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Abstract

Objective: It is increasingly recognized that trauma victims, particularly Veterans, have co-
occurring psychological and physical conditions that impact cognition, especially the domains of
sustained attention and executive functioning. While previous work has generally attempted to
isolate the unique cognitive effects of common combat-related co-morbidities, less work has been
done to examine how these conditions co-occur, and whether unique cognitive signatures
accompany certain clinical combinations.

Method: To address this gap, we examined how a number of deployment-related conditions were
associated with performance on a well-validated measure of sustained attention (gradual onset
continuous performance task; gradCPT), as well as a battery of standard neuropsychological
measures, in 123 Veterans from the Translational Research Center for TBI and Stress Disorders
(TRACTS). Initially, a PCA was conducted to investigate how comorbid conditions grouped
together.

Results: A number of sustained attention measures from the gradCPT were differentially
associated with four unique combinations of trauma-related pathology. Specifically, a component
representing the combination of current pain, sleep disturbance, and mTBI (somatic) was
associated with a higher rate of failures of attentional engagement. On the other hand, a comorbid
PTSD and mood disorder component (mood-PTSD), as well as a substance use disorder
component (SUD), were associated with higher rates of inhibitory control failures. Increased
attentional instability was associated with mood-PTSD as well as an anxiety disorder component.
In contrast, the cognitive effects of deployment-related trauma were not observed on standard
neuropsychological measures.

Conclusion: These findings suggest that unique combinations of trauma-related pathology have
dissociable effects on sustained attentional control.

Corresponding Author: Michael Esterman, VA Boston Healthcare System, 150 S. Huntington Ave., Boston, MA 02130
esterman@bu.edu.
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Introduction

It is increasingly recognized that trauma victims, particularly Veterans, have co-occurring
psychological and physical conditions that may impact cognition, especially the domains of
sustained attention and executive functioning. For example, our work and others have shown
that posttraumatic stress disorder (PTSD) is associated with deficits in sustained attention
and inhibitory control (Aupperle, Melrose, Stein, & Paulus, 2012; DeGuitis et al., 2015;
Esterman, DeGutis, et al., 2013; Scott et al., 2015; Swick, Honzel, Larsen, & Ashley, 2013;
Swick, Honzel, Larsen, Ashley, & Justus, 2012; van Rooij et al., 2014), though other studies
have failed to find such relationships (Golier et al., 1997; Jenkins, Langlais, Delis, & Cohen,
2000; Leskin & White, 2007). Such discrepancies may be related to the fact that very often
PTSD does not occur in isolation, but co-occurs and interacts with other psychological
symptoms thought to also influence these cognitive processes, such as depression (Bleich,
Koslowsky, Dolev, & Lerer, 1997; Green, PD, Grace, & Leonard, 1992; Milliken,
Auchterlonie, & Hoge, 2007; O’Donnell, Creamer, & Pattison, 2004; Shalev et al., 1998),
substance abuse (Brown, Recupero, & Stout, 1995; Brown & Wolfe, 1994; Keane, Gerardi,
Lyons, & Wolfe, 1987; McFall, Mackay, & Donovan, 1992; Ouimette & Brown, 2003), and
other anxiety disorders (Green et al., 1992; Helzer, Robins, & McEvoy, 1987; Kar & Bastia,
2006; Kessler, Sonnega, Bromet, Hughes, & Nelson, 1995; Zlotnick et al., 1999), which are
often not taken into account. In addition, physical and somatic symptoms, like pain
(Beckham et al., 1997; Lew, Tun, & Cifu, 2009; Norman, Stein, Dimsdale, & Hoyt, 2008;
Walker, Clark, & Sanders, 2010), sleep disorders (DeGuitis et al., 2016; Lavie, 2001), and for
Veterans in particular, mild traumatic brain injuries (mTBI; Lippa et al., 2015; McGlinchey,
Milberg, Fonda, & Fortier, 2017; Walker et al., 2010) are frequently co-morbid and are also
thought to influence cognition. Critically, some of these studies (Amick et al., 2018; Lippa et
al., 2015) have shown that specific empirically motivated configurations of common co-
occurring diagnoses (e.g. PTSD, depression and mTBI) predict severe disability at levels not
accounted for by any individual diagnostic category, or simply by burden of disease. These
data imply that some syndromic clinical phenotypes may impact function in ways that are
not intrinsic to standard psychiatric diagnostic categories. This raises the possibility that
some combinations of clinical symptoms are associated with difficulties in cognitive
processes that might not be measurable otherwise.

Sustained attention is one of the most fundamental cognitive operations, as it is necessary
for the optimal engagement of a variety of other higher-level processes, such as learning,
memory, and future planning, and plays an important role in modulating lower-level sensory
processing functions (Barkley, 1997; Carrasco, 2011; Chun, 2011; Fortenbaugh, Robertson,
& Esterman, 2017; Ling & Carrasco, 2006; Sarter, Givens, & Bruno, 2001; Silver &
Feldman, 2005). Frequently, sustained attention ability is characterized with continuous
performance tasks, in which participants respond to frequent non-target stimuli and withhold
responses to rare targets events (not-X CPTs; for review/discussion see Fortenbaugh,
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DeGultis, & Esterman, 2017; Langner & Eickoff, 2013). While previous studies have shown
general deficits in sustained attention in trauma-related disorders (Auerbach et al., 2014;
DeGutis et al., 2015; Robertson, Manly, Andrade, Baddeley, & Yiend, 1997; Swick et al.,
2013; Swick et al., 2012), sustained attention is a multifaceted process (Cheyne, Solman,
Carriere, & Smilek, 2009) and studies have not yet fully characterized how sustained
attention may be disrupted in these populations. One of the primary processes required to
perform these not-X CPTs is sustained inhibitory control; thus errors of commission, or
failures to inhibit responses to no-go targets, characterize one type of attentional lapse on
these tasks. On the other hand, errors of omission, failing to respond to frequent go-trials,
are considered failures to maintain constant attentional engagement or arousal. When
examining more subtle measures of reaction time (RT), intra-individual variability of RTs
has been associated with greater attentional fluctuations, or lack of attentional stability,
whereas the mean reaction time reflects a combination of processing speed and strategic
factors (Fortenbaugh et al., 2015; Seli, Jonker, Cheyne, & Smilek, 2013). Finally, post-error
slowing of reaction time is a hallmark of these tasks, and reflects the degree to which
participants make online performance-based adjustments to their strategy after an error
(Dutilh et al., 2012). These different aspects of performance make not-X CPT tasks
potentially sensitive and specific enough to detect and differentiate sustained attention
impairments in trauma-related psychopathology.

Indeed, there is some evidence that sustained attention tasks are sensitive to different
trauma-related psychopathology in this population. For example, PTSD has been associated
with both deficits in sustained attention and inhibitory control, as reflected in greater RT
variability and greater commission errors on go/no-go tasks (DeGutis et al., 2015; Jenkins et
al., 2000; Vasterling, Brailey, Constans, & Sutker, 1998; Vasterling et al., 2002). This is
consistent with the diagnostic symptoms of “difficulty concentrating” as well as
hypervigilance, or dysregulated arousal, which is known to negatively impact sustained
attention (Arnsten, 1998). Additionally, deficits in sustained attention have been found to be
common in patients dealing with depression (Clark, Iversen, & Goodwin, 2002; Paelecke-
Habermann, Pohl, & Leplow, 2005; Zakzanis, Leach, & Kaplan, 1998). Difficulty
concentrating or inappropriate hypervigilance to mundane events is also a feature in persons
with anxiety disorders (Akiskal, 1998; Forster, Nunez Elizalde, Castle, & Bishop, 2015), and
recent work has shown a relationship between poorer sustained attention/greater
distractibility and higher trait anxiety levels in sub-clinical populations (Forster et al., 2015;
Moser, Becker, & Moran, 2012). Additionally, impairments in attention have been associated
with sleep disturbances (Ayalon, Ancoli-1srael, Aka, McKenna, & Drummond, 2009; Doran,
Van Dongen, & Dinges, 2001; Lim & Dinges, 2008) and chronic pain (Dick & Rashiq,
2007; Moriarty, McGuire, & Finn, 2011), two other issues commonly faced in Operation
Enduring Freedom (OEF), Operation Iragi Freedom (OIF), and Operation New Dawn
(OND) Veterans (Lippa et al., 2015). While reports of deficits or difficulties in sustained
attention are highly prevalent in the clinical literature, whether the nature of these deficits is
similar across various clinical disorders or in different combinations of disorders remains
understudied. In part, this may be a limitation of the types of tasks or measures reported that
are traditionally used to assess attention, which may attempt to summarize sustained
attention performance into a single metric. It is thus possible that more recent developments
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of sustained attention assessments, which capture multiple dimensions and more subtle
fluctuations in performance, may be more sensitive than tradition neuropsychological
measures of executive function to detect variations in attentional dysfunction (DeGutis et al.,
2015; Esterman, Noonan, Rosenberg, & DeGutis, 2013; Fortenbaugh, DeGultis, et al., 2017).

The present study examined the relationship between deployment-related trauma and
cognitive function in Veterans in two innovative ways. First, based on Lippa et al. (2015),
the current study used a PCA approach to create empirically-derived clinical components
consisting of multiple psychiatric (PTSD, mood disorder, anxiety disorder, and substance
use disorder) and somatic issues (mTBI, sleep disturbance and current pain) in a large
sample of well-characterized OEF/OIF/OND Veterans. Lippa and colleagues discovered four
independent deployment-related components: (a) depression, PTSD, and military mTBI
(deployment trauma component); (b) pain and sleep (somatic component); (c) anxiety
disorders, other than PTSD (anxiety component); and (d) substance abuse or dependence
(substance use component). To validate this PCA structure, we sought to perform the
identical analysis with a significantly larger sample of \Veterans, hypothesizing that we
would discover similar components. We next sought to characterize how the resulting
clinical components related to performance on our sustained attention measure, the
gradCPT, as well as traditional neuropsychological tests of attention and executive function
in a sub-sample of these Veterans. Based on Lippa et al. as well as the literature and our
prior results, we anticipated that a deployment trauma component (e.g., PTSD, depression)
would be most associated with failures of sustained inhibitory control and increased
variability (Aupperle et al., 2012; J. DeGutis et al., 2015; Swick et al., 2013; Swick et al.,
2012), while somatic issues (e.g., pain, sleep dysfunction) would be most associated with
failures of engagement and reduced error reactivity (Cheyne et al., 2009; O’Keeffe, Dockree,
Moloney, Carton, & Robertson, 2007). We further predicted that the clinical components
would be more weakly associated with the traditional neuropsychological tests, as they are
not optimized to measure more subtle aspects of sustained attention.

Methods

Participants

For the initial PCA we leveraged the full available sample of OEF/OIF/OND Veterans from
the longitudinal cohort study of the Traumatic Brain Injury (TBI) National Network
Research Center at the Translational Research Center for TBI and Stress Disorders at VA
Boston Healthcare System (TRACTS, for a more in-depth description of recruitment and
characteristics of this sample, see Amick et al., 2013; Fortier et al., 2014; McGlinchey et al.,
2017). At the time of this study, the sample included 388 consecutively enrolled Veterans
who had complete datasets and met the major inclusion criteria as outlined below. All
participants recruited to TRACTS complete 8-10 hours of testing that includes a
comprehensive psychiatric and neuropsychological assessment. For participants without any
contraindications, this is followed by a MRI session during which structural and functional
scans are collected. For a subset of participants (see below), this included completion of the
gradCPT sustained attention task with concurrent fMRI (Fortenbaugh, Rothlein,
McGlinchey, Degutis, & Esterman, 2018); however, this paper focuses on the behavioral
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performance of this task. General exclusion criteria for recruitment into the TRACTS cohort
includes prior serious medical and/or neurological illness unrelated to TBI, active suicidal
and/or homicidal ideation requiring intervention, or a current diagnosis of bipolar disorder or
psychatic disorder (except psychosis not otherwise specified due to trauma-related
hallucinations) according to the Diagnostic and Statistical Manual of Mental Disorders (5th
editition, DSM-1V; American Psychiatric Association [APA], 2013). For the present study,
data was available for 327 participants after additionally excluding participants who had not
been deployed to a combat zone (7= 22), had a history of moderate/severe TBI (7= 15), or
failed an assessment of symptom validity (7= 24, detailed below). Demographic
information regarding the sample of 327 participants who met these inclusion criteria and
were included in the following analyses is outlined in Table 1. While the TRACTS dataset
employs a convenience sample, recent analyses (Lippa et al., 2015) have found that there is
no significant difference between the TRACTS cohort and the OEF/OIF/OND veterans who
utilize the VA Healthcare system.

Of our sample of 327 deployed Veterans, 123 participants completed the gradCPT task and
were included in this part of the analyses. Demographic information regarding this sub-
sample is outlined in Table 1. We also conducted additional analyses that compared our
subset of participants to the greater TRACTS sample to ensure that no systematic differences
existed between those who completed the gradCPT and those who did not. The VA Boston
Healthcare System Institutional Review Board approved the study protocol and all
participants provided written informed consent. Participants were provided $210 for their
time and travel costs.

Clinical Measures.

Demographics, Combat Exposure, and Symptom Validity.—During the initial
clinical and neuropsychological assessment period, demographic and military experience
information was determined using self-report questionnaires. Combat exposure was assessed
using the Deployment Risk and Resilience Inventory (DRRI): Combat Experience Scale
(King, King, Vogt, Knight, & Samper, 2006). To assess potential issues with effort/validity
on our clinical measures, participants were administered Green’s verbal Medical Symptom
Validity Test (v-MSTV; Green, 2004) and were excluded if they did not complete or scored
under 85 on immediate recall, delayed recall, or consistency (/7= 24 for the initial sample).

Traumatic Brain Injury.—The Boston Assessment of TBI-Lifetime (BAT-L; Fortier et al.,
2014), was used to assess each participant’s history of mild, moderate, and severe TBI that
occurred pre-, during, and post-deployment. This is a validated, semi-structured clinical
interview administered by a doctoral-level psychologist. A history of military mTBI was
defined as a period of self-reported loss of consciousness < 30 minutes, posttraumatic
amnesia < 24 hours, and/or altered mental status < 24 hours following a credible injury
mechanism that occurred during military service (U.S. Department of Veterans Affairs and
U.S. Department of Defence, 2009). The BAT-L was reviewed in weekly diagnostic
consensus meetings consisting of at least three doctoral psychologists and/or psychiatrists.
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Psychiatric Disorders.—In order to assess the presence and/or history PTSD, a doctoral-
level psychologist administered the Clinician Administered PTSD Scale for the DSM-1V
(CAPS; Blake et al., 1990). Additionally, the psychologists administered the Structured
Clinical Interview for DSM-IV Axis | Disorders (SCID; First, Spitzer, Gibbon, & Williams,
1996; Lobbestael, Leurgans, & Arntz, 2011; Williams et al., 1992) non-patients edition to
assess for mood disorders (e.g., depression), anxiety disorders, and substance use disorders.
This assessment was also used to screen for psychotic disorders using in our exclusion
criteria. The CAPS and SCID assessments were reviewed in weekly diagnostic consensus
meetings consisting of at least three doctoral psychologists and/or psychiatrists.

Sleep Quality and Pain.—To assess current sleep quality, the Pittsburgh Sleep Quality
Index (PSQI; Carpenter & Andrykowski, 1998) was administered. Following the
methodology of previous studies (Buysse, Reynolds, Monk, Berman, & Kupfer, 1989; Lippa
et al., 2015), global cutoff scores of > 5 were used to define the presence of sleep
disturbances in this sample. The Short Form McGill Pain Questionnaire (SFMPQ); Grafton,
Foster, & Wright, 2005; Melzack, 1987) was used to assess pain. We classified participants
as having current pain if the self-reported current overall level of pain was rated as mild or
greater.

Sustained Attention Measures

Gradual-onset Continuous Performance Task (gradCPT).—The gradCPT was the
primary cognitive focus of this investigation (see Figure 1). The gradCPT is a well-validated
not-X CPT task used to measure sustained attention, in which participants are instructed to
respond to frequently appearing non-targets and withhold responses to infrequently
appearing targets (DeGuitis et al., 2015; Esterman, Noonan, et al., 2013; Fortenbaugh et al.,
2015). Over the course of an 8-minute run, scene images transition from one to the next over
an 800 ms interval using linear interpolation, such that images continuously fade in from one
to next. Images are randomly selected with the constraint that no image was repeated across
two consecutive trials. Since stimuli are presented both rapidly and without discrete periods
of transition, this task relies heavily upon an intrinsic ability to sustain attention (Esterman,
Noonan, et al., 2013). The current version of the task consisted of 20 randomly displayed
gray-scale city and mountain scenes. For every displayed city, which occurred on 90% of
trials, participants were instructed to respond via pressing a button on the response box. For
every mountain, occurring on 10% of trials, participants were instructed to inhibit this
response. This paradigm measures multiple aspects of sustained attention behaviorally,
including commission and omission error rates, reaction time (RT) speed, RT variability, and
post-error slowing as described below. For additional information on this task, see Esterman,
et al. (2013); and for overall behavioral and fMRI results in this Veteran population, see
Fortenbaugh et al. (2018).

Accuracy measures.—Accuracy was assessed by examining the two types of errors
possible during this task. First, failure to withhold button response to a (rare) mountain scene
was considered a commission error (CE), which constitutes an error of sustained inhibitory
control. Second, failure to respond to a (frequent) city scene was considered an omission
error (OE). While rarer than commission errors, omission errors likely represent more severe
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lapses of attention (Cheyne et al., 2009), wherein complete disengagement from the task is
suspected. Omission errors may be a result of two potential patterns of disengagement: long
periods of task disengagement or more brief, intermittent failures to stay on task. To capture
these differences, omission errors were additionally broken down into two separate
components. First, we assessed the number of discrete intervals where omission errors
occurred, referred to as the number of omission lapses. Second, we determined the average
number of trials on which failure to respond to a city image occurred during a consecutive
periods of omissions, referred to as the average omission duration.

Reaction Time Measures.—RTs were calculated relative to the beginning of each image
transition using an iterative algorithm (for details, see Esterman, Noonan, et al., 2013;
Fortenbaugh et al., 2015), such that an RT of 800 ms indicated a button press at the moment
the current trial’s scene image was 100% coherent and not mixed with other images. A
shorter RT indicated that the current scene was still in the process of transitioning from the
previous, and a longer RT indicated that the current scene was in the process of transitioning
to the subsequent scene. Mean RT and RT variability (defined as the standard deviation of
RT) were computed from RTs. Post-error slowing (PES) was computed by subtracting the
mean RT on trials immediately following a CE from trials immediately preceding CEs
(Fortenbaugh et al., 2015). Thus, positive values represent greater slowing. Participants who
did not make any commission errors during the task (/7= 2) had no data to calculate this
measure and were thus not included in this analysis.

Neuropsychological Measures

Attention.—We used the Test of Variable Attention (TOVA; Leark, Greenberg, Kindschi,
Dupuy, & Hughes, 2007) as another measure of sustained visual attention. The TOVA is a
CPT task designed to capture attention and impulsivity. We included response time, response
time variability, commission errors and omission errors as our dependent measures.

Task Switching.—We used the Cambridge Automated Neuropsychological Test Battery
(CANTARB) Intra-Extra Dimensional Set Shift (I-EDSS; CANTAB, Cambridge Cognition,
2017, www.cantab.com) as a measure of task switching. The IED is a computerized
analogue to the Wisconsin Card Sorting Task and is used to measure attentional flexibility.
The dependent measures were the total errors adjusted score and the completed stage trials.

Inhibitory Control.—We used the Color-Word Interference Test (Stroop; Delis, Kaplan, &
Kramer, 2001), the CANTAB Affective Go/No-Go (AGN; CANTAB, Cambridge Cognition,
2017, www.cantab.com), and TOVA response inhibition measure to assess inhibitory
control. For the Stroop task, the dependent measure used was interference trial total time.
The dependent measures for the AGN were the total positive and total negative commission
errors. The dependent measure for the TOVA was the total commission errors.

Working Memory.—We used the Auditory Consonant Trigrams (ACT; Stuss et al., 1985)
and Digit Span Sequencing (DSPSS; Wechsler, 2008) to measure working memory. The
ACT dependent measure was the total number of correct responses and the dependent
measure for the DSPSS was the sum of the forward, backward, and sequencing scores.
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Multiple Executive Domains.—The Trail Making Test (Trails B) and Verbal Fluency
Test from the Delis-Kaplan Executive Function System (DKEFS; www.pearsonclinical.com,
Delis et al., 2001) were used to assess multiple subdomains of executive function. The Trails
B assesses working memory and task switching by requiring participants to connect,
sequentially, alternating numbers and letters. Our dependent measure for the Trails B was
time to complete the task. Verbal Fluency measures both working memory and inhibition
and the dependent measure was total score.

Statistical Analyses

Exploratory Principal Component Analysis.—While clinical diagnoses are often
studied in isolation, it is well established that various symptoms co-occur frequently in
veteran populations (McGlinchey et al., 2017). We examined the shared variance explained
by empirically derived clinical components following the approach used by Lippa et al.
(2015), where an exploratory PCA was conducted using diagnoses (yes/no) from the seven
clinical areas outlined above (mTBI, PTSD, mood disorder, anxiety disorder, substance use
disorder, sleep disturbance, and current pain). The clinical component scores were generated
using a PCA and varimax rotation in the greater TRACTS sample (7= 327) and were
applied to the current study sample. Every participant was assigned a component score,
which is a standardized numerical value estimated from the PCA (M= 0, SD= 1), for each
of the derived clinical components.

gradCPT/clinical relationships.—Clinical component scores were entered as
independent variables into multiple linear regression models to predict gradCPT measures of
sustained attention, including our three reaction time measures (mean RT, reaction time
variability defined by the standard deviation of reaction times, and post-error slowing) as
well as our four accuracy measures (commission error rate, omission error rate, number of
omission lapses, and the average duration of individual omission lapse periods). Separate
models were calculated for each of the seven dependent variables. As mean reaction time
can significantly affect overall reaction time variability and post-error slowing values, mean
reaction time was included as a covariate in these two models. Additionally, as the number
of omission error lapses and the average duration of these lapses both contribute to overall
omission error rates, each of these variables was included as a covariate in the regression
model of the other.

Neuropsychological/clinical relationships.—Our eight neuropsychological measures
of attention and executive functioning were also modeled with identical regression models to
investigate if performance deficits could be predicted from our clinical components. Here,
the clinical components were entered as the independent variables to predict the
neuropsychological test outcomes. Because some of the neuropsychological tests had more
than one dependent measure, a total of twelve separate multiple linear regressions were
conducted.
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Results

Participant Characteristics

Demographic and clinical characteristics of the sample population are described in Table 1.
No significant differences were found between participants who did and did not complete
gradCPT on any of the clinical or demographic variables (all ps> .15). This suggests that the
123 participants who completed the gradCPT task are representative of the larger TRACTS
sample.

Exploratory Principal Component Analysis

We selected the four-component solution (eigenvalue > 0.85) as it produced clinically
meaningful groupings of the diagnoses and accounted for at least 70% of the total variance,
replicating our prior analysis with a smaller sample in the same cohort and cutoff criteria
(Lippa et al., 2015). These components accounted for 72.1% of the total variance (see Table
2 for component loadings, eigenvalues, and variance explained). The first component,
Somatic/TBI (somTBI), accounted for the highest percent of the variance (23%), followed
by the second component, PTSD/mood (moodPTSD) disorder (19%). The third and fourth
components, anxiety disorder (Anxiety) and substance use disorder (Substance), each
accounted for 15% of the variance. These components were mostly consistent with the Lippa
et al. (2015), although mTBI was more associated with somatic symptoms in the present,
larger sample, as opposed to PTSD/mood in the Lippa analysis.

Clinical Components and gradCPT

In order to examine how the four clinical component scores were able to predict
performance, separate multiple linear regression models were calculated with each the seven
measures of performance on the gradCPT as dependent variables. Tables 3 & 4 detail the
resulting model fits for each of these regression models. Below we outline the main findings
from these regression analyses.

Model 1: Mean RT.—The outcome for Model 1 was mean RT, a reflection of processing
speed and decision criterion. No clinical components were found to have a significant
association (overall model: A4,118) = 1.212, p=0.309, £Z=0.039; see Table 3).

Model 2: RT Variability.—The outcome for Model 2 was RT variability, a measure of
attentional fluctuations/stability (overall model: A5,117) = 22.227,p< 0.001, R = 0.487).
PTSD/Mood (8 =0.146, p=0.033) and Anxiety (5=0.190, p= 0.006) were positively and
uniquely associated such that those with higher scores tended to be more variable (see Table
3 & Figure 2). Overall RT (8 =0.687, p<0.001), which was included as a covariate, was
also positively associated with the model such that slower participants on the task tended to
have more variable reaction times.

Model 3: Post-Error Slowing.—The outcome for Model 3 was post-error slowing, a
measure of error reactivity (overall model: A5,115) = 6.427,p< 0.001, RZ = 0.218). While
Anxiety was associated with increased reactivity (8=0.225, p = 0.010), Somatic/TBI was
associated with decreased reactivity to errors (8=-0.168, p = 0.047). Overall reaction time
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(B =0.417, p<0.001), which was included as a covariate, was positively associated with the
model such that participants who were slower on the task showed larger post-error slowing
(see Table 3 & Figure 2).

Model 4: Inhibitory Control.—The outcome for Model 4 was commission error rate,
reflecting inhibitory control failures (overall model: A4,118) = 2.591, p= 0.04, RZ=0.081).
PTSD/Mood (8 =0.281, p=0.016) and Substance Use Disorder (8 =0.199, p=0.031)
were significantly associated with CEs, such that those with higher loadings on these
components tended to make more inhibitory errors by pressing to mountain/no-go targets
(see Table 4 & Figure 2).

Model 5: Disengagement.—The outcome for Model 5 was overall omission error rate, a
measure of disengagement from the task. No clinical components were found to be
significantly associated with overall omission error rate (overall model: A4,118) = 1.499, p
=0.207, £Z=0.048; see Table 4). The final two models examined the prediction ability of
the clinical components when omission errors were broken down into the number of discrete
omission lapse periods and the average duration of individual lapse periods.

Model 6: Discrete Periods of Disengagement.—The outcome for Model 6 was the
number of omission lapses across the experiment, including the average duration of each of
these periods as a covariate (overall model: A5,117) = 2.630, p=0.027, RZ=0.101). The
model revealed that, only the Somatic/TBI component (5=0.223, p=0.014) was found to be
positively associated, such that those with higher Somatic/TBI component scores had more
discrete periods of disengagement defined by failing to press to a city image/go trial (see
Table 4 & Figure 2). The additional covariate in this model, the average durations of each
omission period, was also positively associated with the number of discrete omission lapse
periods (8=0.190, p = 0.035).

Model 7: Average Duration of Disengagement.—The outcome for Model 7 was the
average duration in trials that participants disengaged in the task as measured by omission
errors. The overall number of omission lapse periods was included as a covariate. In contrast
with the number of omission error lapse periods, no clinical components were found to have
a significant association with the average duration of individual disengagement periods
(overall model: A5,117) = 1.703, p= 0.139, #Z = 0.068; see Table 4).

Additional models.—We also explored whether discrete diagnoses themselves, rather
than clinical phenotypes, predicted gradCPT performance (see Supplementary Materials for
details). Although anxiety and substance use disorder diagnoses models were similar to the
phenotype models, in no case did the PTSD/mood or Somatic/TBI component diagnoses
explain unique variance in performance. Thus the association between these two
components and attention were not captured by the individual diagnoses.

Neuropsychology Tests and Clinical Components

Models 8-19.—We modeled the relationship between 12 neuropsychological measures of
attention/executive functioning and our clinical phenotypes. Each model measured different
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aspects of attention and executive function, including switching, working memory, and
inhibition. No clinical components were found to have a significant association with any of
our individual neuropsychological tests (overall model. ps >.05). Table 5 details the
resulting model fits for each of these regression models.

Discussion

This study demonstrates that four distinct clinical phenotypes of deployment trauma-related
pathology are associated with partially dissociable impairments in sustained attention. Thus,
rather than a generalized cognitive deficit across any trauma-related disorder, this study
indicates that particular combinations of disorders may lead to particular cognitive
impairments. Specifically, we found that a clinical phenotype characterized by mood
disorders and PTSD was associated with less attentional stability and worse sustained
inhibitory control, as indexed by higher reaction time variability and commission errors,
respectively. Similarly, a substance use disorders phenotype was also associated with more
errors of inhibitory control. On the other hand, a phenotype characterized by current pain,
sleep disturbance and mTBI (and to a lesser extent, PTSD) was associated with greater
errors of disengagement and decreased reactivity to errors, as indexed by more intermittent
errors of omission and decreased post-error slowing. Finally, an anxiety disorder phenotype
was associated with less attention stability and greater error reactivity. In contrast to
performance on the gradCPT, our measure of sustained attention and inhibitory control,
performance on traditional neuropsychological tests of attention and executive function
could not be predicted by clinical phenotypes.

Our findings of differential patterns of sustained attention failures across clinical phenotypes
align well with the three-state model of attentional lapses proposed by Cheyne and
colleagues (2009). This model outlines three increasingly severe types of task
disengagement: “occurrent” task inattention (brief or partial disengagement), “generic” task
inattention (loss of sensitivity to task variation), and “response” disengagement (non-
responding). These three states correspond to increasingly severe alterations in performance,
namely 1) higher RT variability, 2) commission errors, and 3) omission errors. Our mood/
PTSD phenotype was associated with both occurrent and generic task disengagement
(higher reaction time variability and commission error rates), whereas the somatic/TBI
phenotype was associated with the more severe response disengagement (higher omission
error rates). Thus the mood/PTSD phenotype was associated with less devastating, though
perhaps more consistent levels of disengagement as compared to the somatic/TBI
phenotype. We additionally found that Veterans with anxiety disorders exhibited the least
severe behavioral marker of attentional lapses, increased reaction time variability, with no
concurrent increases in overall error rates. Interestingly, substance use disorders were
associated with the more moderate lapses (commission errors), without the least severe
behavioral marker, potentially suggesting a more “pure” inhibitory control deficit. With
regard to post-error slowing, it has been suggested that those with TBI would have less post-
error slowing, as their response disengagement would lead to less error awareness, while
anxiety disorders would lead to ruminations regarding performance, and greater error
reactivity (Cheyne et al., 2009). Our results are entirely consistent with these hypotheses.
These theoretical models and empirical results indicate that the manifestations of attentional
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dysfunction are not equivalent and, as such, attempts to remediate attentional deficits in this
polymorbid population may require different approaches.

The somatic/TBI phenotype, which loads most heavily on a history deployment-related
mTBI, current pain, and to a lesser extent sleep disturbance, is associated with more
catastrophic disengagement from the task, as reflected in omission errors, as well as less
reactivity to, and potentially lack of awareness of errors. Individuals who experience mild,
moderate, and severe TBI often experience chronic pain afterwards (Defrin, Riabinin,
Feingold, Schreiber, & Pick, 2015; Sang & Sundararaman, 2017; Seal et al., 2017; Wu &
Graham, 2016), and as such is it unsurprising that pain and (mild) TBI were included
together in a component. Both pain and TBI have been associated with deficits in executive
function particularly with sustained attention (Buhle & Wager, 2010; Moore, Eccleston, &
Keogh, 2017; Weiss et al., 2017; Chan, 2005; Robertson et al., 1997; Oosterman, Derksen,
van Wijck, Kessels, & Veldhuijzen, 2012; Kucyi, Salomons, & Davis, 2013). While these
somatic/TBI-related errors may represent more severe lapses of attention, another distinction
is that they are errors of “inaction” (omission) vs. errors of “action” (commission). Thus,
differences in strategy, criterion, or impulsiveness, could also differentiate these phenotypes
(Fortenbaugh et al., 2015). PTSD and disrupted sleep did contribute more modestly to the
somatic/TBI component, and thus more work is needed to understand how these conditions
may also contribute to these more severe failures of attention characterized by response
disengagement. It may be that the effects of PTSD are heterogeneous and interact with
comorbidities, such that PTSD can be associated with both the disengagement of sustained
attention (with Somatic/TBI) and a loss of sustained inhibitory control (with mood/PTSD).

Our mood/PTSD phenotype, which loads most heavily on depression and PTSD was
associated with small to moderate failures of sustained attention (Cheyne et al., 2009), which
can also be thought of as deficits in inhibitory control and attentional stability (Esterman,
Noonan, et al., 2013; Fortenbaugh et al., 2015; Robertson et al., 1997). Studies that have
investigated sustained attention and other domains of executive function are generally
consistent with our findings. Specifically, other studies that use CPTs, go/no-go tasks or
visual/auditory oddball tasks have found that PTSD and depression are associated with
increased errors of commission, indicating difficulty inhibiting responses, as well as greater
reaction time variability (DeGutis et al., 2015; Esterman, DeGutis, et al., 2013; Scott et al.,
2015; Shucard, McCabe, & Szymanski, 2008; Swick et al., 2013; Swick et al., 2012; van
Rooij et al., 2014; Wu et al., 2010). This is less consistently observed in other subdomains of
executive functioning, such as working memory or task switching (Aupperle et al., 2012;
DeGutis et al., 2015). Together, our results and the literature more broadly demonstrate that
mood/PTSD-related deficits in attentional control are not limited to trauma-related or
negative emotional stimuli (Pineles, Shipherd, Mostoufi, Abramovitz, & Yovel, 2009;
Pineles, Shipherd, Welch, & Yovel, 2007; Vasterling et al., 1998) (Ellenbogen &
Schwartzman, 2009; Sanchez, Vazquez, Marker, LeMoult, & Joormann, 2013).

The anxiety disorders and substance use disorders phenotypes accounted for the least
variance in our PCA but yielded distinct patterns of responding on the gradCPT. It has been
well established that substance abuse is associated with deficits in inhibition and impulse
control (Fillmore & Rush, 2002; Monterosso, Aron, Cordova, Xu, & London, 2005; Pope,
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Gruber, Hudson, Huestis, & Yurgelun-Todd, 2001). Therefore, our finding that the substance
use disorder component was predictive of deficits in inhibition align with the larger body of
evidence, and as such provide a good validity check for the relationship between our
measure and clinical components. Similar to the mood/PTSD component, the Anxiety
component was associated with more variable reaction time. However, anxiety was also
associated with an increased reactivity to errors. Combined, these results are consistent with
existing models of anxiety-related deficits in attention, which suggest these alterations stem
from both internal factors (worry, rumination; Eysenck, 1979) as well as external factors
(enhanced error monitoring/processing; Forster et al., 2015).

Interestingly, we did not find robust differences between the phenotypes on any of our
neuropsychological tests. This may indicate that, as predicted, the gradCPT is more sensitive
and is better at capturing subtle changes in attention/executive function associated with
deployment-related pathologies (DeGutis et al., 2015). Similarly, it may be that the gradual
and sustained attention demands of the gradCPT (and similar tasks) tap into a more
fundamental aspect of attention/executive functioning. Interestingly, while performance on
the TOVA, a CPT test of attention with some similar properties as the gradCPT, was not
significantly predicted by the clinical phenotypes in this study, it did demonstrate a similar
pattern of results. This suggests that the unique properties of the gradCPT increase its
sensitivity, even when compared to other tests of sustained attention. The gradCPT, in
smaller samples, has already revealed sustained attention deficits associated with PTSD
symptom severity, depression symptom severity (DeGuitis et al., 2015), the presence of early
life trauma (Fortenbaugh, Corbo, et al., 2017), non-suicidal self-injury (Auerbach et al.,
2014), and ADHD (Rosenberg et al., 2016), further indicating that this task is sensitive to a
range of neuropsychiatric conditions. Future work comparing a broader range of computer-
based tests of sustained attention and other aspects of executive function could help
determine the extent to which the gradCPT is uniquely correlated with clinical symptoms,
and whether other domains of cognition cluster with the gradCPT. Another possibility is that
other clinical components would better explain the neuropsychological test results, thus the
replicability of the current clinical phenotypes with different cohorts and analytic
approaches will be important for future studies.

One potential mechanism for these attention deficits could be the presence of more frequent
ruminations and mind wandering. In particular this has been implicated in PTSD (Michael,
Halligan, Clark, & Ehlers, 2007; Speckens, Ehlers, Hackmann, Ruths, & Clark, 2007) and
depression (Ehring, Frank, & Ehlers, 2008; Joormann, Levens, & Gotlib, 2011; Takano &
Tanno, 2009). Increased mind wandering is known to impact sustained attention by
increasing variability and increasing errors of commission (Seli, Cheyne, & Smilek, 2013;
Kucyi, Esterman, Riley, & Valera, 2016). Future studies that include “thought probes”
during sustained attention (Christoff, Gordon, Smallwood, Smith, & Schooler, 2009; Kucyi,
Esterman, Riley, & Valera, 2016) could help determine if individuals with these trauma
related conditions are more distracted by task-unrelated thoughts, and whether these
thoughts are disrupting or coopting attentional and inhibitory control mechanisms. Another
possible mechanism for these deficits is anhedonia and lack of motivation and/or arousal.
Several recent studies of healthy participants found that rewarding performance in a
sustained attention task improved inhibitory control and reduced reaction time variability
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(Esterman et al., 2016; Esterman, Poole, Liu, & DeGutis, 2017; Esterman, Reagan, Liu,
Turner, & DeGutis, 2014). A recent meta-analysis found that PTSD is characterized by
deficits in multiple aspects of reward and motivation (Nawijn et al., 2015), suggesting this
could be a potential reason for impaired attentional and inhibitory control. Further, substance
use disorders are typically conceived as disorders of reward circuitry (Koob & Volkow,
2010). Future work should explore how these attentional impairments are modulated by
motivation and reward. The degrees to which mind wandering and/or motivation impact
these sustained attention deficits have important clinical implications (Bedard et al., 2013).
For example, mindfulness interventions can reduce symptoms of depression, PTSD, and
anxiety, and may do so in part by helping to increase awareness of and reduce mind
wandering (for a review see-Fortenbaugh, DeGutis, & Esterman, 2017; Creswell, 2017). On
the other hand, attention deficits due to anhedonia may benefit from interventions aimed at
increasing internal motivation and self-efficacy, such as exercise (McAuley & Blissmer,
2000; Ryan & Deci, 2000). Similarly, neuroscience-based interventions such as TMS could
differentially target networks associated with mind wandering vs. motivation (Esterman et
al., 2017; Esterman, Poole, Liu, & Degutis, 2017; Kucyi, Esterman, Riley, & Valera, 2016).

Characterizing and rehabilitating attentional impairments has real world implications, as
evidence demonstrates that difficulty with sustaining attention can cause trouble in an
individual’s ability to successfully navigate daily life activities, such as education, driving,
cooking, and taking care of offspring (Robertson et al., 1997; Steinmayr, Ziegler, & Trauble,
2010; Yanko & Spalek, 2014). The comorbidity of mTBI and PTSD was represented across
two components that each had differential impairments in attention. This may explain why
the combination of PTSD, depression, and mTBI leads to the most devastating functional
impairments (Lippa et al., 2015). Essentially, these conditions affect most aspects of
attention, potentially contributing to more pronounced functional impairment/disability.
Given this, future research is needed to develop effective treatments for regulating attention
in individuals with trauma-related pathologies. Dimensional approaches could be ideal,
which focus on neurocognitive mechanisms, rather than traditional disorders and diagnoses.
Neurocognitive-based interventions, such as attention training (DeGutis & Van Vleet, 2010)
and non-invasive brain stimulation (Esterman, Thali, et al., 2017) to attention networks could
lead to improved attention, the ability to get “in the zone” (Esterman, Noonan, et al., 2013),
and greater treatment engagement. Given the important role of attention in navigating daily
responsibilities, emphasis on the development of innovative and effective treatments for
attentional deficits could have real-world implications for a range of neuropsychiatric and
behavioral disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Public Significance Statement:

Trauma victims have clinical comorbidities that can impair cognition. We find that
dissociable impairments in the ability to sustain attention are associated with unique
combinations of clinical conditions in a sample of returning Veterans. This has important
implications, as attentional lapses have real world consequences and are one of the most
common cognitive complaints in this population.
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Figure 1. ThegradCPT.
This figure illustrates the gradual-onset continuous performance (gradCPT) sustained

attention task used in the study. In the gradCPT scene images transition from one to the next
over an 800 ms interval using linear interpolation so that each image fades from one to the
next. Participants are asked to press a button to each city image scene and withhold
responses to each image of a mountain scene (illustrated with the hands at the top of the
image). City images are shown on 90% of trials while rare mountain scenes are shown on
the remaining 10% of trials.
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Figure2.
Bar graph showing the standardized beta-weights for each of the four clinical components

used to predict performance on the gradCPT sustained attention task. For clarity, only the
performance variables where the overall regression model was significant are shown. This
includes reaction time variability (standard deviation of the reaction time), post-error
slowing, commission error rate, and the number of omission lapses. Error bars show +1
S.E.M. *=p<0.05, ** p<0.01.
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Demographic, Current Psychiatric, and Behavioral Status for Total Sample and by gradCPT Participation

Total (N =327)

gradCPT (n = 123)

No gradCPT (n = 204)

Variable norM %orSD norM %orSD norM % or SD  X%ort
Age 31.78 8.30 31.14 7.32 32.17 8.82 1.09
Males 295 90.2% 116 94.3% 179 87.7%
Education (years) 13.93 1.92 14.05 1.95 13.86 1.91 -0.85
Race 3.63

White 244 74.6% 89 72.4% 155 76.0%

Black 24 7.3% 12 9.8% 12 5.9%

Hispanic 48 14.7% 18 14.6% 30 14.7%

Other 5 1.5% 2 1.6% 3 1.5%

Unknown/missing 6 1.8% 2 1.6% 4 2.0%
Service Branch 7.21

Army 80 24.5% 19 15.4% 61 29.9%

Navy 10 3.1% 5 4.1% 5 2.5%

Marines 62 19.0% 27 22.0% 35 17.2%

Air Force 14 4.3% 4 3.3% 10 4.9%

National Guard 119 36.4% 45 36.6% 74 36.3%

Reserves 42 12.8% 23 18.7% 19 9.3%
Deployments

Number 1.47 0.80 1.51 0.84 1.44 0.78 -0.78

Months 14.53 8.75 14.59 8.93 14.45 8.66 -0.22

Months since last 39.03 31.85 40.77 30.99 38.12 32.42 -0.67

Combat exposure 17.10 12.00 17.71 12.32 16.73 11.81 -0.72
N of military TBIs 0.78 1.45 0.80 1.70 0.77 1.27 -0.16
PTSD 198 60.6% 75 61.0% 123 60.9% 0.01

PTSD Severity 49.28 28.98 46.33 26.41 51.07 30.35 1.44
Depressive disorders 81 24.8% 25 20.3% 56 27.5% 2.09
Anxiety disorders 72 22.0% 25 20.3% 47 23.0% 0.33
Substance use disorder 51 15.6% 21 17.1% 30 14.7% 0.33
Current pain 224 68.5% 85 69.1% 139 68.1% 0.03

30-day average pain 29.83 25.79 31.17 25.65 28.91 25.93 -0.72
Sleep disturbance 254 77.7% 95 77.2% 159 77.9% 0.02

Sleep quality 9.85 4.72 9.75 4.53 9.77 4.86 -0.08
# Psych/Behav conditions 3.13 1.70 3.08 1.61 3.16 1.75 0.39
3+ comorbidities 203 62.1% 78 63.4% 125 61.3% 0.15

Note: all ps > 0.15
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Phenotype Component Loading Scores

Table 2.

Component 1  Component 2 Component 3  Component 4
somTBI moodPTSD Anxiety Substance

PTSD 0.461 0.609 0.115 0.222
Mood Disorders 0.028 0.925 0.037 -0.035
mTBI 0.738 0.104 -0.261 -0.010
Pain 0.720 -0.013 0.305 -0.137
Sleep 0.569 0.273 0.151 0.254
Substance Use

Disorders 0.004 0.042 0.012 0.961
Anxiety Disorders 0.060 0.092 0.929 0.028
Eigenvalue 2.161 1.045 981 .859

% Variance 22.907 18.896 15.176 15.101
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