.x£rs 4 compared to the TMTp (Table 7).

Table 7

One-Way ANOVAs Comparing TMTs across Three Levels of Performance on Two Measures of
Psychomotor Speed and Two Measures of Executive Functioning (Controls Only)

Digit-Symbol Coding ACSS Sig.
<gh 9-128 >13¢ post
Test Trial M SD M SD M SD F p n’, hocs d
T™MT A 434 169 50.8 13.6 58.7 12.0 3.62 .033 .116 A-C 1.04
B 428 &7 488 9.5 546 6.8 488 .012 .163 A-C 1.5l1
D-KEFS 2 87 2.9 98 22 10.1 2.7 1.06 .353 .037 - -
4 82 206 92 27 112 1.7 4.60 .014 .143 A-C 1.37
B-C  0.89
GPB Dominant Hand T-score
<394 40-50° >51¢
T™MT A 499 155 48.7 14.7 574 124 189 .160 .063 B-C .64
B 487 10.5 475 9.2 514 83 0.69 .504 .027 - -
D-KEFS 2 86 2.9 96 26 108 22 295 .061 .094 A-C .85
4 86 2.9 94 28 107 1.8 295 .060 .094 A-C .87
WCST-64 Categories Completed
<2 3-48 5¢
T™T A 510 157 479 13.6 583 14.5 297 .060 .096 B-C 0.74
B 468 58 475 10.1 529 93 202 .143 .075 - -
D-KEFS 2 89 2.2 9.1 3.1 108 1.4 282 .068 .090 B-C 0.71
4 97 18 89 3.1 103 2.1 147 .238 .049 - -
Longest Digit Span Backward
34 4B >5¢
T™MT A 527 130 48.8 154 54.6 15.7 0.81 .451 .039 - -
B 469 96 469 9.5 538 82 3.00 .059 .109 A-C 0.77
B-C 0.78
D-KEFS 2 99 1.9 9.1 27 9.7 34 051 .601 .018 - -
4 94 17 93 30 9.7 33 0.13 .875 .005 - -

Note. ACSS: Age-corrected scaled score; TMT: Trail Making Test demographically adjusted T-scores based on norms
by Heaton et al., 2004; D-KEFS: Delis-Kaplan Executive Function System ACSS; Sig. post hocs: Uncorrected
significant post hoc pairwise contrasts; GPB: Grooved Pegboard Test (demographically corrected T-scores
demographically adjusted T-scores based on norms by Heaton et al., 2004); WCST-64: Wisconsin Card Sorting Test,
64-card version.

Sensitivity to Various Levels of Performance on Tests of Psychomotor Speed and Executive

Function (Controls Only)
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Scores on two measures of processing speed [Digit-Symbol Coding (DSC) and Grooved
Pegboard (GPB)] and executive skills [categories completed on the 64-card version of the
Wisconsin Card Sorting Test (WCST-64c47) and Longest Digit Span Backward (LDB)] were
trichotomized to establish three levels of performance: low, average, and high (Table 8). The three
subsamples were defined either by established classification thresholds (DSC and LDB), the
distribution of scores within the present sample (WCST-64c47), or a combination of both (GPB).
One-way ANOVAs were performed using the three levels of these tests as the independent
variable, and the two versions of the TMT as independent variables.

DSC — ACSSs

A significant ANOVA emerged on TMT, with a large main effect (n?, = .116). The only
significant post hoc contrast was between the ACSS <8 and ACSS >13 subsamples (d = 1.04, large
effect). Even larger effects were observed on TMTz[n?,=.163 (large) and d = 1.51 (very large)].
The ANOVA on TMTp.kzrs 2 failed to reach significance, as did all post hoc contrasts. However,
a significant ANOVA emerged on TMTp.kers « with a large main effect (n?, = .114). The ACSS
>13 subsample outperformed both of the other two groups (d: 0.89-1.37, large effects).

Dominant Hand GPB — Demographically Adjusted T-scores

ANOVAs were non-significant for all four trials of the TMTs. However, the main effect
was more pronounced on TMT4 (n?,=.063, medium) than TMT5 (n?, = .027, small). Similarly, a
significant post hoc contrast emerged between the T =40-50 vs. T>51 on TMT, (d = 0.64, medium
effect). In contrast, the same main effect (n?,=.094, medium) emerged on both trials of the TMTp.
KEFs, approaching statistical significance (p: .060-.061). Post hoc contrasts between the T <39 and
T >51 subsamples were also significant (d: 0.85-0.87, large effects).

Categories Completed on WCST-64 — Raw Score

The ANOVA emerged on the TMT4 was approaching significance (p = .060), with a
medium main effect (n°, = .096). The contrast between participants who completed <2 and those
who completed 5 categories was also significant (d = 0.74, large effect). The ANOVA on the
TMT3 was not significant (p = .143), and neither were any of the pairwise post hoc contrasts. A
similar pattern emerged on the TMTp.x&rs: marginally significant ANOVA on Trails 2 (p =.068),
non-significant ANOVA on Trails 4 (p = .238). Participants who completed 5 categories
outperformed those who completed <2 categories (d = 0.71, large effect) on TMTp.xers 4.

LDB — Raw Score

The ANOVA on TMT, failed to reach significance, as did all post hoc contrasts. However,
the ANOVA on TMTjp was approaching significance (p = .109). Participants with LDB >5
outperformed the other two groups (d: 0.77-0.78, large effects). In contrast, ANOVAs were not
significant for both trials of the TMTp-xers (p: .601-.875), and neither were any of the post hoc
contrasts.

Discussion
Overview

The present study compared the sensitivity of the TMT, ¢ 5 and TMTp.krs 2 ¢ 4 to invalid
performance and natural fluctuations in psychomotor speed/executive function in undergraduate
students, some of whom were instructed to feign neuropsychological deficits. We predicted that
TMT, « p would be superior to the TMTp.xers in both applications. However, given the divergent
findings, the results provide mixed support for these hypotheses, as discussed below.

Sensitivity to Invalid Performance as Continuous Variables
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TMT 4 was more sensitive to both expMAL and psychometrically defined non-credible
responding than TMTp.xers 2 (d: 1.41-2.08 vs. 0.88-1.59). However, invalid performance had a
comparable effect size on both TMTg and TMTp.kers+ (d: 0.65-1.10 vs. 0.76-1.12). The advantage
of TMT, « s over TMTp.xers re-emerged on the ratio score: B/A consistently produced a large
effect (d: 0.94-1.25), whereas 4/2 failed to reach statistical significance against two of the three
criterion measures (see Table 4 above).

Equally important, statistically significant heterogeneity of variance was consistently
observed with TMTp.kers, but not TMT 4 « 5. Increased within-group variability has been identified
as an emergent marker of invalid performance (Elbaum et al., 2019; Erdodi, 2019; Fuermaier et
al., 2018; Lichtenstein et al., 2019; Stevens et al., 2016), possibly reflecting a divergence in
malingering strategies (Cottingham et al., 2014; Erdodi et al., 2014). As the SD is the ultimate
source of measurement error, the observed heteroscedasticity has potentially far-reaching
implications to the instruments’ clinical utility.

TMT4 & B vs TMTp.xers as EVIs

The TMT, produced significantly higher AUC values than TMTp.kers-2 against two of the
three criterion PVTs. However, there was no difference in the signal detection performance of
TMTg and TMTp-kers-+. The B/A had a superior AUC to the 4/2 raw score ratio against all three
criterion PVTs (see Table 5 above).

The TMT4 cutoff of T <35 had comparable classification accuracy to TMTp-xers-2 ACSS
<6 (.61-.75 sensitivity at .86-.88 specificity and .52-.65 sensitivity at .84-.90 specificity,
respectively). The first cutoff to unequivocally achieve the .90 specificity benchmark was TMT,
T <29 (.57-.67 sensitivity) and TMTp.xers-2 ACSS <5 (.36-.53 sensitivity). Similarly, the TMTg
cutoff of T <35 had comparable classification accuracy to TMTp.kers-+ ACSS <6 (.42-.60
sensitivity at .87-.94 specificity and .44-.53 sensitivity at .87-.92 specificity, respectively). The
first cutoff to unequivocally achieve the .90 specificity benchmark was TMTp T <33 (.33-.53
sensitivity) and TMTp.xers.2 ACSS <5 (.28-.41 sensitivity).

In terms of the ratio score, the superiority of B/A over 4/2 was apparent, likely driven by
the higher (roughly twofold) BRrai. At the original cutoff (<1.50), both versions had comparably
high specificity (.94-.97 and .95-.98, respectively), but B/A achieved notably higher sensitivity
than 4/2 (.31-.41 vs. .12-.18, respectively). At the liberal cutoff of <1.70, 4/2 maintained higher
specificity (.92-.94) than B/A (.85-.88). However, B/A had much higher sensitivity (.56-.65 vs.
.20-.29).

Classification Error Rate of the Two Versions of TMT as EVlIs

Around 10% of participants in the control group failed the TMT, and TMTp.kers 2 at
optimal cutoffs (T <31 and ACSS <5). This is considered an acceptable false positive rate (Boone,
2013; Donders & Strong, 2011). However, the TMT,4 correctly identified a larger proportion of
the expMAL group (61% vs. 36%). In contrast, a comparably low BRr.i; was observed on TMTg
(33%) and TMTp.kers 4 (28%), while both versions of the test had a low false positive rate (<3%).
Overall, results suggest that the TM T, makes for a better EVI than the TMT p-x£rs 2; both the TMTp
and TMTp.kers 4 are relatively insensitive to experimentally induced non-credible performance but
are highly specific to it.

Sensitivity to Fluctuations in Processing Speed and Executive Function

Consistent with our prediction, TMT,4 demonstrated a superior ability to differentiate
variability in psychomotor speed performance on DSC relative to TMTp.xers 2. The TMT,4 and
TMT p-kxers > were comparably insensitive to fluctuations in GPB scores. As expected, TMT, was
more sensitive to fluctuations in DSC scores than TMTps. However, the opposite pattern was
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observed in TMTp.kers: Trial 4 was more sensitive to fluctuations in DSC scores than Trial 2.
These results raise concerns about the construct validity of the TMTp-xzrs.

Contrary to expectations, both TMT p and TMTp.xers 4+ were insensitive to fluctuations in
WCST-64c4r, while TMT, and TMTp.kers > were approaching significance at comparable effect
sizes. Negative findings extended to TMT,4 and TMTp.xzrs 2 on LDB. However, a large effect
emerged on TMT3, whereas the effect size was virtually zero on the TMTp.kers 4. Once again,
these findings suggest that TMT 4 « 5 have stronger construct validity than TMTp.xers 2 & 4.
Limitations

Results must be interpreted in the context of the study’s inherent limitations. First, the
expMAL design has a number of well-known methodological flaws, the main one being that
participants lack a proportional incentive and the experiential basis of real-world malingerers to
produce credible impairment on testing (Erdal et al., 2004; Kanser et al., 2017; Tan et al., 2002).
In addition, in clinical or forensic settings, there is a range of complicating factors such as
psychogenic interference and somatoform disorders (Jurick et al., 2020; Merten & Merckelbach,
2013; Tarachow, 1947) that either hinder or facilitate the detection of non-credible responding.
Undergraduate students cannot be reasonably expected to emulate such complex and ill-defined
patterns of psychopathology. The variability in the wording of expMAL instruction is another
largely unknown source of error variance (Giromini et al., 2019).

Second, the study was based on cognitively healthy young adults. Although using normal
controls to establish a proof of concept is a sensible strategy in the early stages of an investigation,
it leaves unanswered questions about the generalizability of the findings. Namely, it is unclear
whether the differences between the two versions of the TMT would extend to individuals with
genuine neurocognitive deficits.

Third, even cognitively healthy young adults may possess mild forms of motor impairment
(Kirby et al., 2008; Saban & Kirby, 2018) that may negatively impact TMT performance. Beyond
looking for consistency between the GPB-D and D-KEFSs scores, it may be helpful to document
idiosyncratic motoric behaviors such as peg drops, tremulousness, an inefficient pencil grasp,
frequent pencil lifts, over and undershoots, slow oromotor speed, speech errors, and nystagmus. In
the presence of apparent multi-domain weaknesses across measures, such an integrative approach
that combines behavioral observations with psychometric data may assist in distinguishing genuine
deficits from non-credible responding.

Finally, the sample was restricted to a single city. Given previous reports of geographic
variations in cognitive functioning (Daugherty et al., 2017; Kura et al., 2013; Lichtenstein et al.,
2019; McDaniel, 2006; Roth et al., 2015), the findings may not transfer to populations with
different demographic characteristics.

Strengths

Nevertheless, to our knowledge, this is the first study to provide a systematic comparison
between the classic and D-KEFS versions of the TMT, cautioning against uncritical adaptation of
novel editions. It is also the first study to evaluate the classification accuracy of the TMTp.kers as
a PVT using the expMAL paradigm. The randomization scheme followed a single-blind design to
minimize assessor bias and demand characteristics. Results also revealed that the TMT ratio
continues to have potential as a derivative validity indicator, despite its poor track record in
previous research (Abeare et al., 2019; Ashendorf et al., 2017; Iverson et al., 2002). Moreover,
psychometrically defined criterion groups complemented the analyses to mitigate the
methodological limitations inherent in expMAL paradigms. Nonetheless, the ultimate purpose of
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including the expMAL condition was to induce a certain amount of invalid performance and
evaluate the TMTs’ detection efficacy.
Conclusions

Results of the study reinforce the principle that new and more sophisticated editions of an
old test are not necessarily psychometrically superior (Boone, 2013). In fact, there may be
advantages of utilizing old, well-established instruments with a rich post-publication evidence
base. Should the differential sensitivity of the classic TMT be upheld in future independent
replications, clinical neuropsychologists will be provided with important actionable information
about test selection and interpretation. Simultaneously, replication studies might help to explain
some of the negative findings wherein the TMTp.xers were employed as an outcome measure.
Regardless, the present findings indicate that greater consideration should be given to
administering the TMT4 & g over the TMTp_k&rs.
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