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ARTICLE INFO ABSTRACT

Keywords: Posttraumatic Stress Disorder (PTSD) symptomatology is associated with dysregulated sustained attention, which
PTSD produces functional impairments. Performance on sustained attention paradigms such as continuous perfor-
Sustained attention mance tasks are influenced by both the ability to sustain attention and response strategy. However, previous
If\llweiial networks studies have not dissociated PTSD-related associations with sustained attention ability and strategy, which limits
Cognition characterization of neural circuitry underlying PTSD-related attentional impairments. Therefore, we character-

ized and replicated PTSD-related associations with sustained attention ability and response strategy in trauma-
exposed Veterans, which guided characterization of PTSD-related differences in neural circuit function. In Study
1, PTSD symptoms were selectively associated with reduced sustained attention ability, but not more impulsive
response strategies. In Study 2, we utilized task and resting-state fMRI to characterize neural circuitry underlying
PTSD-related differences in sustained attention ability. Both PTSD symptomatology and sustained attention
ability exhibited converging associations with reduced dorsal attention network (DAN) synchronization to
endogeneous attentional fluctuations. Post-hoc time course analyses demonstrated that PTSD symptoms were
most accurately characterized by delayed, rather than globally reduced, DAN synchronization to endogenous
attentional fluctuations. Together, these findings suggest that PTSD symptomatology may selectively impair
sustained attention ability by disrupting proactive engagement of attentional control circuitry.

1. General introduction

Posttraumatic stress disorder (PTSD) develops in approximately 14%
of post-9/11 Veterans who served in Operations Iraqi Freedom,
Enduring Freedom, and/or New Dawn (Tanielian, Tanielian, & Jaycox,
2008). Broadly defined, PTSD is characterized by symptom clusters

including reexperiencing (e.g., trauma-related flashbacks), avoidance
(e.g., avoiding trauma-related cues), negative cognitions and mood (e.
g., anhedonia), and hyperarousal symptoms (e.g., difficulty concen-
trating; American Psychiatric Association, 2013). In addition to trauma-
related perturbations, a growing body of literature demonstrates that
PTSD symptomatology is also associated with more global impairments
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in sustained attention (for reviews, see Aupperle, Melrose, Stein, & Sustained attention is a core cognitive function that maintains in-
Paulus, 2012; Scott et al., 2015). Although it remains unclear if sus- formation processing across time, which exhibits moment-to-moment
tained attention deficits reflect a PTSD risk factor, sequela, or both fluctuations depending on factors such as arousal and/or motivation
(Samuelson et al., 2020; Vasterling, Brailey, Constans, & Sutker, 1998), (Shenhav et al., 2017; Sarter, Givens, & Bruno, 2001; Esterman &
impaired sustained attention produces significant functional impair- Rothlein, 2019; Fortenbaugh et al., 2017b). To measure sustained
ments and may extend PTSD chronicity (Catarino, Kiipper, Werner- attention dynamics, experimental research often utilizes continuous
Seidler, Dalgleish, & Anderson, 2015; Aupperle et al., 2012; Jagger- performance tasks (CPTs) that continuously present stimuli that require
Rickels et al., 2022). For example, disrupted cognitive functioning in either initiation of responses (“go” trials) or inhibition of responses (“no-
PTSD is associated with difficulties maintaining employment (Smith, go" trials; for a review, see Langner & Eickhoff, 2013). Consistent with
Schnurr, & Rosenheck, 2005). To better understand PTSD-related signal detection theory (Marcum, 1960), performance on CPT para-
attentional dysfunction, however, an important first step is to more digms can be decomposed into measures that primarily reflect the ability
precisely characterize PTSD-related associations with sustained atten- to sustain attention or the response strategy used to maintain task per-
tion and supporting neural circuitry. formance (Fortenbaugh et al., 2015; Riley, Esterman, Fortenbaugh, &
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Fig. 1. Gradual Onset Continuous Performance Task (gradCPT) and Sustained Attention Measures. Legend: In the gradCPT, participants are instructed to respond to
city scenes, but withhold responses to mountain scenes. For city scenes, participants may either correctly initiate a response (correct commission; CC) or incorrectly
fail to initiate a response (omission error; OE). For mountain scenes, participants may either correctly inhibit a response (correct omission; CO) or incorrectly initiate
a response (commission error; CE). A) To measure overall task accuracy, d-prime is computed as the relative normal inverse cumulative distribution function of “hits”
(COs) and “false alarms” (OEs). B) For two hypothetical participants, data distributions of city trials (green lines) and mountain trials (red lines) produce a lower d-
prime (left; dashed bracket) or higher d-prime (right; dashed bracket). C) Criterion is computed as the average normal inverse cumulative distribution function of
“hits” (COs) and “false alarms” (OEs) and reflects the decision bias to respond or withhold response. D) For two hypothetical participants with the same d-prime,
response thresholds (solid black lines) are depicted for a more conservative criterion (left; dashed bracket) or less conservative criterion (right; dashed brackets). E)
Post-error slowing (PES) measures how much RT slows following an error (red circles), which is computed as the relative difference between pre-error RTs (blue
circle) and post-error RTs (blue circle). F) For two hypothetical participants, post-error slowing is either smaller (left; dashed bracket) or larger (right; dashed
bracket). G) Mean RT is computed as the mean (orange line) of correct response RTs to city scenes (blue lines). H) For two hypothetical participants, mean RT is
smaller/faster (left; dashed bracket) or larger/slower (right; dashed bracket). I) RT variability is computed as the coefficient of variation, which is measured as the
standard deviation of RTs for correct responses to city scenes (blue lines) controlling for overall mean RT (orange lines). K) For two hypothetical participants, RT
variability is smaller (left; dashed bracket) or larger (right; dashed bracket).
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DeGutis, 2017; Esterman et al., 2014a). However, it remains unclear if
PTSD symptomatology is associated with impaired ability to sustain
attention, sub-optimal response strategies, or both factors in CPT
paradigms.

Regarding sustained attention ability, PTSD symptoms have been
associated with reductions in both the accuracy and stability of task
performance. For example, some studies demonstrate that PTSD symp-
toms are associated with weaker response inhibition as measured by
more frequent errors on “no-go” trials, whereas other studies demon-
strate PTSD symptoms are associated with weaker response initiation as
measured by more frequent errors on “go” trials (DeGutis et al., 2015;
Swick, Honzel, Larsen, & Ashley, 2013; Swick, Honzel, Larsen, Ashley, &
Justus, 2012; Swick, Honzel, & Turken, 2015; Swick & Ashley, 2020;
Campbell et al., 2009; Quinones, Gallegos, Lin, & Heffner, 2020; Vast-
erling et al., 2002). Although seemingly contradictory, these findings
suggest that PTSD symptomatology may be most accurately character-
ized by an impaired ability to dynamically switch between response
initiation and response inhibition (Aupperle et al., 2012; Dutra, Marx,
McGlinchey, DeGutis, & Esterman, 2018). Importantly, the ability to
switch between response inhibition and response initiation varies as a
function of attention stability. Specifically, reaction time (RT) vari-
ability is used to index stable attention states that are more resilient to
disruption (lower RT variability) and unstable attention states that are
more susceptible to disruption (higher RT variability; Jun & Lee, 2021;
Esterman et al.,, 2014b; Esterman, Noonan, Rosenberg, & DeGutis,
2013). Previous research demonstrates that PTSD symptoms are asso-
ciated with greater RT variability, which indicates less stable sustained
attention (Swick et al., 2013; Swick & Ashley, 2017; Alon, Naim, Pine,
Bliese, & Bar-Haim, 2019; Esterman et al., 2019). Together, these
findings suggest that PTSD symptomatology is associated with a reduced
ability to maintain accurate (lower d-prime) and stable (greater RT
variability) task performance on CPT paradigms.

Additionally, PTSD symptomatology may be characterized by more
impulsive response strategies during CPT paradigms. Broadly, response
strategies reflect a trade-off between prioritizing response inhibition
(more cautious) or prioritizing response initiation (more impulsive; see
Fig. 1). For example, PTSD symptoms are associated with a more
impulsive response criterion threshold (i.e., prioritized response initia-
tion), but this association may depend on whether task stimuli are af-
fective or non-affective (Amick et al., 2013; Fortenbaugh et al., 2017a).
Also consistent with a more impulsive response strategy, PTSD symp-
toms are associated with generally faster responses during CPT para-
digms (Wu et al., 2010; Swick & Ashley, 2020), which decreases
response initiation failures at the cost of increasing response inhibition
failures (Fortenbaugh et al., 2015). Although inconsistent across studies,
some research suggests that PTSD symptoms are also associated with
less post-error slowing (PES) immediately following errors (Clemans, El-
Baz, Hollifield, & Sokhadze, 2012; Swick et al., 2015; Evans et al.,
2021), which may increase the probability of subsequent errors (for a
review, see Danielmeier & Ullsperger, 2011). To summarize, PTSD
symptoms may be associated with more impulsive strategies when
completing CPT paradigms, which aligns with elevated impulsivity
associated with PTSD more generally (American Psychiatric Association,
2013).

Given that previous studies have examined sustained attention
ability and strategy in isolation, however, it remains unclear if PTSD
symptoms are associated with impaired sustained attention ability, more
impulsive strategies, or both factors. Specifically, no research has
conjointly characterized PTSD-related associations with sustained
attention ability and strategy within the same study. Due to marked
cross-study differences in sample characteristics and CPT parameters, it
is also not possible to directly compare PTSD-related associations with
sustained attention ability and strategy between studies. Regarding
sample characteristics, previous research has demonstrated that PTSD-
related associations with sustained attention measures may systemati-
cally vary as a function of comorbid anxiety and/or depressive
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symptoms as well as the co-occurrence of traumatic brain injuries (TBIs;
Esterman et al., 2019; Swick et al., 2012). Regarding CPT parameters,
PTSD-related associations may vary depending on task duration given
that sustained attention is increasingly taxed over time (Shenhav et al.,
2017; Esterman & Rothlein, 2019) and/or differing response probabil-
ities that titrate demands on inhibitory control (Jun, Remington, Kout-
staal, & Jiang, 2019). Thus, it remains unclear if PTSD symptoms are
associated with impaired sustained attention ability, more impulsive
strategies, or both factors.

Failure to dissociate PTSD-related associations with sustained
attention and strategy also has direct bearing on investigating the neural
correlates of PTSD-related attentional dysfunction. Neuroimaging
research suggests that sustained attention ability and response strategy
may be supported by distinct neurocognitive systems. For example,
measures of sustained attention ability such as d-prime and RT vari-
ability are associated with the dynamic engagement of large-scale
cortical networks such as the dorsal attention network (DAN) and
default mode network (DMN) to stabilize attentional states (For-
tenbaugh, Rothlein, McGlinchey, DeGutis, & Esterman, 2018; Kucyi,
Hove, Esterman, Hutchison, & Valera, 2016). In contrast, response
strategies are instead predominantly supported by Salience Network
(SN) nodes such as the anterior cingulate cortex and anterior insula
(Yamashita et al., 2021a; Yamashita et al., 2021c; Ham, Leff, de Bois-
sezon, Joffe, & Sharp, 2013). Therefore, dissociating PTSD-related as-
sociations with sustained attention ability and response strategy is an
important first step prior to characterizing the neural correlates of such
PTSD-related differences.

2. Objectives of the current studies

To address these issues, we conducted two behavioral experiments
and one neuroimaging experiment. First, we characterized PTSD-related
associations with signal detection-based measures that dissociate sus-
tained attention ability and strategy using same sustained attention
paradigm within a large sample of trauma-exposed veterans (Study 1:
Discovery Sample). Second, we aimed to directly replicate this pattern of
PTSD-related associations in an independent sample of trauma-exposed
veterans (Study 1: Replication Sample). In Study 2, we aimed to repli-
cate and extend these behavioral results by using functional magnetic
response imaging (fMRI) to characterize the neural correlates of PTSD-
related associations with the attention factor(s) identified in Study 1.

3. Study 1

To dissociate PTSD-related associations with sustained attention
ability and response strategy, we administered a well-validated gradual
onset continuous performance task (gradCPT) to two large samples of
post-9/11 veterans (see Table 1; Esterman et al., 2013). Given mixed
patterns of PTSD-related associations observed across prior studies, we
did not make a priori hypotheses regarding selective PTSD-related as-
sociations with sustained attention ability or strategy. Instead, we con-
ducted Study 1 to initially characterize PTSD-related associations among
these measures in a data-driven manner (Discovery Sample). Next, we
attempted to directly replicate these PTSD-related associations in an
independent sample of post-9/11 Veterans (Replication Sample). Sup-
porting this two-step approach, the Discovery and Replication samples
did not differ in PTSD severity or sustained attention measures (see
Table 1 and Results). However, the Discovery and Replication study
samples did differ in the composition of self-reported racial identity (see
Table 1). Given these sample-related differences in demographic char-
acteristics, a direct replication would improve confidence that PTSD-
related associations may generalize to more demographically repre-
sentative samples. Nevertheless, we also conducted post-hoc analyses to
rule out the possibility that cross-sample differences in racial identity
contributed to PTSD-related associations.
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Table 1

Sample Characteristics and Comparisons.
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Measure Study 1 Discovery (n = 220) Study 1 Replication (n = 107) Study 2 Neuroimaging (n = 117) Sample Difference
Age 36.92 (9.04) 37.73 (7.93) 32.02 (7.97) p < 0.001
Sex (% Male) 90.45% 89.52% 92.17% p=0.79
Education (Years) 14.60 (2.41) 14.46 (2.01) 14.24 (1.99) p=0.36
Racial Identity

% Caucasian 73.18% 47.66% 77.97% p < 0.001
% Black 8.18% 26.17% 8.47% p < 0.001
% Asian 4.55% 0.93% 0.85% p =0.06
% Native American 0.45% 3.74% 0.00% p=0.01
% Pacific Islander 0.00% 2.80% 0.85% p =0.04
% Other/Unknown 13.64% 18.69% 13.26% p=0231
PTSD Dx 51.82% 49.06% 60.87% p=0.17
CAPS Total 46.11 (31.32) 47.75 (27.65) 50.10 (26.66) p=0.49
DASS-21 31.99 (26.71) 38.02 (27.28) 27.82 (23.40) p =0.02
Number of Military TBIs 1.07 (1.80) 0.97 (0.96) 0.72 (1.05) p=0.11

Note: Means and standard deviations for final study samples following all exclusions. Dx: Diagnosis; CAPS: Clinician Administered PTSD Scale (4th Edition); DASS-21:
Depression Anxiety and Stress Scale. TBI; Traumatic Brain Injury. To compare sample characteristics across study samples, we utilized ANOVAs for continuous
variables (Age, Education, CAPS, and number of number of military TBIs) and Pearson Chi-Square tests for dichotomous variables (Sex, Racial Identities, and PTSD

diagnostic status).

4. Methods
4.1. Procedure

Veterans were recruited from the Translational Research Center for
Traumatic Brain Injury and Stress Disorders (TRACTS). TRACTS is a
National Network TBI longitudinal cohort study with sites at the Vet-
erans Affairs Boston Healthcare System (VABHS) and the Veteran Affairs
Houston Health System (VAHHS; McGlinchey, Milberg, Fonda, & Fort-
ier, 2017). During a study visit, Veterans completed a battery of psy-
chiatric and neurological measures including the 1) Clinician-
Administered PTSD Scale (CAPS-IV), 2) Boston Assessment of TBI-
Lifetime (BAT-L), and 3) Depression Anxiety and Stress Scale (DASS-
21). Using a cross-sectional design, we examined contemporaneous re-
lationships between PTSD symptoms and sustained attention measures.

All research procedures were conducted in accordance with the
Institutional Review Board of Human Studies Research at VABHS or
VAHHS. All Veterans provided written consent and were financially
compensated for their participation.

4.2. Participants

All study participants were trauma-exposed, post-9/11 Veterans who
served as part of Operations Enduring Freedom/Iraqi Freedom/New
Dawn (OEF/OIF/OND; see Table 1). In TRACTS, Veterans report a het-
erogeneous array of traumatic experiences (e.g., combat exposure, sex-
ual assault, etc.), which includes both service-related and service-
unrelated traumas. Veterans were sequentially recruited from the
larger TRACTS program in Boston (VABHS; Discovery Sample) or
Houston (VAHHC; Replication Sample). General exclusion criteria for
TRACTS include: (a) history of neurological illness; (b) history of sei-
zures; (c) current diagnosis of psychotic disorders such as Schizophrenia;
(d) current suicidal and/or homicidal ideation; (e) failure on a symptom
validity measure; or (f) diagnosis of cognitive disorder due to general
medical condition. Additionally, Veterans were excluded if they
demonstrated a history of moderate or severe traumatic brain injury
(TBI). Although rare in the TRACTS cohort, Veterans were not excluded
due to reporting trauma-related dissociation or trauma-specific
hallucinations.

Based on these exclusion criteria, the initial samples were composed
of 220 veterans (VABHS; Discovery Sample) and 115 veterans (VAHHS;
Replication Sample), respectively. Consistent with previous gradCPT
research, we also excluded veterans who failed to make motor responses
for a duration greater than 30 s and/or exhibited an omission error rate
> 50% (Fortenbaugh et al., 2018). Based on these task-based exclusion

criteria, 8 VAHHC veterans were excluded in the Replication sample,
which was attributable to reversing response contingencies during the
gradCPT (i.e., responding to mountain scenes and withholding re-
sponses to city scenes). Compared to non-excluded Veterans, excluded
Veterans did not significantly differ in CAPS-IV scores, DASS-21, age,
gender, or racial identity (all ps > 0.09). However, excluded Veterans
did report a significantly greater number of TBIs during their military
service compared to non-excluded Veterans (t(113) = 2.88, p = 0.005).
Thus, we cannot rule out the possibility that excluded Veterans reversed
response contingencies due to cognitive impairments associated with
military TBIs. Following these task-based exclusions, analyses were
conducted in a final Discovery Sample of 220 Veterans and a final
Replication Sample of 107 Veterans (see Table 1).

4.3. Clinical measures

4.3.1. Clinician-Administered PTSD Scale (CAPS-1V)

PTSD severity was assessed using the CAPS-IV, a semi-structured
clinical interview used to assess PTSD symptoms based on DSM-IV
criteria (Blake et al.,, 1995). The CAPS-IV assesses 17 specific PTSD
symptoms across 3 symptom clusters (re-experiencing, avoidance and
numbing, and hyperarousal). The frequency and intensity of each
symptom is assessed on separate 5-point (0-4) rating scales, which are
then summed up to a 9-point severity score (0-8). To calculate PTSD
symptom severity, symptom scores were summed to produce a total
score ranging from 0 to 136. All CAPS-IV interviews were administered
by doctoral-level psychologists, which were reviewed and validated at
weekly diagnostic consensus meetings that consisted of doctoral-level
psychologists and/or psychiatrists.

4.3.2. The Boston assessment of TBI-Lifetime (BAT-L)

The BAT-L is a semi-structured interview that uses a forensic
assessment approach to extensively assess TBIs experienced before,
during, and after military service (Fortier et al., 2014). TBI diagnoses
made using the BAT-L exhibit strong interrater reliability (Cohen’s k’s >
0.80) and excellent convergence with other TBI diagnostic measures
(Fortier et al., 2014). The BAT-L was administered by doctoral-level
psychologists and all TBI-related diagnoses were reviewed at afore-
mentioned weekly diagnostic consensus meetings.

4.3.3. The Depression, Anxiety, and Stress Scale (DASS-21)

The DASS-21 is a self-report measure that assesses depression, anx-
iety, and general stress (Lovibond & Lovibond, 1995). DASS-21 items
are rated on a 4-point Likert-type scale, which can be summed to
generate a total internalizing symptom score ranging from 0 to 63.
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4.4. Behavioral paradigm

4.4.1. gradCPT

In the gradCPT paradigm, participants initiate responses on go trials
(city images), but inhibit responses on no-go trials (mountain images;
see Fig. 1). Whereas city trials are presented frequently (90% of trials),
mountain trials are presented relatively infrequently (10% of trials).
Given the rapid presentation of go/no-go stimuli and gradual transition
between stimuli, participants must continuously maintain sustained
attention and inhibitory control. In total, participants were presented
with 300 trials (270 cities and 30 mountains) over the course of 4 min
(Riley et al., 2017; Rothlein et al., 2018; Fortenbaugh et al., 2015;
Yamashita et al., 2021c).

4.5. Sustained attention measures

4.5.1. Reaction time (RT)

Based on previous research, RTs were calculated relative to the onset
of an image using a validated iterative algorithm (Esterman et al., 2013).
For example, a 400 ms RT indicates that a response was made when the
current stimulus reached 50% opacity and the previous stimulus reached
50% opacity. After unambiguous response assignment, any remaining
ambiguous responses (i.e., previous stimulus > 70% coherence or sub-
sequent stimulus > 40% coherence) were assigned using a validated
algorithm. Following response assignment, mean RT was computed as
the average of all correct response initiations (see Fig. 1).

4.5.2. Coefficient of variation (CV)

The coefficient of variation served as the primary measure of RT
variability (Martin & Gray, 1971). To compute CV, the standard devi-
ation of a participant’s reaction time distribution is first calculated,
which provides a course measure of RT variability. Next, the standard
deviation is weighted by the participant’s mean RT to ensure that RT
variability is independent of overall RT (see Fig. 1).

4.5.3. Sustained attention accuracy (d-prime)

To measure sustained attention accuracy, we utilized a d-prime
measure derived from signal detection theory, which integrates infor-
mation from both types of errors in the gradCPT paradigm (Fortenbaugh
et al., 2015). In response to “no-go” stimuli (mountain scenes), partici-
pants may either correctly omit a response (correct omissions; COs) or
incorrectly commit a response (commission errors; CEs). In response to
“go” stimuli (city scenes), participants may either correctly initiate a
response (correct commission) or incorrectly omit a response (omission
error; OE). To compute d-prime, we calculated relative ratio between the
normal inverse cumulative distribution function of “hits” (COs) and
“false alarms” (OEs; NormInv[COs] — NormInv[OEs]). Using standard
procedures, one-half error was added or deducted if participants
exhibited 100% or 0% accuracy rates, respectively. Thus, a higher d-
prime value indicates greater accuracy in dynamically switching be-
tween response inhibition and response initiation (see Fig. 1).

4.5.4. Error-related behavioral adjustments (post-error slowing)

To measure behavioral adjustments following inhibitory control
failures, we calculated post-error slowing (PES) using a robust compu-
tation approach (Dutilh et al., 2012). In the gradCPT, PES is measured by
indexing the trial RT immediately following a commission error relative
to the trial RT immediately preceding that commission error (i.e.,
RTpostce — RTprecr; See Fig. 1). Using this measure, larger PES values
indicate greater behavioral adjustments following errors, which sug-
gests stronger error-related cognitive control (Regev & Meiran, 2014).

4.5.5. Criterion

Participants may employ different thresholds for response initiation,
which can be measured by a criterion value derived from signal detec-
tion theory (Fortenbaugh et al., 2015). For example, a participant may
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employ a conservative response threshold characterized by correctly
responding less frequently to mountain stimuli (i.e., more COs), but also
incorrectly responding less frequently to city stimuli (i.e., more OEs).
Conversely, a participant may use a less conservative strategy by
correctly pressing more frequently to city stimuli (i.e., fewer OEs), but
also incorrectly pressing more frequently to mountain stimuli (i.e., more
CEs). In this manner, two participants may exhibit the same d-prime
value, but utilize a different response criterion (see Fig. 1). To compute
criterion, we calculated the average normal inverse cumulative distri-
bution function of “hits” and “false alarms” (-1 * (NormInv[COs] +
NormInv[OEs]) / 2).

4.6. Data analytic approach

4.6.1. Primary analyses

In Study 1, our primary analyses used Pearson correlations to char-
acterize linear relationships between PTSD symptoms (CAPS-IV) and
sustained attention measures. To establish the degree to which PTSD-
related associations could be directly replicated in an independent
sample, we conducted identical Pearson correlation analyses in the
Discovery and Replication samples. To compute confidence intervals for
correlation coefficients, we utilized a bootstrapping approach with 1000
resamples. In both the Discovery and Replication sample, we conducted
a total of five Pearson correlations for our primary analyses, which
examined linear relationships between PTSD symptoms and each
attention measure. Given our aim to independently replicate PTSD-
related associations, we did not perform stringent multiple compari-
son correction. To determine if PTSD-related associations and/or
attention measures differed between the Discovery and Replication
samples, we conducted a 2 (Sample: Discovery vs Replication) x
continuous (CAPS-IV) ANCOVA.

Additionally, it is possible that distinct PTSD symptom clusters
exhibit distinct or potentially opposing associations with attention
measures. Thus, we repeated our primary analyses using separate CAPS-
IV symptom cluster scores: 1) re-experiencing (CAPS-B), 2) Avoidance/
Numbing (CAPS-C), and 3) Hyperarousal (CAPS-D). Overall, we
observed similar patterns of PTSD-related associations between symp-
tom cluster scores and attention measures (see Supplemental
Information).

All statistical analyses were conducted using SPSS software ver. 24.0
(IBM SPSS Statistics for Windows, Version 24.0. Armonk, NY: IBM)
andstatistical significance was defined as p < 0.05 (two-tailed). For all
analyses, missing values were excluded using pairwise deletion, which
accounted for slightly different degrees of freedom in PES analyses and
control analyses using the DASS-21. Specifically, several Veterans made
no errors during the gradCPT (n = 4), which precluded computation of
post-error slowing. Additionally, some Veterans did not complete the
DASS-21 (n = 13), which precluded including these Veterans in control
analyses that used DASS-21 scores as a covariate.

4.6.2. Post-hoc analyses

First, it is possible that the Discovery and Replication samples were
not adequately powered to detect smaller PTSD-related associations. To
address this issue, we repeated our correlation analyses in a larger
sample that combined the Discovery and Replication samples.

Second, we examined if significant PTSD-related associations with
attention measures were independent of and/or interacted with either
the number of reported military TBIs (BAT-L) or comorbid internalizing
symptoms (DASS-21). First, we used Pearson correlations to test the
associations between these covariates and attention measures that
exhibited significant PTSD-related associations. Second, we conducted
separate multiple regression models examining the relationship between
CAPS-1V scores and attention measures while controlling for covariates
and interaction effects (e.g., CAPS x DASS-21). For these post-hoc
control analyses, CAPS-IV scores and the respective covariate were
mean-centered and input as main effects in the first model step and the



T.C. Evans et al.

interaction term between CAPS-IV scores and the respective covariate
was entered in the second model step.

5. Results
5.1. Discovery sample

In the Discovery sample, PTSD symptoms were significantly associ-
ated with lower d-prime values (r(218) = -0.14, p = 0.03; 95% CI [-0.28,
-0.01], see Fig. 2A). A RM-ANCOVA model demonstrated that PTSD-
related associations did not significantly differ between specific error
types (CEs vs OEs) as evidenced by a non-significant Error Type x CAPS
interaction (F(;,218) = 0.85, p = 0.36, ng = 0.00). Thus, the relationship
between PTSD symptoms and d-prime was not driven by a specific type
of error.

In contrast, PTSD symptoms were not significantly associated with
CV (r(218) = 0.12, p = 0.09), mean RT (r(218) = 0.00, p = 0.96), Cri-
terion (r(218) = -0.03, p = 0.68), or PES (r(210) = -0.04, p = 0.59).

5.2. Replication sample

In the Replication sample, we directly replicated the significant
relationship between PTSD symptoms and lower d-prime values (r(105)
=-0.26, p = 0.007; 95% CI [-0.42, -0.08], see Fig. 2B). Similarly, a RM-
ANCOVA model demonstrated that PTSD-related associations did not
significantly differ between specific error types (CEs vs OEs) as evi-
denced by a non-significant Error Type x CAPS interaction (F(1,105) =
0.65, p = 0.42, n3 = 0.01).

Also replicating Study 1 results, PTSD symptoms were not signifi-
cantly associated with CV (r(105) = 0.15, p = 0.14), mean RT (r(105) =
0.06, p = 0.54), Criterion (r(105) = -0.05, p = 0.63), or PES (r(105) =
0.01, p = 0.93).

5.3. Sample comparisons

To compare attention measures and PTSD-related associations be-
tween the Discovery and Replication samples, we conducted a 2 (Sam-
ple: Discovery vs Replication) x CAPS ANCOVA For all attention
measures, we did not observe a significant Sample x CAPS interaction
(all ps > 0.17) or main effect of Sample (all ps > 0.23). Thus, the Dis-
covery and Replication samples exhibited similar gradCPT task perfor-
mance as well as similar patterns of PTSD-related associations.'

5.4. Post-Hoc analyses

5.4.1. Combined sample

In the combined sample, we observed a significant relationship be-
tween PTSD symptoms and lower d-prime values (r(325) = -0.18, p =
0.001; 95% CI [-0.29, -0.08]). Similarly, a RM-ANCOVA model
demonstrated that PTSD-related associations did not significantly differ
between specific error types (CEs vs COs) as evidenced by a non-
significant Error Type x CAPS interaction (F(;,325) = 1.52, p = 0.22,
12 = 0.01). In the combined sample, we also observed a significant as-
sociation between PTSD symptoms and greater RT variability (r(325) =
0.13, p = 0.02; 95% CI [0.02, 0.23], see Fig. 2D).

Consistent with sample-specific results, PTSD symptoms in the
combined sample were also not associated with mean RT (r(325) = 0.02,

! Given that the Discovery and Replication samples significantly differed in
self-reported racial identity, we also examined PTSD-related associations while
controlling for self-reported racial identity. In these control analyses, we
continued to observe a significant association between CAPS-IV scores and both
d-prime (F(;,325) = 9.98, p = 0.002) and RT variability (F(;,325) = 4.52, p =
0.03). Similarly, we continued to observe no PTSD-related associations with
mean RT, criterion, or PES (all Fs < 0.16, all ps > 0.69).
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p = 0.74), Criterion (r(325) = -0.04, p = 0.53), or PES (r(317) =-0.02, p
= 0.68).

5.4.2. Comorbid symptomatology

First, we conducted Pearson correlations examing the relationships
between attention measures and the number of military TBIs or comorbid
internalizing symptoms. For the number of military TBIs, we observed a
significant association with lower d-prime (r(325) = -0.11, p = 0.049;
95% CI [-0.22, —0.001]), but not with CV (r(325) = 0.05, p = 0.35), mean
RT (r(325) =-0.01, p = 0.81), Criterion (r(325) = -0.02, p = 0.74), or PES
(r(317) = 0.02, p = 0.78). For comorbid internalizing symptoms, we did
not observe significant associations with d-prime (r(312) = -0.09, p =
0.12), CV (r(312) = 0.08, p = 0.17), mean RT (r(312) = 0.04, p = 0.49),
Criterion (r(312) = -0.03, p = 0.60), or PES ((304) = -0.09, p = 0.12).

Second, we examined if PTSD-related associations with d-prime and
CV were independent of and/or interacted with number of military TBIs
or comorbid internalizing symptoms. PTSD-related associations with d-
prime and CV did not interact with either military TBIs (CAPS x BAT-L:
both Fs < 0.64, both ps > 0.43) or comorbid internalizing symptoms
(CAPS x DASS-21: both Fs < 0.52, both ps > 0.47). In these control
analyses, we continued to observe significant PTSD-related associations
with d-prime after controlling for number of military TBIs (F(,323) =
8.61,p = 0.004, nﬁ = 0.03) and internalizing symptoms (F(;,310) = 9.39,
p=0.002, ng = 0.03). Somewhat similarly, we also continued to observe
significant a PTSD-related association with CV after controlling for
number of military TBIs (F(; 323) = 4.58, p = 0.03, nZ = 0.01), but not
after controlling for internalizing symptoms (F(;,310) = 2.39, p = 0.09,
12 < 0.01).

6. Discussion

Across two independent samples of post-9/11 Veterans, PTSD
symptoms were reliably associated with lower d-prime on the gradCPT
paradigm. In a larger sample combining both the Discovery and Repli-
cation samples, PTSD symptoms were also modestly associated with
greater RT variability. Together, these findings suggest that PTSD
symptoms were associated with a reduced ability to maintain accurate
(lower d-prime) and stable (greater RT variability) task performance. In
both the independent and combined samples, PTSD symptoms were not
reliably associated with a more impulsive response strategy as measured
by mean RT, criterion, or PES. Although this pattern of results suggest
that PTSD symptomatology is selectively associated with impaired
ability to sustain attention, it is important to note that PTSD-related
associations exhibited small effect sizes, which is consistent with pre-
vious studies (for a review, see Aupperle et al., 2012).

Taken together, our results demonstrate that PTSD symptomatology
was selectively associated with impaired sustained attention ability, but
not utilization of more impulsive response strategies. However, there are
several potential mechanisms that may contribute to PTSD-related as-
sociations with impaired sustained attention ability, which cannot be
easily disentangled with behavioral measures. For example, PTSD
symptomatology may be associated with dysregulation of neural sys-
tems that support more effortful attentional control processes and/or
more automatic attentional control processes specifically during active
demands on sustained attention. Alternatively, PTSD symptomatology
may be associated with more global dysregulation of neural systems that
is not necessarily specific to sustained attention demands, but subse-
quently contributes to impaired sustained attention ability. To disen-
tangle these possibilities, Study 2 utilized an 8-minute version of the
gradCPT in conjunction with functional magnetic response imaging
(fMRI) alongside a passive resting state condition.

7. Study 2

Previous research demonstrates that individual differences in sus-
tained attention ability are associated with the strength of
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Fig. 2. PTSD Symptoms Are Associated with Measures of Sustained Attention Ability. Legend: PTSD symptom severity was significantly associated with lower d-prime
values within two independent behavioral samples (A) Discovery Sample, (B) Replication Sample and within an independent fMRI sub-sample: (C) MRI sample. PTSD
symptom severity was significantly associated with greater RT variability in the combined Study 1 sample (D) and within an independent fMRI sub-sample (E). Note:

CAPS = Clinician Administered PTSD Scale (4th Edition).

synchronization between neural network activity and attentional fluc-
tuations (brain-behavior synchronization; Esterman & Rothlein, 2019;
Kucyi et al., 2016; Fortenbaugh et al., 2018). To measure attentional
fluctuations, the gradCPT samples behavioral responses at a relatively
high frequency (~1.25 Hz) to capture dynamic attentional states that
range from sub-optimal to optimal. Within each subject, trial-by-trial
changes in RT variability during the gradCPT are used to generate a
variance time course (VTC; see Fig. 3). The VTC captures dynamic
changes in RT variability that reliably index attentional fluctuations
ranging from sub-optimal attention states (periods of higher RT vari-
ability) to more optimal attention states (periods of lower RT variability;
Esterman et al., 2013). Moreover, task performance is robustly stronger
in more optimal states of sustained attention relative to sub-optimal
states (Fortenbaugh et al., 2017b; Esterman et al., 2013). Importantly,
these fluctuations in sustained attention are syncrhonized with ongoing
neural activation.

In both the gradCPT and other paradigms, neural network activity
exhibits reliable synchronization with attentional fluctuations (Ester-
man et al., 2013; Kucyi et al., 2016; Yamashita et al., 2021a; Yamashita
et al.,, 2021b; Fortenbaugh et al., 2018). Specifically, the Dorsal
Attention Network (DAN) exhibits positive coupling with the VTC such
that dynamic increases in RT variability (less optimal attention) are
temporally synchronized with dynamic increases in DAN activity
(Fortenbaugh et al., 2018; Kucyi et al., 2016; Esterman et al., 2014b;
Esterman & Rothlein, 2019; Yamashita et al., 2021b). Functionally,
stronger positive DAN synchronization is associated with higher d-prime
and/or lower RT variability, which suggests engagement of effortful
attentional control processes that facilitate departure from sub-optimal
attention states (Fortenbaugh et al., 2018; Yamashita et al., 2021a).
Therefore, PTSD-related reductions in positive DAN synchronization
may impair sustained attention ability by disrupting proactive
engagement of more effortful attentional control processes. In contrast,

the Default Mode Network (DMN) exhibits negative coupling with the
VTC such that dynamic decreases in RT variability (more optimal
attention) are temporally synchronized with dynamic increases in DMN
activity (Kucyi et al., 2016; Esterman et al., 2013). Functionally,
stronger negative DMN synchronization is associated with higher d-
prime and/or lower RT variability, which suggests engagement of more
automatic attentional control processes that maintain optimal attention
states (Fortenbaugh et al., 2018; Yamashita et al., 2021a). Therefore,
PTSD-related reductions in negative DMN synchronization may impair
sustained attention ability by disrupting maintenance of automatic
attentional control processes during optimal attention states. Thus,
PTSD-related disruption of DAN and/or DMN synchronization with
attentional fluctuations may contribute to impairments in sustained
attention ability.

Alternatively, recent neurobiological models propose that PTSD is
characterized by more global patterns of dysfunction within a triple-
network system comprised of the salience network (SN), frontoparietal
control network (FPCN), and DMN (Akiki, Averill, & Abdallah, 2017).
Briefly, PTSD has been associated with intranetwork hyperconnectivity
within the SN, which may contribute to SN-FPCN and SN-DMN inter-
network hyperconnectivity (for a review, see Akiki et al., 2017). Due in
part to SN hyperconnectivity, PTSD is putatively associated with intra-
network hypoconnectivity within the FPCN and DMN as well as inter-
network FPCN-DMN hyperconnectivity (for a review, see Akiki et al.,
2017). Importantly, these models propose that PTSD symptoms are
associated with dysregulated intrinsic network connectivity even during
passive resting-state conditions that do not recruit task-related processes
such as demands on sustained attention (for a review, see Ross & Cisler,
2020). In sum, PTSD symptomatology may be associated with more
global dysregulation of triple-network system functional connectivity,
which also subsequently impairs sustained attention ability during
active demands on sustained attention.
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Fig. 3. Computing Variance Time Course and Neural Network Synchronization. Legend: To characterize brain-behavior synchronization, we computed the corre-
lation between neural network timeseries and the variance time course (VTC) for each participant. (Top Row) Data processing steps to compute a VTC for a hy-
pothetical participant. (A) The raw reaction time (RT) timeseries was linearly interpolated to account for missing RTs. (B) The interpolated RT timeseries was mean
centered to quantify trial-by-trial changes. (C) The absolute magnitude of trial-by-trial RT changes was computed to quantify an absolute RT deviation timeseries. D)
The absolute RT deviation timeseries was normalized using a z-transformation to standardize VTCs across participants. (Bottom Row) For illustration purposes, the
normalized dorsal attention network (DAN) timeseries and normalized VTC are presented for three representative participants that demonstrated either (E) positive
DAN-VTC synchronization, (F) near-zero DAN-VTC synchronization, or (G) negative DAN-VTC synchronization.

Based on the results of Study 1, we hypothesized that PTSD symp-
toms would again exhibit selective associations with reduced sustained
attention ability, but not more impulsive response strategies. Addition-
ally, we primarily hypothesized that PTSD-related impairments in sus-
tained attention ability would be associated with reduced
synchronization between DAN and/or DMN activity and endogenous
attentional fluctuations during the gradCPT. Alternatively, PTSD-related
reduced sustained attention ability could be attributable to more global
pattern of functional connectivity dysfunction within and between a
triple network system comprised of the SN, FPCN, and DMN (Akiki et al.,
2017). To adjudicate between these hypotheses in a third sample of post-
9/11 Veterans, we characterized associations between PTSD symptoms,
sustained attention ability, network-based synchronization, and

functional connectivity during both active demands on sustained
attention (gradCPT) and a passive resting state condition.

8. Methods
8.1. Procedure

All procedures were identical to Study 1 with the exception that
Veterans completed an 8-minute version of the gradCPT during fMRI
scanning as well as two resting-state fMRI scans. Identical to Study 1,
cross-sectional analyses examined contemporaneous relationships
among PTSD symptoms, sustained attention measures, and neural
measures.
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Although we made a priori hypotheses regarding PTSD-related as-
sociations in Study 2, these hypotheses were not pre-registered prior to
data collection or conducting data analyses. All research procedures
were conducted in accordance with the Institutional Review Board of
Human Studies Research at VABHS or VAHHC. All veterans provided
written consent and were financially compensated for their
participation.

8.2. Participants

Following the same exclusion criteria outlined in Study 1, the initial
sample was comprised of 143 trauma-exposed, post-9/11 veterans (see
Table 1 for sample characteristics). Similar to Study 1, all veterans were
sequentially recruited from the TRACTS program and reported a het-
erogeneous array of traumatic experiences.

As in Study 1, we also excluded 4 veterans who failed to make motor
responses for a duration greater than 30 s and/or exhibited an omission
error rate > 50% (Fortenbaugh et al., 2018). Additionally, 22 veterans
were excluded due to excessive motion during the task scan and/or
resting-state scans (see fMRI Quality Control). Following these exclu-
sions, analyses were conducted in a final fMRI Sample of 117 veterans
(see Table 1 for sample characteristics and sample comparisons).

Notably, fMRI data during the gradCPT overlapped with data re-
ported in a previous study (Fortenbaugh et al., 2018). However, this
previous study did not examine PTSD-related differences and did not
analyze resting-state fMRI data. Additionally, 23 veterans overlapped
with the behavioral sample reported in Study 1. To ensure that behav-
ioral results replicated in an independent sample, we exclusively con-
ducted behavioral analyses in the 94 veterans who did not overlap with
the sample reported Study 1. All other analyses were conducted in the
full sample of 117 veterans.

8.3. fMRI data collection

Neuroimaging data was obtained at the Neuroimaging Research for
Veterans (NeRVE) on a 3 T Siemens MAGNETOM Trio System. Two
anatomical magnetization prepared rapid gradient-echo (MP-RAGE)
structural scans were obtained using a 12-channel head coil. The pa-
rameters used for these scans are the following: repetition time (TR) =
2350 ms, echo time (TE) = 3.32 ms, flip angle = 7°, acquisition matrix
= 256 x 256 x 176, voxel size = 1 mm?, resolution = 3.0 x 3.0, and
slice thickness = 3.75 mm. To improve the signal to noise ratio, both
structural images were averaged and subsequently processed using
FreeSurfer software. Task fMRI data was collected using a 32-channel
head coil and one whole-brain echo-planar T2*- weighted sequence
(TR = 2000 ms, TE = 30 ms, flip angle = 90°, 248 volumes, acquisition
matrix = 64 x 64, in-plane resolution = 3.0 x 3.0 mm?, and slice
thickness = 3.75 mm. For resting-state fMRI data, Veterans completed
two 6-minute T2* weighted fMRI (TR = 3000 ms, TE = 30 ms, flip
angle = 90°, and slice size = 3.0 x 3.0 x 3.7 mm for a total of 38
slices).

8.4. fMRI data preprocessing

To facilitate direct comparisons between task and resting-state
measures, we utilized nearly identical pre-processing procedures for
both task-state and resting-state scan data. Shared pre-processing steps
between resting-state and task scans were carried out using AFNI and in-
house MATLAB scripts, which included slice-time correction, motion
correction (6-parameter rigid body least-squares alignment), despiking,
spatial smoothing (6-mm FWHM Gaussian kernel), identification of
volumes in which 20% or more voxels were identified as timeseries
outliers, automated co-registration of functional and anatomical data,
and normalization to MNI space. Based on automated segmentation, the
mean time series of white matter tracts and CSF were also included as
nuisance regressors in first-level models. Finally, motion censoring was
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performed on TRs that exceeded framewise displacement of > 0.3 mm as
well as the preceding TR.

8.5. fMRI quality control

To ensure fMRI data quality, we excluded data from Veterans with
excessive motion during the task scan and/or resting-state scans. Spe-
cifically, Veterans who exhibited excessive motion (>0.3 mm framewise
displacement) within 20% or more TRs during either the task scan and/
or resting-state scans were excluded from all analyses (n = 22).

8.6. Neural network parcellation

To define neural networks of interest, we utilized a standardized
neural network parcellation validated in previous research (Yeo et al.,
2011; Schaefer et al., 2018). Specifically, we implemented a 200-node
parcellation of seven canonical neural networks. Based on our a priori
hypotheses, the current study utilized timeseries data from nodes
assigned to the DAN (27 nodes), SN (22 nodes), FPCN (30 nodes), and
DMN (47 nodes).

8.7. Data analytic approach

8.7.1. First-level fMRI models

Following pre-processing steps, functional data were analyzed using
a general linear model (GLM). For both resting-state and task data, first-
level models included nuisance regressors comprised of 12 motion pa-
rameters (6 rigid body and temporal derivatives), mean white matter
and CSF time series, and polynomial trends to account for linear and
non-linear scanner drift. Additionally, outlier and excessive motion TRs
were censored and excluded from subsequent analyses. Exclusively for
the task scan, we modeled task event regressors to residualize event-
related activation from the time series (Esterman et al., 2013).

8.7.2. VTC computation

To measure trial-to-trial fluctuations in sustained attention, we
employed several processing steps to compute a VTC for each partici-
pant (see Fig. 3). First, trials without RTs (COs and OEs) are linearly
interpolated using surrounding trial RTs to create a continuous times-
eries. Second, trial-by-trial changes in RT are computed relative to a
participant’s mean RT to produce a timeseries of RT variability. Third,
the absolute value of trial-by-trial RT fluctuations is computed such that
larger values represent greater deviations from a participant’s mean RT
in either direction (i.e., larger deviation scores indicate relatively slower
or faster responses). Fourth, the deviation score timeseries is z-trans-
formed, which produces a normalized VTC that is standardized across
participants. Thus, the VTC indexes dynamic fluctuations in sustained
attention that are orthogonal to both overall RT and the overall
magnitude of RT variability. Importantly, this normalization procedure
ensures that individual differences in task-related neural synchroniza-
tion are independent of individual differences in RT variability magni-
tude (Esterman et al., 2013).

8.7.3. Task-related synchronization

To measure task-related synchronization, the VTC timeseries for
each participant is correlated with each participant’s neural network
timeseries (see Fig. 3). To compute a single, composite neural network
timeseries, we averaged all nodal timeseries within a given network. For
example, the composite DAN timeseries was computed by averaging the
mean timeseries from nodes within the standardized DAN parcellation.
Next, to account for differences in sampling rate between the VTC (1.25
Hz) and fMRI timeseries (0.5 Hz), the VTC was downsampled to 0.5 Hz
using bilinear interpolation. Following VTC downsampling, censored
time points in the fMRI timeseries were similarly censored in the VTC to
minimize the influence of motion on brain-behavior synchronization. To
account for hemodynamic response delay, the VTC timeseries for each
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participant was then temporally shifted by 6 seconds (3 TRs). After
correlating the shifted VTC timeseries with a composite neural network
timeseries, the resulting correlation coefficients were transformed using
a Fisher r-to-z transformation for subsequent analyses. Finally, we used
Pearson correlations to test the associations of brain-behavior synchro-
nization with PTSD symptoms and d-prime.

8.7.4. Task state and resting state functional connectivity

To characterize intranetwork and internetwork functional connec-
tivity of the SN, FPCN, and DMN, we performed the following methods
separately for fMRI timeseries obtained during task state (gradCPT) and
resting state. First, fMRI timeseries data was parcellated into 200 nodes
within a standardized seven-network atlas (Yeo et al., 2011; Schaefer
et al., 2018). Second, we averaged the timeseries from all voxels within
each node to compute a mean nodal timeseries. Third, each mean nodal
timeseries was pairwise correlated with the mean nodal timeseries of all
other nodes within the same network (intra-network connectivity) or
within a different network (inter-network connectivity). For example, to
compute SN intra-network connectivity (22 nodes), the mean nodal
timeseries for a given SN node was pairwise correlated with each of the
mean nodal timeseries of the other 21 SN nodes. Fourth, correlation
coefficients for each nodal pair were Fisher-z transformed, grouped ac-
cording to network assignment, and averaged either within a network
(intra-network) or between networks (inter-network). For the task and
resting state conditions, we separately computed 3 intra-network func-
tional connectivity estimates (SN, FPCN, and DMN) and 3 inter-network
functional connectivity estimates (SN-FPCN, SN-DMN, and FPCN-DMN).
In total, this procedure produced a total of 6 functional connectivity
estimates during task state and 6 functional connectivity estimates
during resting state.

To ensure that functional connectivity results were comparable to
task-related synchronization results, our primary analyses did not
perform any additional preprocessing steps prior to computing intra-
network and inter-network connectivity. However, functional connec-
tivity estimates during resting-state are often computed after removing
putatively non-neuronal signal variance via bandpass filtering or global
signal regression (GSR). Therefore,to rule out the possibility that results
were specific to pre-processing protocols, we also conducted functional
connectivity analyses after performing either bandpass filtering (0.01 Hz
—0.10 Hz) or GSR.

8.8. Data analytic strategy

8.8.1. Behavioral analyses

As in Study 1, we used Pearson correlations to characterize linear
relationships between PTSD symptoms and sustained attention mea-
sures. As noted previously, we restricted behavioral analyses to the in-
dependent sample of 94 veterans who did not overlap with Study 1 to
provide an additional independent replication of behavioral results. Like
Study 1, we also repeated our primary analyses using separate CAPS-IV
symptom cluster scores: 1) re-experiencing (CAPS-B), 2) Avoidance/
Numbing (CAPS-C), and 3) Hyperarousal (CAPS-D). Overall, we
observed similar associations across symptom cluster scores and atten-
tion measures (see Supplemental Information).

8.8.2. Neural analyses

Given that we utilized network-based metrics of brain-behavior
synchronization (DAN and DMN) or triple network connectivity (SN,
FPCN, and DMN), we did not employ nominal or cluster extent threshold
commonly used in voxel-wise analyses. Instead, all neural analyses
employed Pearson correlations to characterize PTSD-related associa-
tions with a composite, network-based metric of brain-behavior syn-
chronization or functional connectivity for each network. First, our
primary analyses characterized PTSD-related associations with brain-
behavior synchronization (DAN and DMN). Additionally, we also char-
acterized PTSD-related associations with task state and resting state
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functional connectivity (SN, FPCN, and DMN). For neural network
measures that exhibited significant PTSD-related associations, we also
subsequently examined associations with d-prime and RT variability
using Pearson correlations.

9. Results
9.1. Behavioral

Replicating Study 1, we observed a significant relationship between
PTSD symptoms and lower d-prime values (r(92) = -0.21, p = 0.045;
95% CI [-0.44, 0.03], see Fig. 2C). Similarly, PTSD-related associations
did not significantly differ between specific error types (CEs vs OEs) as
evidenced by a non-significant Error Type x CAPS interaction (F(1,92) =
1.04, p = 0.31, 12 = 0.01).

Replicating the results obtained using the larger, combined sample in
Study 1, we also observed a significant relationship between PTSD
symptoms and greater RT variability (r(92) = 0.25, p = 0.02; 95% CI
[0.03, 0.43], see Fig. 2E).

Replicating both samples in Study 1, PTSD symptoms were not
associated with mean RT (r(92) = 0.11, p = 0.30), Criterion (r(92) =
0.01, p = 0.96), or PES (r(90) = 0.06, p = 0.60).

9.2. Task-related synchronization

As hypothesized, PTSD symptoms were significantly associated with
weaker positive DAN synchronization (r(116) = -0.19, p = 0.04; 95% CI
[-0.36, —0.01], see Fig. 4A). Inconsistent with our hypotheses, however,
PTSD symptoms were not associated with weaker negative DMN syn-
chronization (r(116) = -0.11, p = 0.22).

Moreover, we observed a significant relationship between greater
positive DAN synchronization and higher d-prime (r(116) = 0.24, p =
0.01; 95% CI [0.07, 0.40]). Similarly, we also observed a significant
relationship between greater positive DAN synchronization and lower
CV (r(116) =-0.24, p = 0.008; 95% CI [-0.41, —0.08], see Fig. 4C). Thus,
reduced positive DAN synchronization was associated with both greater
PTSD symptoms and more impaired sustained attention ability (d-prime
and CV).

9.2.1. Time course of PTSD-Related differences in DAN synchronization

Given the role of the DAN in preparatory recruitment of attentional
control processes, we conducted a post-hoc analysis to more precisely
characterize PTSD-related differences in DAN synchronization. Specif-
ically, PTSD symptoms may be associated with either global reductions
in DAN synchronization or delayed DAN synchronization. In the case of
global reductions in DAN synchronization, PTSD symptoms would be
associated with a similar reduction in DAN synchronization across time
(i.e., before, during, and after attentional fluctuations). For delayed DAN
synchronization, however, PTSD symptoms would be characterized by
reduced DAN synchronization during early time points (i.e., before
attentional fluctuations), but not later time points (after attentional
fluctuations).

In our primary analyses, we temporally shifted each subject’s VTC by
3 TRs (6 s) to approximate the canonical hemodynamic delay in
response to attention fluctuations. As such, shifting the VTC by <3 TRs
(i.e., 0 TRs, 1 TRs, and 2 TRs) would approximate DAN synchronization
before attentional fluctuations. Conversely, shifting the VTC by >3 TRs
(i.e., 4 TRs, 5 TRs, and 6 TRs) would approximate DAN synchronization
after attentional fluctuations. In total, we measured DAN synchroniza-
tion at 7 levels of VTC lag, which included 3 “pre-stimulus” lags (0 TR, 1
TR, and 2 TR) and 3 “post-stimulus” lags (4 TR, 5 TR, and 6 TR) that
were centered around a canonical hemodynamic lag of 6 s (3 TR). DAN
synchronization estimates were next submitted to a 7 (Lag: 0 TRs - 6
TRs) x CAPS RM-ANCOVA with Greenhouse-Geisser corrections for
violations of sphericity.

Consistent with dynamic PTSD-related differences in DAN
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Fig. 4. PTSD Symptomatology and Sustained Attention Ability Measures Are
Associated with Dorsal Attention Network Synchronization. Legend: Reduced
Dorsal Attention Network (DAN) synchronization with attentional fluctuations
was associated with (A) greater posttraumatic stress disorder (PTSD) symp-
tomatology, (B) lower sustained attention accuracy as measured by d-prime,
and (C) lower sustained attention stability as measured by the coefficient of
variation (CV) of reaction time.

synchronization, we observed a significant Lag x CAPS interaction (F
(2.91, 334.88) = 3.86, p = 0.01, ng = 0.03). Across earlier and canonical
lags (0 TRs — 3 TRs), PTSD symptoms were associated with reduced DAN
synchronization (all rs > -0.19, all ps < 0.04; see Fig. 5). Across later lags
(4 TRs — 6 TRs), however, PTSD symptoms were not associated with
reduced DAN synchronization (all s < |0.12|, all ps > 0.18; see Fig. 5).

10. Task and resting state functional connectivity

Contrary to triple network hypotheses, we did not observe significant
associations between PTSD symptoms and functional connectivity
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during either task or resting state conditions. During the task condition,
PTSD symptoms were not associated with functional connectivity within
networks (all rs < |0.02[, all ps > 0.80) or between networks (all rs < |
0.08|, all ps > 0.40). During the resting state condition, PTSD symptoms
were similarly not associated with functional connectivity within net-
works (all 7s < |0.10], all ps > 0.29) or between networks (all rs < |0.09],
all ps > 0.36).

Secondary analyses confirmed that PTSD symptoms were not asso-
ciated with functional connectivity during the task condition after
applying bandpass filtering (all rs < |0.09], all ps > 0.33) or global signal
regression (all rs < |0.16/|, all ps > 0.09). Similarly, PTSD symptoms
were not associated with functional connectivity during resting state
conditions after applying bandpass filtering (all rs < |0.03|, all ps >
0.74) or global signal regression (all rs < |0.17|, all ps > 0.07).

11. Discussion

Using an 8-minute version of the gradCPT, we replicated our previ-
ous findings that PTSD symptoms were associated with measures of
sustained attention ability (d-prime and CV), but not measures of
response strategy (mean RT, criterion, and PES). Extending the results of
Study 1, we observed that PTSD symptoms were associated with reduced
positive DAN synchronization during the gradCPT. Demonstrating a
functional relationship, reduced positive DAN synchronization was also
associated with impaired sustained attention ability (lower d-prime and
greater CV). Additionally, post-hoc analyses demonstrated that PTSD
symptoms were characterized by delayed DAN synchronization, rather
than global deficits in DAN synchronization.

In contrast to triple network hypotheses, however we did not observe
any significant PTSD-related differences in intra-network or inter-
network functional connectivity during the task or resting state condi-
tions. Given that similar results were observed after applying bandpass
filtering or global signal regression, however, it is unlikely that a failure
to observe PTSD-related associations can be attributed to differences in
pre-processing. Instead, the lack of PTSD-related associations with
functional connectivity estimates is consistent with the heterogeneous
pattern of PTSD-related differences observed across studies. For
example, studies variably demonstrate that PTSD symptoms are asso-
ciated with hyperconnectivity, hypoconnectivity, or no differences in
connectivity within the SN (Koch et al., 2016; Neria, 2021). Thus, it is
possible that PTSD-related differences in functional connectivity vary
widely as a function of sample characteristics (e.g., type of trauma
exposure), neurobiological factors (e.g., executive dysfunction), or more
complex interactions among specific PTSD symptom clusters (Etkin
et al., 2019; Esterman et al., 2020; Sheynin et al., 2020; Jagger-Rickels
et al., 2021; Tursich et al., 2015).

12. General discussion

Across three independent samples of post-9/11 Veterans, we
observed and replicated that PTSD symptoms were selectively associ-
ated with impaired sustained attention ability (d-prime and CV), but not
response strategy (RT, criterion, and PES). In Study 2, PTSD symptoms
were associated with delayed synchronization between DAN activity
and attentional fluctuations measured during the gradCPT paradigm.
Consistent with previous PTSD research (Aupperle et al., 2012), how-
ever, PTSD-related deficits in both sustained attention ability and DAN
synchronization were relatively small in magnitude. Nevertheless, these
results collectively suggest that PTSD symptomatology may impair
sustained attention ability by reducing dynamic recruitment of atten-
tional control processes.

At the behavioral level, PTSD symptoms were selectively associated
with reduced sustained attention ability, but not more impulsive
response strategies. To date, this issue was not previously addressable
due to marked cross-study differences in sample and/or task charac-
teristics. By using the same gradCPT paradigm to measure both
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Fig. 5. Time Course of PTSD-Related Differences in Dorsal Attention Network Synchronization. Legend: PTSD-related differences in dorsal attention network (DAN)
synchronization with the variance time course (VTC) are presented across multiple levels of temporal shift. Given an assumed 3 TR hemodynamic lag, temporal shifts
shorter than 3 TRs (0 TRs, 1 TRs, and 2 TRs) approximated DAN synchronization before VTC fluctuations occurred, whereas lags longer than 3 TRs (4 TRs, 5 TRs, and
6 TRs) approximated DAN synchronization after VTC fluctuations occurred. * p < 0.05; ** p < 0.01 Note: For display purposes, DAN-VTC coupling estimates are
depicted using simple slope intercepts estimated at high (+1SD; Orange) and low (-1SD; Green) PTSD symptom severity.

sustained attention ability and strategy, however, we were able to more
directly dissociate PTSD-related associations among these sustained
attention factors. Using this approach, we demonstrated that PTSD
symptoms were selectively associated with lower d-prime and greater
RT variability, which suggests impairments in sustained attention abil-
ity. In contrast, PTSD symptoms were not associated with mean RT,
criterion, or PES, which is inconsistent with a more impulsive response
strategy. Thus, PTSD symptomatology is primarily characterized by
impairments in the ability to maintain accurate (d-prime) and stable (RT
variability) attentional states.

At the neural level, we proposed two sets of alternative hypotheses
regarding the neural correlates of PTSD-related impairments in sus-
tained attention ability. Based on previous studies using the gradCPT
paradigm, we primarily proposed that PTSD symptoms may impair
sustained attention ability via reduced synchronization between atten-
tional fluctuations and neural network activity. In short, these hypoth-
eses predicted that PTSD symptomatology would be associated with
reduced task-related synchronization of the DAN and/or DMN with
endogenous attentional fluctuations. Alternatively, a recently proposed
triple-network model proposes that PTSD symptomology may exert a
more global influence on functional connectivity within and between
the SN, FPCN, and DMN, which occurs independent of sustained atten-
tion demands (Akiki et al., 2017). Based on this triple-network model,
we alternatively considered that PTSD symptoms may be associated
with more global disruption of network functional connectivity during
both active task demands and passive resting state conditions.

Among these putative neurobiological mechanisms, our results are
most consistent with selective PTSD-related deficits in synchronization
between DAN activity and endogenous attentional fluctuations, rather
than more global deficits in functional connectivity. Specifically, PTSD
symptoms were associated with weaker dynamic increases in DAN
activation as a function of less stable attention states. Demonstrating
functional relevance to sustained attention ability, reduced DAN syn-
chronization was also associated with lower d-prime and higher CV. As
such, PTSD symptomatology may impair the proactive recruitment of
top-down attentional control processes as attentional states become
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unstable. Consistent with this interpretation, time course analyses
demonstrated that PTSD symptoms were most accurately characterized
by delayed synchronization between DAN activation and attentional
fluctuations, rather than more global reductions in task-related DAN
synchronization. Specifically, PTSD symptoms were associated with
weaker DAN synchronization both prior and in response to attentional
fluctuations, but PTSD symptoms were not associated with weaker DAN
synchronization following attentional fluctuations. Within this time
course, however, it is important to note that DAN activity was no longer
synchronized with attentional fluctuations during the final two time
points using a 10 s lag or 12 s lag. Based on this result, it is not possible to
rule out the possibility that the lack of PTSD-related differences at these
final two time points reflects a more general decline in DAN synchro-
nization that precludes detection of any PTSD-related associations.
Taken together, however, this converging pattern of results suggests that
DAN synchronization may play a mechanistic role in the relationship
between PTSD symptomatology and reduced sustained attention ability.

From a mechanistic perspective, the relationship between PTSD
symptomatology and DAN synchronization dovetails with the DAN’s
functional role in supporting proactive attentional control (Rajan et al.,
2021). Core nodes of the DAN such as the frontal eye fields (FEF) are
retinotopically organized to facilitate top-down control over visual in-
formation processing (Vossel, Geng, & Fink, 2014). More specifically,
the DAN instantiates top-down attentional control by causally biasing
the visual system to preferentially process certain stimulus features (e.g.,
size, orientation, color, etc.) that are most relevant for behavioral
response selection (Morishima et al., 2009). In the gradCPT, behavioral
response selection (initiate vs. inhibit) is guided by visual features that
effectively differentiate between city scenes (e.g., straight edges) and
mountain scenes (e.g., curved edges), which are dynamically blended
between trials. Given these dynamic visual inputs, it is necessary to
proactively engage attentional control processes both prior to and in
response to endogenous fluctuations in attention that may interfere with
visual feature discrimination. Thus, PTSD-related reductions in DAN
synchronization may disrupt sustained attention ability by delaying
proactive engagement of attentional control resources that stabilize
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visual feature discrimination across endogenous attention states.

When interpreting these findings, it is important to consider that
impaired sustained attention is not specific to PTSD, but instead char-
acterizes a diverse range of distinct psychiatric disorders (Fortenbaugh
et al., 2017b). Based on neuropsychological measures more broadly,
attention is disrupted in disorders ranging from anxiety and mood dis-
orders to psychotic spectrum disorders (for a review, see Abramovitch,
Short, & Schweiger, 2021). Based on task-based fMRI more specifically,
previous work suggests that individuals with attention-deficit hyperac-
tivity disorder (ADHD) or Major Depressive Disorder (MDD) also exhibit
impaired sustained attention ability and task-related DAN dysfunction
(Keller, Leikauf, Holt-Gosselin, Staveland, & Williams, 2019; Yamashita
et al., 2021a). Moreover, PTSD is frequently comorbid with MDD and
ADHD, which are each similarly characterized by attention impairments
(Kessler, Sonnega, Bromet, Hughes, & Nelson, 1995; Harrington et al.,
2012; Hankin, Spiro, Miller, & Kazis, 1999; Campbell et al., 2007;
Nichter, Norman, Haller, & Pietrzak, 2019; Richardson et al., 2017).
Consistent with this pattern of comorbidity, over 50% of TRACTS Vet-
erans exhibit three or more comorbid psychiatric conditions (McGlin-
chey et al., 2017). Therefore, we cannot definitively conclude that
reduced DAN synchronization with endogenous attentional fluctuations
reflects a PTSD-specific neural correlate of impaired sustained attention.
Instead, it is possible that reduced DAN synchronization impairs sus-
tained attention transdiagnostically. Future research will be needed to
determine if PTSD and other psychiatric disorders similarly or distinctly
modulate brain-behavior synchronization during sustained attention
demands.

Beyond these considerations, it is important to note several limita-
tions of the current study. First, the current study did not include a
healthy control group that was not trauma-exposed. Given the lack of a
healthy control group, we cannot rule out the possibility that behavioral
and neural patterns observed at lower levels of PTSD symptoms reflect a
resilience to trauma exposure, rather than normative functioning.
Therefore, it will be necessary for future work to directly compare in-
dividuals with PTSD, trauma-exposed individuals without PTSD, and
individuals without any history of trauma exposure. Second, veteran
samples are not demographically representative of the larger population
of trauma-exposed adults in the United States (Lippa et al., 2015).
Although we replicated our results in a more racially diverse sample of
Veterans, it will nevertheless be important for future studies to attempt
to replicate these findings in more nationally representative samples of
adults with PTSD. Third, we did not collect measures of physiological
reactivity during fMRI scanning such as heart rate or respiration in Study
2, which exert an influence on BOLD signal variability and functional
connectivity during resting-state (Murphy, Birn, & Bandettini, 2013).
Although we observed similar results after using bandpass filtering to
exclude variability in higher frequency bands commonly associated with
cardiac and respiratory periodicity, we cannot rule out the possibility
that individual differences in physiological reactivity may contribute to
PTSD-related differences in functional brain activitity. Finally, we did
not employ a strict multiple comparison correction for our neural ana-
lyses given our a priori hypotheses regarding the role of brain-behavior
synchronization in sustained attention ability. Thus, our neural results
should be interpreted more cautiously prior to replication in an inde-
pendent sample.

Despite these limitations, we believe the current studies offer po-
tential mechanistic insights into PTSD-related impairments in sustained
attention. At the behavioral level, we demonstrated that PTSD symp-
tomatology is selectively associated with sustained attention ability, but
not more impulsive response strategies. At the neural systems level,
PTSD symptomology was associated with reduced and delayed syn-
chronization between DAN activation and attentional fluctuations,
which may disrupt proactive recruitment of attentional control.
Collectively, these results provide a more mechanistic characterization
of the relationship between PTSD symptomatology and sustained
attention, which may be useful towards the development of
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neuroscience-informed treatments that remediate attention dysfunction
in PTSD.
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