
Detecting Simulated versus Bona Fide Traumatic Brain Injury 
Using Pupillometry

Sarah D. Patrick, Lisa J. Rapport, Robert J. Kanser, Robin A. Hanks, Jesse R. Bashem
Wayne State University

Abstract

Objective: Pupil dilation patterns are outside of conscious control and provide information 

regarding neuropsychological processes related to deception, cognitive effort, and familiarity. This 

study examined the incremental utility of pupillometry on the Test of Memory Malingering 

(TOMM) in classifying individuals with verified traumatic brain injury (TBI), individuals 

simulating TBI, and healthy comparisons.

Method: Participants were 177 adults across three groups: verified TBI (n = 53), feigned 

cognitive impairment due to TBI (SIM, n = 52), and heathy comparisons (HC, n = 72).

Results: Logistic regression and ROC curve analyses identified several pupil indices that 

discriminated the groups. Pupillometry discriminated best for the comparison of greatest clinical 

interest, verified TBI versus simulators, adding information beyond traditional accuracy scores. 

Simulators showed evidence of greater cognitive load than both groups instructed to perform at 

their best ability (HC and TBI). Additionally, the typically robust phenomenon of dilating to 

familiar stimuli was relatively diminished among TBI simulators compared to TBI and HC. This 

finding may reflect competing, interfering effects of cognitive effort that are frequently observed 

in pupillary reactivity during deception. However, the familiarity effect appeared on nearly half the 

trials for SIM participants. Among those trials evidencing the familiarity response, selection of the 

unfamiliar stimulus (i.e., dilation-response inconsistency) was associated with a sizeable increase 

in likelihood of being a simulator.

Conclusions: Taken together, these findings provide strong support for multimethod assessment: 

adding unique performance assessments such as biometrics to standard accuracy scores. Continued 

study of pupillometry will enhance identification of simulators who are not detected by traditional 

performance validity test scoring metrics.
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The validity of neuropsychological assessment is highly dependent on the quality of an 

examinee’s engagement during the evaluation. Response styles account for as much as 

50% of the outcome in test scores (Green, Rohling, Lees-Haley, & Allen, 2011; Meyers, 

Reinsch-Boothby, Miller, Rohling, & Axelrod, 2011). Unfortunately, purposeful attempts to 

feign brain injury are prevalent, particularly in the context of incentives for financial gain or 

mitigating responsibility (Flaro, Green, & Robertson, 2007; Rogers, 2008). Approximately 

40% of compensation-seeking cases involve feigned cognitive impairment (Larrabee, 2003). 

Examinees must provide valid effort; otherwise, the assessment results may undermine the 

goals of accurate decisions regarding diagnosis, treatment planning, and resource allocation 

(Strauss, Sherman, & Spreen, 2006).

Psychologists cannot readily identify non-credible test performance based on personal 

interactions with the examinee (Boone, 2013). Performance validity tests (PVTs) used in 

traumatic brain injury (TBI) assessment generally capitalize on common misconceptions 

about TBI (e.g., that recognition memory and basic attention are typically impaired; Boone, 

2013; Fuermaier et al., 2020; White et al., 2020). For example, many PVTs employ floor 
effect detection strategies, designed to be so easy that even individuals with significant 

cognitive impairments can perform well, given valid effort (Neudecker & Skeel, 2009). 

Failures on these tasks increase the likelihood that poor performance was purposeful.

Stand-alone PVTs such as the Test of Memory Malingering (TOMM; Tombaugh, 1996) 

are commonly structured as memory tasks in which examinees identify previously 

presented stimuli using a two-alternative forced-choice response format (Constantinou, 

Bauer, Ashendorf, Fisher, & McCaffrey, 2005). Unfortunately, stand-alone measures are 

readily identified and undermined with coaching (Brennan et al., 2009; Gunstad & Suhr, 

2001; Kanser et al., 2017; Rose, Hall, Szalda-Petree, & Bach, 1998; Russeler, Brett, Klaue, 

Sailer, & Munte, 2008; Suhr & Gunstad, 2007; Tan, Slick, Strauss, & Hultsch, 2002). 

Examinees can easily obtain information about performance validity testing online, and 

knowledgeable attorneys can provide specific test-taking strategies to help clients identify 

PVTs and perform well enough to “pass” without detection (Bauer & McCaffrey, 2006). 

If examinees are aware of not only the presence of PVTs but also the specifics of how to 

perform in such a way to subvert them, these measures are rendered ineffective. There is a 

strong need for measures of malingering that cannot be consciously manipulated.

Biometrics yield psychophysiological markers that provide insight about effort and 

deception. Success in distinguishing true versus malingered memory test performance in 

TBI assessment has been demonstrated using biometrics such as reaction time (Kanser, 

Rapport, Bashem, & Hanks, 2019; Lupu, Elbaum, Wagner, & Braw, 2018; Patrick, Rapport, 

Kanser, Hanks, & Bashem, 2020; Rose et al., 1998) and oculomotor gaze patterns during 

PVTs (Kanser, Bashem, Patrick, Hanks, & Rapport, 2020; Tomer, Lupu, Golan, Wagner, & 

Braw, 2018). Pupillary reactivity during testing is another promising avenue for investigation 

in biometrics. Like pupillary responses to light and darkness, pupils dilate in response 
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to psychological and cognitive processes related to deception, cognitive effort, and the 

familiarity of stimuli (Beatty, 1982). Importantly, because pupil dilation is outside of 

conscious control (Loewenfeld & Lowenstein, 1999), pupillary patterns may provide insight 

about an individual’s efforts regardless of their awareness of PVTs. If so, pupillometry could 

thwart coaching and other strategies to remain undetected among people who feign low 

functioning.

Biometrics have been used extensively in experimental and applied settings examining 

decision-making and detecting deception. A large body of research in the field of cognitive 

psychology has demonstrated that that pupil dilation increases as a function of cognitive 
load and effort (Beatty, 1982; Kahneman & Beatty, 1966; Porter, Troscianko, & Gilchrist, 

2007). In the context of PVT literature, the term “effort” is now considered dated because 

it evoked controversy regarding the interpretation of response styles. As Larrabee has 

noted, in the clinical setting, the terms “valid” and “invalid” most accurately capture the 

extent to which test performance reflects actual ability (Larrabee, 2012). However, in the 

literature on cognitive load, the term “effort” is used to reflect the physiologic engagement 
and response to task demands (Murphy, O’Connell, O’Sullivan, Robertson, & Balsters, 

2014). Related to this robust phenomenon involving cognitive load and “effort” is the 

observation that pupils dilate during deceptive behavior such as lying (Dionisio, 2001). 

Research documenting the success of pupillometry in detecting deception is explained by 

the idea that deception requires substantially more mental effort than truth telling (Hu et 

al., 2015). These established findings in pupillometry could be applied to the context of 

PVTs: feigned impairment would be associated with greater load-related effort, and hence 

larger pupil dilations, than responding without the added load of purposeful deception. Like 

distinctions regarding the term “effort,” evaluative terms such as “deceptive” responding are 

inappropriate applied in a clinical setting, because conscious and/or purposeful cognitive 

processes of examinees can rarely be known. In contrast, experimental designs can be 

established in which participants are explicitly assigned to conditions to perform deceptively 

or at their best. A well-established field of research focused on decision-making uses this 

paradigm to examine detection of deception (Heilbronner et al., 2009).

Pupil dilation also provides information about the familiarity of objects in recognition 

memory tasks. Võ and colleagues (2008) coined the pupil old/new effect to describe the 

automatic, unconscious dilation that occurs when individuals view (old) stimuli they have 

seen before as compared to novel (new) items. In the context of PVTs, examinees are 

typically asked to choose which of two stimuli has been previously viewed. The findings 

regarding familiarity suggest that individuals intentionally answering items incorrectly to 

feign brain injury would show a different pattern of pupil dilation than those who genuinely 

answer items incorrectly (Otero, Weekes, & Hutton, 2011). Furthermore, individuals 

engaging sincerely in a forced-choice memory task should respond behaviorally (select 

responses) in ways that align with their pupil dilation patterns. Regardless of response 

accuracy, individuals employing valid effort should select responses to which their pupils 

dilated most (the stimulus they recognized as familiar). Dilation-response inconsistency 

may indicate that an individual is actively avoiding selecting the stimuli they recognize as 

familiar. This prediction was partly tested by Heaver and Hutton (2010), who replicated 

the pupil old/new effect in an experimental task testing healthy undergraduates instructed to 
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perform validly, report all items as “new”, or feign amnesia. Across all three groups, pupils 

dilated more to familiar than unfamiliar stimuli.

The purpose of this study was to use a novel application of pupillometry to enhance 

diagnostic accuracy in the identification of bona fide TBI versus feigned cognitive 

impairment. Although pupillary reactivity has been well studied in experimental research 

on deception, its utility in the clinically-applied context of feigned cognitive impairment 

remains to be explored. The inclusion of a clinical group is especially important to the 

development of new indices designed to detect malingering. Laboratory designs that contrast 

only healthy adults instructed to be deceptive (TBI simulators) and healthy adults instructed 

to perform their best often yield results with much larger effects and different patterns than 

are observed for designs that include the clinical group of interest (Kanser et al., 2020; 

Kanser et al., 2019; Patrick et al., 2020).

Designs that lack a bona fide clinical group have low ecological validity and increase risk 

of false-positive classifications of invalid performance because the tests are not robust to 

effects of cognitive impairment (Bodner, Merten, & Benke, 2019; Patrick et al., 2020). 

This issue is especially important when examining pupillometry indices, because TBI is 

commonly associated with chronic oculomotor sequelae (Armstrong, 2018). Accordingly, 

this study compared patterns of pupil dilation during a computerized administration of the 

TOMM (TOMM-C) among adults with bona fide TBI and groups of healthy adults who 

were instructed either to perform at their best ability or to perform deceptively and simulate 

TBI. The main aim was to examine the extent to which pupillary characteristics provide 

incremental utility to the diagnostic accuracy of the TOMM-C. The central hypothesis was 

that persons with actual TBI and persons who feign TBI would exhibit distinct oculomotor 

patterns during cognitive evaluation, and that analysis of these patterns would enhance 

TOMM-C classification accuracy. Specifically, we expected that individuals engaging in 

purposeful feigned/deceptive responding would show physiologic indications of greater 

mental effort as indicated by pupillary dilation compared to healthy and brain-injured 

adults instructed to perform their best. Moreover, nuanced indices that combine tracking 

of automatic dilation to familiar stimuli with decision-making would show pathognomonic 

dilation-response inconsistency among individuals known to be responding deceptively.

Method

Participants

Participants were 177 adults across three groups. The traumatic brain injury group 

(TBI) consisted of 53 adults with bona fide moderate to severe TBI recruited from 

the Southeastern Michigan TBI Model System (SEMTBIS). SEMTBIS inclusion criteria 

included complicated-mild to severe TBI as indicated by post-traumatic amnesia of at 

least 24 hours, loss of consciousness of at least 30 minutes, and a Glasgow Coma Scale 

score of less than 13 at emergency department admission, or abnormal neuroimaging. All 

TBI participants had sustained injuries severe enough to warrant inpatient rehabilitation 

treatment, were > 16 years of age at the time of injury, used English as their primary 

language, and were at least 1 year post injury.
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Neurologically healthy adults were recruited from the metropolitan Detroit area via 

advertisements and flyers. The healthy comparison group (HC) included 72 adults instructed 

to give full effort during testing. A TBI simulator group (SIM) consisted of 52 healthy 

adults instructed to simulate brain injury during testing. The participants used English 

as their primary language and had no history of significant neurological conditions (e.g., 

seizures, TBI, stroke), serious psychiatric illness (e.g., psychotic disorder, major depression), 

or current substance use disorder. Although some participants wore corrective lenses, 

all participants had sufficient visual acuity required to complete calibration procedures 

for eye tracking, as well as reading small print and identifying figures included in a 

neuropsychological test battery.

Participants ranged in age from 18 to 78 years. The SIM group (M = 34.8, SD = 16.4) was 

significantly younger than both the HC (M = 46.7, SD = 16.5) and TBI groups (M = 46.3, 

SD = 12.4), and the HC and TBI groups did not differ from each other, F(2, 177) = 10.84, p 
< .001. Highest level of education achieved ranged from 7 to 20 years and differed between 

groups, F(2, 177) = 19.69, p < .001. HC (M = 13.9, SD = 2.3) and SIM (M = 14.8, SD = 2.3) 

had higher levels of education than TBI (M = 12.1, SD = 2.2). The present sample excludes 

2 SIM group participants who explicitly noted that they did not follow the study instructions 

(i.e., forgot to simulate TBI during testing) during a post-test debriefing and manipulation 

check.

Measures

Participants completed a computerized version of the Test of Memory Malingering (TOMM

C; Tombaugh, 1996) in the context of a comprehensive neuropsychological battery. 

Responses were provided using a Cedrus RB-530 response box with two buttons matching 

the orientation of test stimuli. The TOMM-C was administered with standard instructions 

aside from references to the response box. The TOMM is among the most widely-used and 

well-researched PVTs (Sharland & Gfeller, 2007; Slick, Tan, Strauss, & Hultsch, 2004). It 

is a 50-item, forced-choice, visual memory test that consists of two learning trials and two 

recognition trials.

The Tobii TX-300 Eye Tracking System (TX-300) was used for pupillometry. The TX-300 

uses dark-pupil monitoring with multiple infrared cameras at a sampling rate of 300 

Hz. Informed consent procedures stated explicitly that eye movement would be recorded, 

and participants completed an eye-tracking calibration protocol prior to the start of the 

experimental portion. Pupil and gaze data were processed by Tobii Studio software, 

and posttest data reduction using Structured Query Language (SQL). The apparatus was 

arranged according to guidelines in the Tobii technical manual. Participants were seated 

approximately 65 cm from the TX-300 monitor. Participants were oriented to the stationary 

eye-tracking apparatus and instructed to maintain their position facing the equipment to 

ensure accurate capture of eye-tracking information. A separate computer was linked to 

the TX-300 via E-Prime Extensions for Tobii (EET) to present the task. In addition to 

recording accuracy, response time, and oculomotor behaviors of interest, EET provided 

validity estimates for each 3 ms sampling of oculomotor behaviors for each eye.
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Pupillary indices were calculated separately for Trial 1 and Trial 2. Maximum pupil dilation 

for each item was determined by the three contiguous data points (i.e., 9 ms) with the largest 

average dilation. Similarly, pupillary baseline was calculated using the three contiguous data 

points with the smallest average dilation. Additional indices included the average maximum 

and baseline dilations when: viewing all items, viewing correct stimuli, viewing incorrect 

stimuli, answering correctly, and answering incorrectly. Variability in effort was assessed by 

the difference between average maximum and baseline dilation. Familiarity was assessed 

via the difference between the average maximum dilations while viewing correct versus 

incorrect stimuli. Difference scores were calculated by subtracting the average minimum 

dilation from the average maximum dilation, and the average maximum dilation while 

viewing incorrect versus correct stimuli. Table 1 presents the operational definitions for the 

pupillary variables and links them to the constructs they reflect.

Procedure

Following confirmation of eligibility and completion of informed consent, testing was 

completed in a single session lasting approximately 2 hours. Prior to completing the 

assessment battery, participants in the TBI Simulator Group (SIM) were presented with 

a scenario in which they are described to have experienced a minor car accident. This 

scenario has been used successfully in TBI simulation studies with similar research designs 

(Coleman, Rapport, Millis, Ricker, & Farchione, 1998; Kanser et al., 2020; Patrick et al., 

2020; Rapport, Farchione, Coleman, & Axelrod, 1998; Tombaugh & Tombaugh, 1997). 

Participants in the TBI Simulator group were read a list of symptoms that commonly 

occur following TBI, such as slowed thinking, memory dysfunction, and other behaviors 

relevant to cognitive testing. They were warned about the presence of PVTs within the 

battery and informed of additional financial incentives ($30 bonus and a raffle entry for 

$200) for successfully remaining undetected by PVTs. Lastly, participants in this group were 

encouraged to use resources such as the internet to prepare for the evaluation, which was 

scheduled 1 – 2 weeks from the initial screening. This information was also emailed to the 

participants for their review during the preparation period.

To obtain an estimate of general intelligence, all participants completed the Wechsler Test 

of Adult Reading (WTAR; The Psychological Corporation, 2001) under standard conditions, 

with instruction to perform to the best of their abilities. Following completion of the test 

battery, participants in the SIM group were administered a questionnaire regarding their 

preparation for the session as well as their strategies for simulating TBI.

Statistical Analysis

The data were screened prior to analysis per recommendations by Tabachnick, Fidell, and 

Ullman (2018), including assumptions of relevant statistical models. Participants missing 

valid pupillary data for greater than 50% of items during a TOMM-C trial were excluded 

for that trial (n = 14 on either Trial 1 or Trial 2). Descriptive statistics and univariate 

tests, nonparametric and parametric as appropriate, were used to compare groups. Logistic 

regression and receiver operating characteristics (ROC) curve analyses tested the predictive 

value of pupillary indices individually and incremental to accuracy scoring. Area under the 

curve (AUC) values above .70 are considered “acceptable,” values above .80 are considered 
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“excellent,” and AUC greater than .90 is “outstanding” (Hosmer, Lemeshow, & Sturdivant, 

2013). Sensitivities (Sn) were calculated with specificity (Sp) set at ≥ 90% to reflect modern 

standards for clinical application. Youden’s J was calculated as a summary of overall 

diagnostic efficiency using the sensitivity and specificity from the logistic regressions (Sn 

+ Sp – 1; Youden, 1950). Classification statistics positive predictive power (PPP) and 

negative predictive power (NPP) were calculated at two theoretical base rates of interest, 

10% and 40%, for the statistically derived sensitivity and specificity. The 40% base rate 

represents the estimated rate of feigned impairment in cases involving compensation or 

litigation (Larrabee, Millis, & Meyers, 2009). The 10% base rate is more challenging 

psychometrically and represents an estimate of what might be encountered in a general, 

non-forensic clinical setting.

Results

Table 2 provides descriptive statistics and univariate comparisons of TOMM-C indices. On 

TOMM-C Accuracy (total number correct), 14.9% of the total sample received a perfect 

score on Trial 1, and 53.2% of the sample received a perfect score on Trial 2. Kruskal-Wallis 

test indicated that TOMM-C Accuracy differed significantly among the groups, with large 

effect sizes for both trials (Trial 1 η2 = .38; Trial 2 η2 = .43). Post hoc Mann-Whitney 

tests (p < .05 criterion) indicated that across both trials, TOMM-C Accuracy for SIM was 

significantly lower than for TBI and HC, and TOMM-C Accuracy for TBI was significantly 

lower than HC. Kruskal-Wallis tests also indicated that all of the pupillary indices differed 

significantly across groups, and nearly all of the pupillary indices showed medium (η2 ≥ .06) 

to large (η2 ≥ .14) effect sizes (Cohen, 1988). The difference-score Effort-Range showed a 

large effect across both trials (η2 ≥ .16), whereas Familiarity-Difference did not (Trial 1 η2 = 

.06, Trial 2 η2 = .03).

Of the pupillary indices, Response-Unfamiliar (Max) had the largest effect size for Trials 

1 and 2 (η2 .20 – .23). In Trial 1, SIM showed larger dilation than HC and TBI, and 

HC showed larger dilation than TBI. In Trial 2, SIM showed larger dilation than both 

HC and TBI; however, HC and TBI did not significantly differ from each other. Post hoc 

tests indicated that all pupillary indices differed significantly between TBI and SIM except 

Effort-Range. SIM showed significantly larger pupil dilation compared to TBI for all indices 

except difference scores. Of note, for all indices involving maximum dilation, SIM showed 

significantly greater dilation than HC. However, SIM and HC were equivalent on nearly 

all indices involving minimum dilation, except View-Familiar (Baseline) for Trial 1. Both 

SIM and HC showed significantly larger dilation than TBI for all indices calculated using 

maximum and minimum dilation.

Descriptive Correlations

Correlations examined the extent to which demographic characteristics might affect 

pupillary reactions associated with cognitive performance (e.g., age, cognitive ability; see 

Supplemental Table S1). Age showed inverse correlation with all maximum- and minimum

dilation indices, with medium effects ranging from −.34 to −.46. Education showed positive 

correlation to all maximum- and minimum-dilation indices on both trials, except Response
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Unfamiliar (Max) on Trial 2; however, the effects were generally small (Trial 1 ρ .20 to 

.25; Trial 2 ρs < .20). Across both trials, WTAR was positively related to all maximum and 

minimum pupillary indices, ranging from .28 to .37 for Trial 1, and .23 to .30 for Trial 2.

For Trial 1, the standard Accuracy score was generally unrelated to pupil indices reflecting 

minimum (baseline) or maximum dilation (ρ .00 to −.12); however, it showed inverse 

relation to range of cognitive effort (Effort-Range ρ = −.42) and positive relation to viewing 

familiar versus unfamiliar items (Familiarity-Difference ρ = .24). Trial 2 showed similar 

pattern for the difference scores, albeit weaker (ρ .20 to −.38); inverse correlations were 

also observed for each of the indices tapping maximum dilation (ρ = −.22 to −.38), whereas 

minimum-dilation indices were unrelated to accuracy (ρ = .07 to −.15). Also noteworthy 

is that the set of indices reflecting maximum dilation were essentially redundant, with 

intercorrelations ρ ≥ .98 (Trial 1) and ≥ .94 (Trial 2). A similar pattern was observed for 

the indices reflecting minimum (baseline) dilation showing intercorrelations ρ ≥ .97 (Trial 

1) and .93 (Trial 2). In contrast, the difference-score variables (Effort-Range, Familiarity

Difference) showed only small to medium relation to the maximum- and minimum-dilation 

variables from which they were calculated (ρ −.02 to .45).

Classification Accuracy SIM versus TBI

Tables 3a (Trial 1) and 3b (Trial 2) present classification accuracy statistics, logistic 

regressions, and ROC curve analyses for predictions of SIM versus TBI group membership 

by pupillary indices individually and combined with accuracy in two-variable models. For 

parsimony, only significant single-variable models were tested as two-variable models. 

Individually, pupillary indices showed modest classification accuracy, albeit generally 

stronger than typical PVTs, which average approximately .56 sensitivity (Vickery, Berry, 

Inman, Harris, & Orey, 2001). Average sensitivities of the pupillary indices were .67 and .70 

for Trials 1 and 2, respectively. Sensitivities at 90% specificity (SnSp90) ranged from low for 

Familiarity-Difference Trial 2 (.12) to modest for Response-Unfamiliar (Max) Trial 2 (.65). 

When the 90% specificity cutpoint is associated with multiple sensitivity values, a range 

of values is presented in the tables. Of note, positive predictive power (PPP) for all of the 

pupillary indices exceeds the base rates.

Discriminability was “excellent” (AUC > .80) for Trial 2 accuracy (.85) and “acceptable” 

(AUC > .70) for Trial 1 accuracy (.78). Several indices showed excellent discriminability 

in Trial 1 (.80 to .83) as well as View-Unfamiliar (Max) in Trial 2 (.80). TOMM-C Trial 2 

Accuracy outperformed pupillary indices and Trial 1 Accuracy, with SnSp90 of .65, Youden’s 

J .57, and AUC .85. For Trial 1, Response-Unfamiliar (Max) and View-Familiar (Max) 

performed best, both in the excellent range. For Trial 2, Response-Familiar (Max) and 

Effort-Max performed best (acceptable). To determine the extent to which pupillary indices 

improved discrimination over TOMM-C Accuracy, two-variable models combined Accuracy 

(Block 1) with one pupillary index that significantly predicted group membership (Block 

2). In general, the two-variable models performed strongly: all pupillary indices provided 

incremental predictive value over TOMM-C Accuracy (Trial 1 all p < .001; Trial 2 all p < 

.05), with the exception of Effort-Range for both trials. Several two-variable models showed 

outstanding discriminability, including Effort-Baseline and Response-Familiar (Baseline) 

Patrick et al. Page 8

Neuropsychology. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



for Trial 1 (.90), Response-Unfamiliar (Max) and View-Familiar (Baseline) for Trial 2 

(.90), and Response-Unfamiliar (Baseline) for both Trials 1 and 2 (.90−.91). All other two

variable models showed excellent discriminability (.88−.89), except Trial 1 Effort-Range 

(.79, acceptable).

Classification Accuracy HC versus SIM

Tables 4a (Trial 1) and 4b (Trial 2) present the analyses for SIM versus HC. Numerous 

pupillary indices were significant predictors of group membership (p < .05). Average 

sensitivities were lower than those observed for SIM-TBI contrasts: .38 Trial 1 and .37 

Trial 2 (range .10 to .95). SnSp90 ranged from .12 for Response-Unfamiliar (Baseline) Trial 1 

to .55 for Effort-Range Trial 2. Nonetheless, PPP exceeded the base rates for the majority of 

the indices.

All two-variable models were significant (p < .001). For Trial 1, all pupillary indices 

added significant predictive value to TOMM-C Accuracy scores (p < .05) except 

Familiarity-Difference; however, no Trial 2 pupil indices added significant predictive value. 

For both trials, TOMM-C Accuracy performed best, with Trial 1 showing outstanding 

discriminability and Trial 2 excellent discriminability. Of the pupillary indices, Effort-Range 

performed best on both trials (acceptable). Individually, Trial 2 Response-Unfamiliar (Max) 

and Effort-Range showed acceptable discriminability on both trials, whereas all other 

indices fell below the acceptable range. All two-variable models for both trials were in 

the outstanding range for discriminability except for Familiarity-Difference for Trial 2 (.89, 

excellent).

Classification HC versus TBI

Tables 5a (Trial 1) and 5b (Trial 2) present the analyses for HC and TBI. Again, several 

individual indices were significant predictors, and all two-variable models were significant 

for Trial 1 (p < .001) and Trial 2 (p < .01). For both trials, all pupillary indices added 

significant predictive value to TOMM-C Accuracy (p < .05) except Trial 1 Effort-Range. 

Average sensitivities were .50 and .40 for Trials 1 and 2, respectively. SnSp90 was generally 

low (.08−.26, Trial 1; .08−.30, Trial 2). With few exceptions, PPP exceeded the base rates.

For ROC analyses, TOMM-C Accuracy was acceptable (.71) for Trial 1 and below 

acceptable for Trial 2 (.59). Overall, several individual pupil indices performed in the 

acceptable range, but none were excellent. For Trial 1, Response-Unfamiliar (Baseline) and 

Response-Familiar (Baseline) performed best. For Trial 2, Response-Familiar (Baseline) 

and Effort-Range performed best. For two-variable models, in Trial 1, Response-Unfamiliar 

(Baseline) and Response-Unfamiliar (Max) yielded excellent classification (.80), with all 

other indices acceptable (.73−.79). For Trial 2, two-variable models with Effort-Baseline, 

View-Unfamiliar (Baseline), Response-Familiar (Baseline), View-Familiar (Baseline), View

Unfamiliar (Max), Effort-Range were acceptable (.70−.73), with all others falling below the 

acceptable range.
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Old/New Effect and Dilation-Response Inconsistency

To confirm the presence of the old/new effect, in which participants’ pupils dilate more 

to old, previously-seen stimulus items (i.e., the correct answer) than to new, unfamiliar 

stimulus items (i.e., the incorrect answer), Response-Familiar (Max) and Response

Unfamiliar (Max) were compared. Paired-samples t tests revealed that participants’ pupils 

dilated more when viewing correct (old) response options than incorrect (new) response 

options for both Trial 1, t(173) = 8.31, p < .001, Cohen’s d = 1.3 (very large), and 

Trial 2, t(171) = 3.44, p = .001, Cohen’s d = 0.5 (medium). This pattern was consistent 

within groups, except for the SIM group during Trial 2, for which pupil dilation did not 

significantly differ for correct (old) and incorrect (new) response options, t(50) = 0.37, p = 

.713, Cohen’s d = 0.10.

To investigate whether the SIM group was more likely to choose stimuli to which they did 

not dilate most (i.e., stimuli that were not familiar per the old/new effect), groups were 

compared on the number of instances in which the eye dilated to the correct stimulus, yet 

the participant chose the incorrect stimulus (dilation-response inconsistency; DRI). In Trial 

1, 50.0% of HC, 75.5% of TBI, and 94.2% of SIM answered incorrectly despite showing 

greater dilation to the correct stimulus. In Trial 2, 8.3% of HC, 16.0% of TBI, and 74.5% 

of SIM examinees exhibited DRI. Kruskal-Wallis tests revealed that groups differed across 

both trials of the TOMM-C, Trial 1 H = 55.22, p < .001, d = 0.9 (large); Trial 2 H = 76.58, 

p = .001, d = 0.5 (medium). Mann-Whitney tests showed that SIM exhibited DRI more often 

than both TBI (Trial 1 U = 751.50, p < .001; Trial 2 U = 447.50, p < .001) and HC, Trial 1 

U = 478.00, p < .001; Trial 2 U = 543.00, p < .001. TBI showed DRI more often than HC in 

Trial 1 (U = 1154.00, p < .001) but did not differ from HC in Trial 2, U = 1657.00, p = .178. 

For Trial 1, it was rare for HC to exhibit DRI even once (M = 0.94, SD = 1.19) compared to 

TBI (M = 2.23, SD = 2.07) and SIM (M = 5.17, SD = 3.97). For Trial 2, it was rare for either 

HC (M = 0.11, SD = 0.40) or TBI (M = .32, SD = 0.98) to exhibit DRI compared to SIM (M 
= 3.71, SD = 3.83).

Discussion

The findings support the value of biometric indicators of cognitive effort in the context 

of performance validity assessment. Several pupillary indices discriminated feigned 

impairment from healthy adults and adults with verified TBI who were instructed to perform 

their best. Moreover, several indices improved the diagnostic accuracy of the traditional 

TOMM accuracy score in identifying feigned cognitive impairment. In the context of pupil 

dilation as an indicator of cognitive effort, TBI simulators appeared to work harder (i.e., 

experience more cognitive load) than adults who did not experience the added burden of 

responding deceptively, regardless of TBI status. Additionally, because pupillary response 

divulges familiarity, test behaviors inconsistent with that sign (i.e., choosing an incorrect 

response having shown pupillary recognition of the correct one) informed identification of 

persons feigning TBI.

As expected, healthy adults feigning TBI showed greater pupil dilation than both healthy 

comparisons putting forth best effort and individuals with bona fide TBI, indicating that 

they experienced greater cognitive load during the task. Indices reflecting both chronic 
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effort and range of effort indicated that feigners experienced the greatest cognitive load, 

followed by adults with TBI, who experienced greater load than healthy adults who were 

not responding deceptively. This pattern was consistent across both trials of the TOMM. 

Engaging in deception is more difficult than truth telling (Hu et al., 2015), and pupil 

dilation is a robust indicator of cognitive load (Kahneman & Beatty, 1966; Kahneman & 

Peavler, 1969; Porter et al., 2007). Simulators must track their number of incorrect answers 

so their deception is not conspicuous, and weigh the options of answering correctly or 

deliberately answering incorrectly on every trial. Individuals who are trying to perform 

at their best, regardless of TBI status, must merely pay attention to the correct answers, 

using substantially fewer cognitive resources than are required by deception. In contrast, 

baseline dilation for healthy adults –whether feigning TBI or not – was equivalent, and 

both groups of healthy adults showed greater baseline dilation than adults with TBI. This 

finding may reflect that general arousal or engagement in the task is diminished for adults 

with TBI. Differences in baseline dilation likely reflect attenuated responsiveness of brain 

areas associated with mediation of attention, cognitive load, and arousal. For example, pupil 

size reflects locus coeruleus-norepinephrine arousal and activity during attentional demands 

(Oliva, 2019), a brain area commonly susceptible to damage in TBI (Valko et al., 2016).

Several pupillary indices added unique information beyond the discriminative ability 

accounted for by the traditional TOMM accuracy score and were particularly helpful for 

comparisons of simulators versus TBI – the comparison of most ecological importance. 

This is a key finding because it highlights the utility of multimethod assessment: Even 

modest predictive power in an individual index becomes especially valuable if it provides 

unique information. Most test batteries load up on monomethod tasks, each of which 

assess performance validity via behavioral responses that can be consciously manipulated 

(i.e., accuracy). Although multiple measures provide opportunity for convergent validity 

and enhance reliable assessment of a single construct, measurement error associated with 

the method is carried throughout the set of tasks, and the value of redundancy reaches 

an asymptote. Notably, in this study, multiple pupil indices were stronger indicators of 

feigned TBI than traditional accuracy during Trial 1 (average maximum dilation while 

answering incorrectly performed best during both trials of the task). Individually, most 

indices showed “acceptable” to “excellent” discriminability. Using an important clinical 

criterion – sensitivity of the indices at specificity set to 90% or better – the pupillary 

indices were generally stronger for Trial 1 than Trial 2, whereas Trial 1 Accuracy was less 

sensitive and had poorer discriminability than Trial 2 Accuracy. Overall, sensitivities at 90% 

specificity were modest, but multiple indices exceeded the average traditional PVT (56%; 

Vickery et al., 2001). Furthermore, positive predictive powers exceeded base rate predictions 

at 40% and even 10%. When combined with the traditional accuracy scores, nearly all the 

pupil indices showed excellent or outstanding discriminability in detecting feigned versus 

actual TBI.

The finding that pupil dilation distinguished simulators from bona fide TBI more effectively 
than simulators versus healthy adults who were not responding deceptively is an important 

distinction from prior PVT research. Notably, fewer indices were viable predictors of group 

membership for the two groups of healthy adults. The pattern generally indicated that 

healthy adults who were not responding deceptively experienced a wider range of cognitive 
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effort during the task than adults feigning TBI, who maintained a higher cognitive load 

consistently throughout the task. This pattern was evidenced in multiple ways of assessing 

cognitive load (e.g., average baseline dilation, difference between maximum and minimum 

dilation, etc.). Sensitivities at specificity 90% were generally low for individual pupillary 

indices in distinguishing simulators and healthy comparisons. Nonetheless, when combined 

with accuracy, several indices added unique predictive value to traditional accuracy, showing 

excellent to outstanding discriminability. Additionally, sensitivity at specificity 90% for 

combined models were strong across both trials.

For comparisons of nondeceptive healthy responders and TBI, all pupillary indices during 

Trial 1 distinguished the groups except the difference for viewing correct versus incorrect 

stimuli. For Trial 2, in addition to difference viewing correct versus incorrect, the maximum 

and minimum dilations for incorrectly answered trials were also similar for the two 

groups. These findings also support the hypotheses that pupil dilation reflects cognitive 

load. Additionally, they highlight that using absolute pupil size as an index of deceptive 

responding would pose challenges, because TBI differed from healthy comparisons and 

simulators. In this regard, nuanced indices that reflect relative process (e.g., difference 

scores) have more promise because they indicate pupil dilation relative to baseline dilation. 

Patterns of dilation-response inconsistency may be the most promising avenue because it is 

independent of absolute pupil size.

Consistent with Võ et al. (2008), the present study provided evidence for the old/new effect 

in terms of pupil dilation as an index of familiarity. Generally, participants’ pupils dilated 

more to old (correct) response options than new (incorrect) response options, signaling 

recognition of familiar (correct) response choices. Importantly, this pattern held for adults 

with TBI, indicating that the presence of TBI did not alter the expected, automatic dilation 

for familiar versus novel stimuli. In contrast, the typically robust phenomenon of the old/new 

effect was relatively diminished among TBI simulators. This finding may reflect competing, 

interfering effects of cognitive effort that are frequently observed in pupillary reactivity 

during deception (Hu et al., 2015). However, the old/new effect appeared on nearly half the 

trials for TBI simulators. Among those trials in which the familiarity response was present, 

selection of the unfamiliar stimulus (i.e., dilation-response inconsistency) was associated 

with a sizeable increase in likelihood of being a simulator. Across both trials, adults feigning 

TBI more often selected responses contrary to their recognition of familiarity based on pupil 

dilation patterns, whereas adults with TBI and healthy comparisons rarely selected against 

their familiarity even once.

The inclusion of a group with bona fide TBI proved to be a critical aspect of these 

findings. Typically, analogue studies involving only healthy adults (simulators and full-effort 

comparisons) greatly overestimate the utility of performance validity assessment measures 

(Kanser et al., 2019). Of note, however, if this study had included solely healthy adults 

(no TBI group), the findings may have underestimated the usefulness of pupillometry. The 

findings comparing adults feigning TBI versus adults with actual TBI were stronger than for 

comparisons of feigners versus healthy adults who were not instructed to feign. The finding 

that adults with TBI showed the smallest pupil dilations for both maximum and minimum 

pupillary indices indicate that these indices are sensitive to the presence of TBI. Oculomotor 
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impairments are common after TBI, and pupil reactivity is a longstanding indicator of 

brain integrity (Armstrong, 2018; Ciuffreda, Joshi, & Truong, 2017). Thus, in addition to 

identifying distinctive patterns indicating greater cognitive effort among adults feigning 

TBI, pupillometry can distinguish characteristic dysfunctions associated with neural injuries 

sustained in TBI. The combined effects from comparisons among these groups explain why 

predicting group membership in this scenario was more powerful as compared to designs 

including only healthy adults in a classic analogue simulation paradigm.

For some people, biometrics such as reaction times, visual tracking, and pupillometry 

can seem to be a more intrusive form of assessment as compared to traditional forms 

of cognitive assessment (Farah, Hutchinson, Phelps, & Wagner, 2014). This might be 

especially true for pupillometry, which monitors and records behaviors that are not 

consciously controlled. The fact that eye tracking is historically linked to lie detection 

research also can evoke reflexive emotional reactions when considered in the context of 

everyday clinical neuropsychology evaluations. Related issues raised in legal and forensic 

circles concern fourth amendment rights to privacy, which protect against searches without 

a warrant, including physical tests such as neuroimaging (Farah et al., 2014). Additionally, 

there must be important concern regarding whether this technology would ever achieve the 

kind of precision required to meet Daubert “known error rate” standards (Daubert v. Merrell 

Dow Pharmaceuticals Inc., 1993) for forensic applications. The subjective aspects of these 

issues are important to consider in the context of public trust. In that regard, because it 

seems especially sensitive to real brain injury (i.e., identifying oculomotor phenomena that 

are pathognomonic physiologic indicators of brain damage), it seems relevant to highlight 

the promising effectiveness of pupillometry as an adjunctive tool to reduce false-positive 

diagnoses of malingering. Like all tools, the information garnered from biometric indices 

must be used responsibly and ethically, in service to the best welfare of the client. Carefully 

designed, rigorous clinical trials will be the ultimate manner to address whether these 

kinds of biometric technologies can be responsibly generalized from laboratory to clinical 

application (Langleben & Moriarty, 2013).

Limitations

At present, eye-tracking remains specialized, technical equipment to use for this purpose, 

and it may be cost prohibitive for many practicing clinicians when added to the investment 

of standard test kits and forms. However, as popularity of eye tracking increases and 

the technology progresses, future versions of standard equipment and software will be 

increasingly affordable, user-friendly, and capable of the nuanced indices created in this 

study. In terms of return on investment, it seems noteworthy that the cost of covering 

one patient for damages associated with TBI can far exceed the cost of the equipment. 

Nonetheless, it is important to emphasize that this study provides evidence for proof-of

concept only, and actual application of it in a clinical setting will require considerable 

refinement. Related to this point, although the effect sizes for several pupillary indices 

met the criteria for “medium” and “large” based on the benchmarks suggested by Cohen 

(1988), the interpretation of effect size depends heavily on the context in which it is 

interpreted. To aid in evaluating the current findings, detailed information regarding the 

sensitivity and specificity as well as applied predictive powers in the context of clinical 
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and nonclinical samples were provided. Even so, according to Zakzanis (2001), effect sizes 

larger than Cohen’s d 3.0 should be demonstrated for establishing test indexes to be applied 

in neuropsychological diagnostic contexts. Although this rigorous criterion is ideal for the 

clinical setting, adopting such high criteria may prematurely quash the development of 

ideas in a proofof-concept stage. In their current form, these new pupillary indexes do not 

meet those criteria for clinical application, and it will take improvement and replications in 

diverse samples before they could be adopted in clinical batteries.

Although this computerized version of the TOMM used the same instructions and stimuli 

as the paper version, it was a non-standard version of the test. A computer delivers stimuli 

more precisely than human examiners, but the presence of a human examiner may elicit 

unique effects from examinees. Additionally, there were demographic differences between 

groups such that the simulator group was younger than both the TBI and healthy comparison 

groups, and both healthy adult groups had more years of education than the TBI group. 

Ultimately, the differences in age and level of education created a more rigorous test of the 

pupillometry indices, because these factors are positively related to successfully feigning 

impairment (Rapport et al., 1998). Lastly, these were adults with moderate to severe TBI, 

and the findings cannot be generalized to mild TBI, which is likely of greatest interest 

to neuropsychologists in forensic settings, or other disorders characterized by cognitive 

impairment. Replication with independent samples is needed to examine the generalizability 

of these findings.

Conclusions and Future Directions

This study supports the use of biometric indicators to enhance the diagnostic accuracy 

of performance validity tests. A constellation of findings indicated that pupillary indices 

were tapping cognitive processes as predicted by theory: modest but not redundant relation 

to accuracy, effectiveness in identifying persons known to be feigning, and especially the 

nuanced patterns regarding consistency (or inconsistency) between automatic physiological 

response and behavior. Although performance validity assessment can view feigned 

impairment as “poor effort,” these findings indicate that intentional poor performance 

on PVTs requires substantially more cognitive resources and effort than best-effort 

performance. Of note, potential sensitivity of pupillometry to the physiological sequelae 

of TBI appeared to enhance its capacity to identify feigning rather than limit it. Adults 

with TBI showed smaller pupil size during PVT performance than their healthy counterparts 

who feigned TBI or performed at their best, which may reflect compromise of the integrity 

of the visual system (Armstrong, 2018; Ciuffreda & Ludlam, 2011) or indirect sequelae, 

such as diminished engagement or apathy commonly observed after TBI (Worthington & 

Wood, 2018). Nonetheless, adults with TBI showed normal and expected pupillary patterns 

of recognition for familiar stimuli, similar to healthy adults performing at their best, and they 

responded consistent with their physiologic indicators of familiarity.

The utility of dilation indices for items answered incorrectly was strong despite the fact 

that few participants answered items incorrectly. Low frequency of incorrect responses 

is common for the TOMM, which typically shows a marked ceiling effect. Examination 

Patrick et al. Page 14

Neuropsychology. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of these pupillary indices on PVTs or clinical tests with a greater range of scores may 

strengthen the utility of indices related to incorrect responses.

Taken together, these findings provide strong support for multimethod assessment, such 

as adding unique performance assessments like biometrics to standard accuracy scoring 

metrics. These additions can enhance testing data that are considered in the context of 

comprehensive information needed for diagnosis and treatment planning (Sherman, Slick, 

& Iverson, 2020), which include extratest information such as history and behavioral 

observations, as well as embedded PVTs. This study establishes that experimental 

paradigms in pupillometry can be applied to common clinical tests, but considerable 

research is needed before applied criteria can be created and formally incorporated into 

the diagnostic process. Continued study of pupillometry in the clinical setting will provide 

useful, unique information to help identify individuals feigning impairment who are not 

detected by traditional performance validity test scoring metrics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Points

Question:

Is pupillometry a useful biometric measure for identifying feigned cognitive impairment?

Findings:

Several pupillary indices discriminated feigned impairment from healthy adults and 

adults with TBI instructed to perform their best, both as independent indicators and 

beyond traditional TOMM accuracy scores.

Importance:

The findings support the utility of biometric measures, such as pupillometry, in the 

context of performance validity assessment.

Next Steps:

The examination of pupillometry may enhance the detection of individuals feigning 

cognitive impairment who are not identified by traditional performance validity tests.
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Table 1.

Pupillary Indices: Operational Definitions of Constructs Assessed

Pupil Variable Construct Description

Effort-Max
Cognitive effort

Average maximum pupil dilation

Effort-Baseline Average minimum pupil dilation

View-Familiar (Max)
Familiarity

Average maximum pupil dilation when viewing correct response 
option

View-Familiar (Baseline) Average minimum pupil dilation when viewing correct response 
option

View-Unfamiliar (Max)
Unfamiliarity

Average maximum pupil dilation when viewing incorrect response 
option

View-Unfamiliar (Baseline) Average minimum pupil dilation when viewing incorrect response 
option

Response-Familiar (Max) Cognitive effort when answering 
correctly (truthfully)

Average maximum pupil dilation on items answered correctly

Response-Familiar (Baseline) Average minimum pupil dilation on items answered correctly

Response-Unfamiliar (Max)
Cognitive effort when answering 
incorrectly (untruthfully if simulator)

Average maximum pupil dilation on items answered incorrectly

Response-Unfamiliar 
(Baseline) Average minimum pupil dilation on items answered incorrectly

Effort-Range Range in cognitive effort Average minimum pupil dilation subtracted from the average 
maximum pupil dilation

Familiarity-Difference Difference between familiar items and 
unfamiliar items

Average maximum pupil dilation when viewing incorrect response 
option subtracted from correct response option.
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