
Research

Interaction of induced anxiety and verbal working
memory: influence of trait anxiety

Nilam Patel,1,2 Catherine Stoodley,1 Daniel S. Pine,2 Christian Grillon,2

and Monique Ernst2
1Department of Psychology, American University, Washington, DC 20016, USA; 2National Institute of Mental Health, National
Institutes of Health, Bethesda, Maryland 20892, USA

This study examines the influence of trait anxiety on working memory (WM) in safety and threat. Interactions between

experimentally induced anxiety and WM performance (on different cognitive loads) have been reported in healthy, non-

anxious subjects. Differences in trait anxiety may moderate these interactions. Accordingly, these interactions may be po-

tentiated by high trait anxiety (HTA), or show a resilient pattern that protects cognitive performance. HTA and low trait

anxiety (LTA) were defined by a median split of scores on the trait component of the state-trait anxiety inventory.

Sustained anxiety was evoked by a probabilistic exposure to an aversive scream, and was measured by eyeblink startle

and self-report. WM was tested using an n-back task (1-, 2-, and 3-back). Results revealed that, as expected, the HTA

group reported greater anxiety during the task. However, trait anxiety did not impact the modulation of WM performance

by induced anxiety. Notably, HTA influenced anxiety-potentiated startle (startle during threat minus startle during safe;

APS) differently as a function of memory load. Accordingly, APS decreased with increasing WM load, but HTA antago-

nized this reduction. The HTA group showed no impairment on the 3-back WM task despite a higher APS. The amplified

APS could be associated with the increase in effort-related cognitive arousal. Furthermore, this third replication of the in-

teraction of induced anxiety by load on WM performance testifies to the robustness of the unique interplay between

anxiety and WM.

Anxiety is a state of worry or apprehension that canmanifest as an
adaptive or pathological sustained response to threat. Anxiety can
be modulated by cognitive performance and, reciprocally, anxiety
can interfere with cognitive function (Vytal et al. 2012). These
reciprocal effects depend on a number of factors, including
the nature of the cognitive processes (e.g., attention, inhibition,
memory), the nature of anxiety (e.g., severity, trait versus state,
clinical), cognitive load (e.g., memory load), and the motivation
to perform well. A better understanding of the complex anxiety–
cognition interaction in healthy individuals can provide insights
into the mechanisms of the potentially debilitating consequences
of clinical anxiety. While focusing solely on working memory
(WM), the present studymanipulates both cognitive load and anx-
iety to address this question. Two types of anxiety, state and trait,
are examined. Cognitive load is varied parametrically across three
levels of WM. Therefore, this study examines the interactions
among trait anxiety, state anxiety, and cognitive load onWM per-
formance and a physiological correlate of anxiety (i.e., startle
reflex).

State anxiety refers to an emotional state in response to a sus-
tained external or internally generated threat. Furthermore, state
anxiety ismultifaceted and consists of threemain interacting com-
ponents: cognitive (worry, self-concern, diffuse attention, atten-
tion bias), emotional (negative feelings of tension, uneasiness,
nervousness)/physiological (high arousal), and behavioral (avoid-
ance, withdrawal) (Lang et al. 1993). Research on state anxiety
per se is scarce and commonly uses induction strategies using
distal (e.g., expectation of being tested after the main study task)

(Jelici et al. 2004; Schoofs et al. 2008; Qin et al. 2009) or probabilis-
tic threat (e.g., threat of electric shock, threat of aversive pictures,
threat of aversive scream) (Shackman et al. 2006; King and
Schaefer 2011; Vytal et al. 2012, 2013; Patel et al. 2016). State anx-
iety is usually investigated in tandem with trait anxiety, with the
intent of uncovering deficits in trait anxiety not easily detected
during neutral states. Trait anxiety is a temperament characterized
by a high propensity to experience anxiety (state anxiety), without
reaching clinical levels. Individuals with high trait anxiety (HTA)
tend to be risk- and novelty-avoidant (e.g., Maner et al. 2007).
Notably, trait anxiety represents a significant risk factor for the de-
velopment of anxiety disorders (Watson et al. 1995; Plehn and
Peterson 2002), thus providing a window into the vulnerabilities
of these disorders. In other words, trait anxiety is the level of the
propensity to experience fearful apprehension, whereas state anx-
iety is the actual fearful apprehension. Anxiety disorders by defini-
tion have high levels of trait anxiety, which cause impairments.
However, individuals with high trait anxiety do not necessarily
meet criteria for an anxiety disorder.

Previous findings on the interplay of anxiety and WM have
been inconsistent in studies, which have used multiple tasks
(e.g., spatial WM versus verbal WM) (e.g., Ikeda et al. 1996;
Shackman et al. 2006; Vytal et al. 2013). For example, some studies
find slower reaction times (RTs) on WM tasks in HTA compared
with low trait anxiety (LTA) groups (Elliman et al. 1997;
Ladouceur et al. 2009). Other studies find no influence of trait
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anxiety on working memory (e.g., Salthouse 2012). Yet, others
report improved working memory (reading span, recognition,
word recall) (Sorg and Whitney 1992; Terry and Burns 2001;
Walkenhorst and Crowe 2009; Ferrari and Balconi 2011).
Decreased WM performance, that is, longer RT, is proposed to re-
flect impaired cognitive efficiency in HTA individuals due to the
diversion of attention toward threat-related representations
(Eysenck and Calvo 1992; Eysenck and van Berkum 1992).
Studies have argued that the cognitive component of anxiety
(i.e., self-concern, worry), rather than the emotional/physiologi-
cal, is mostly responsible for reducing WM capacity (Hayes et al.
2008; Leigh and Hirsch 2011). The present study can shed some
light onto this notion.

As mentioned above, cognitive load is a critical component of
the interaction of anxiety and WM. Prior studies in our laboratory
specifically addressed this question in healthy adults and adoles-
cents (Vytal et al. 2012; Patel et al. 2016). These studies revealed
that WM accuracy was impaired by threat manipulation during
low- and medium-load WM tasks, but not high load. At the same
time, physiological anxiety (anxiety-potentiated startle [APS]) di-
minished as WM load increased. These findings reflected a detri-
mental influence of induced anxiety on WM performance in
conditions that required fewer cognitive resources. This pattern
was interpreted from the perspective of the limited cognitive re-
sources theory (Kahneman 1973; Vytal et al. 2012). Accordingly,
under lower WM loads, cognitive resources were sufficient to
process the threat stimulus, which then could interfere with per-
formance. In contrast, at the heaviest load, WM performance de-
pleted cognitive resources, blocking the processing of the threat
stimulus and preventing it from intruding on WM. As a conse-
quence, anxiety did not interfere with performance under high
WM load. This interpretation was consistent with the blockade
of physiological anxiety (APS) under high load. Collectively, these
findings suggest that high cognitive-demand tasks, compared with
low cognitive-demand tasks, are given priority over threat process-
ing, i.e., cognitive resources are allocated preferentially to cogni-
tive performance at the expense of the processing of induced
anxiety.

Of note, the lack of developmental differences (adolescents
versus adults) in the patterns of interaction of induced anxiety
with cognition (Patel et al. 2016) suggests that themechanisms reg-
ulating the anxiety–cognition interplay are robust and already in
place in adolescence. The present work uses the same experimental
design as described in Patel et al. (2016) to investigate the effects of
trait anxiety on anxiety–cognition interactions. The present study
can also be informed by a recent study (Vytal et al. 2016), which
used a similar paradigm to compare patients with generalized
anxiety disorder (GAD) to healthy adults. Findings revealed that
despite the absence of group differences in anxiety (i.e., physiolog-
ical responses during threat and safe conditions), performance on
the high-load task was not effective in blocking the effect of anxi-
ety in the GAD group as found in the healthy group.

The present study examines the extent to which trait anxiety
influences the interplay between induced anxiety and cognition.
To this end, two groups of healthy subjects, defined as HTA (n =
20) and LTA (n = 20) (Table 1), completed an n-backWM task under
a threat condition (unpredictable exposure to a shrieking scream)
and safe condition (no threat) (Fig. 1). The task consisted of inter-
leaved blocks of threat and safe conditions. Two possible hypoth-
eses are considered. In the first, HTA might be associated with
impaired performance, even on a high-load task, as seen with
GAD patients (Vytal et al. 2016). In the second, HTA individuals
might not show the interference of anxiety on cognitive function,
in contrast to GAD. However, in both alternatives, APS is expected
to decrease with higher cognitive demands in both HTA and LTA
groups (Vytal et al. 2012, 2016; Patel et al. 2016).

Results

Anxiety manipulation (threat of scream)
The subjective anxiety (“how anxious”) responses collected at the
endof each runwere analyzedusing a three-way repeated-measures
analysis of variance (r-ANOVA) with Group (LTA, HTA) as the
between-subjects factor, and Condition (safe, threat) and Run (run
1, run2, run3, run4) as thewithin-subjects factors. Results revealed
a main effect of Group (F(1,32) = 8.9, P = 0.006), with significantly
higher anxiety scores in the HTA than the LTA group, and a main
effect of Condition (F(1,32) = 63.8, P < 0.0001), with significantly
higher scores reported for the threat than safe condition (Fig. 2).
Run had no significant effects. Interactions were not significant.

Additionally, as expected, startle responses were stronger dur-
ing the threat than safe conditions (F(1,38) = 40.826, P < 0.001), fur-
ther supporting the notion that the scream was anxiogenic.

Unpleasantness of the scream
Across runs, unpleasantness of the screamwas rated at amoderate/
high range by the HTA group and a mild/moderate range by the
LTA group (HTA: 6.3 ± 1.9, LTA 4.07 ± 1.8 (mean ± SD)).
Unpleasantness ratings were significantly higher for the HTA
than LTA group (t(1,38) = 3.8, P = 0.0005). Correlations of unpleas-
antness with the outcome variables (threat minus safe) of startle,
RT, and accuracy were examined. No significant correlations were
found, therefore, we did not include this variable in our analytical
models.

Startle response, APS
Means and SEM of the standardized startle magnitude are present-
ed in Table 2 by Group, Condition, and Load.

The APS scores, that is, threat startle minus safe startle, were
analyzed using a two-way r-ANOVA with Group as the between-
subjects factor, and Load (1-back, 2-back, 3-back) as the within-
subjects factor. Findings revealed a significant Group difference in
the linear trend of APS across Loads (F(1,38) = 6.06, P = 0.018).
Figure 3, which displays APSmeans across loads, illustrates a steep-
er APS reduction in the LTA group compared with the HTA group.
This effect was reflected as significantly higher APS across the
2-back and 3-back loads in the HTA group compared with the
LTA group (F(1,38) = 4.45, P = 0.04).

As expected, themain effect of Loadwas highly significant, re-
flecting progressive APS decreases with increasing loads (F(2,76) =
21.46, P = 0.0001).

Working memory performance
Means and SEMof the performancemeasures (accuracy and RT) are
presented in Table 2 by Group, Condition, and Load.

Group had no effects onWMperformance (accuracy or RT), as
amain effect or interaction. However, the paradigm showed strong
main effects of Load. As expected, higher load was associated with
lower accuracy (F(2,76) = 69.9, P < 0.0001) and slower RT (F(2,76) =
40.1, P < 0.0001). However, this main effect of Loadwas subsumed

Table 1. Trait anxiety group demographics

Demographic

Low trait anxious
(n = 20)

High trait anxious
(n = 20)

Mean (SD) Mean (SD)

Age in years 22.14 (3.35) 24.07 (5.35)
IQ 119.2 (7.16) 117.7 (11.91)
STAI-T 27.6 (4.81) 44.05 (7.1)

STAI-T, Spielberger State-Trait Anxiety Inventory trait subscale.

Working memory and threat in trait anxiety
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under a significant interaction of Load by Condition on accuracy
(F(2,76) = 6.4, P = 0.003) and RT (F(2,76) = 5.6, P = 0.006).

Figures 4 and 5 illustrate the threat-related changes of theWM
performance variables. For both accuracy and RT, the strongest ef-
fect of threat was related to the 2-back and 3-back tasks.
Specifically, by n-back load, threat (versus safe) had no effect on
the 1-back load, significantly worsened performance on the
2-back load (worse accuracy: F(1,39) = 13.32, P = 0.0008; slower
RTs: F(1,39) = 8.44, P = 0.006), and relatively improved performance
on the 3-back load (accuracy: F(1,39) = 9.89, P = 0.003; RT: F(1,39) =
7.17, P = 0.011). The deleterious effect of threat on performance
was blocked for the 3-back load.

Correlations among working memory performance

and startle measures
Accuracy was not correlated with RT for any of the WM loads, re-
flecting the absence of a speed accuracy trade-off. In addition,
the [threat−safe] difference scores showed no significant correla-
tions between performance (accuracy, RT) and APS.

Discussion

A better understanding of the emotional–cognitive correlates
of trait anxiety is important to shed light on the mechanisms of
the propensity for experiencing anxiety, and the risk for maladap-
tive clinical anxiety. The propensity for experiencing anxiety
can reflect either enhanced emotion processing (bottom-upmech-
anism), which overcomes cognitive processes that regulate
emotion, or deficits in these cognitive processes (top-down mech-
anism), which cannot adequately regulate emotion expression, or
both. The present study manipulates both cognitive processes

(WM load) and anxiety state (threat of shrieking scream) to exam-
ine which mechanism might predominate in HTA. On the one
hand, increasing cognitive recruitment, via increasing WM load,
might potentiate the modulation of anxiety and thereby decrease
anxiety. On the other hand, experimentally induced anxiety
might reduce cognitive control and impair performance.

Indeed, while trait anxiety represents a proneness to experi-
ence anxiety and is a risk factor for developing an anxiety disorder,
clinical anxiety differs from trait anxiety with the presence of
everyday levels of impairment and suffering. The shift from trait
anxiety to clinical anxiety might reflect a breakdown of the com-
pensatory mechanisms that provide resilience to individuals with
high trait anxiety. To inform this idea, the present study examines

Figure 1. N-back verbal working memory-threat task. (A) Illustration of two-back task trials in the threat condition. Participants respond to every letter
pressing either the S key for “same” (target) as the letter presented two letters back, or D for “different” (distractor) from the letter presented two letters
back. In the example here, same is “z,” and different is J and G. The startle probe (air puff) and threat stimulus (shrieking scream) were presented during the
intertrial intervals (ITIs). (B) Illustration of one run (eight blocks) with alternating threat and safe conditions of the working memory-threat task. Blocks were
alternated between the threat and safe conditions. Three startle probes (air puff) were presented during each block and 0 to 2 shrieking screams were
presented during the threat blocks.

Figure 2. Group means (SEM) of subjective reports during each run of
the safe and threat condition.

Working memory and threat in trait anxiety
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the extent to which trait anxiety influences the interplay between
induced anxiety and cognition by taking advantage of well-
characterized patterns of WM-by-threat interactions in healthy
subjects (Vytal et al. 2012, 2013; Patel et al. 2016). This interaction
consists of a unique pattern of threat interference on WM perfor-
mance, and conversely, a progressive inhibition of physiological
anxiety with increasingly difficult WM performance (Vytal et al.
2012, 2013; Patel et al. 2016). Typically, threat interferes with cog-
nitive performance, especially atmoderate loads, but spares or even
benefits performance at high cognitive loads.

First, it is important to underscore that the threat manipula-
tion in the present study was successful. The “how anxious” self-
report scores, which were collected retrospectively after each of
the four runs, indicated that both HTA and LTA groups were
more anxious during the threat than the safe condition. In addi-
tion, the “how anxious” scores did not differ across the four
runs, reflecting the absence of habituation to the threat condition
with time. Finally, the HTA group was overall significantly more
anxious than the LTA group on the “how anxious” self-report.
This supports the validity of the trait anxiety grouping, which
was based on an independent measure of trait anxiety, the
Spielberger Trait Anxiety Inventory (Spielberger et al. 1983).

The present study tested two alternative models for the effect
of trait anxiety on the aforementioned threat–cognition interac-
tions. On the one hand, trait anxiety might amplify the disruptive
effects of threat on cognition,while also preventing high-loadWM
from blocking the effects of threat on performance. Alternatively,
trait anxiety might not modulate cognitive performance under
threat, which could putatively represent a potential marker for
the resilience of trait anxiety and contribute to the protection of
HTA of shifting into clinical anxiety. In both HTA and LTA groups,
physiological anxiety, indexed by APS, was expected to decrease as
WM load increased in line with previous work (Vytal et al. 2012;
Patel et al. 2016).

Our findings support the second hypothesis, indicating that
trait anxiety did not influence the effects of threat on WM perfor-
mance. HTA individuals, similarly to those with LTA, demonstrat-
ed threat-related perturbations ofWMperformance at low (1-back)
and moderate (2-back) loads, while showing a blockade of the in-
terference of threat on the highly demanding WM task (3-back).

With regard to the effect of cognitive engagement on physiological
anxiety (APS), as expected, findings revealed a reduction of APS
with increasing WM loads. However, this effect was blunted in
the HTA group, resulting in significantly higher APS during the
2- and 3-back task performance in the HTA compared with the
LTA group. Taken together, these findings have twomajor implica-
tions. First, they suggest different dynamics of threat–WM inter-
plays in trait anxiety compared with clinical anxiety (GAD).
Second, they consolidate previous findings of how cognitive en-
gagement influences threat response and vice versa.

The present findings on trait anxiety differ from the previous
studyofVytal et al. (2016). Theprevious study,whichused a similar
paradigm to comparepatientswithGADtohealthyadults, revealed
that despite the absence of group differences in anxiety, perfor-
manceon thehigh-load taskwasnot effective in blocking the effect
of anxiety in the GAD group as found in the healthy group.
Findings in GAD differed from the present ones in two ways.
First, physiological anxiety (APS) was increasingly inhibited by
theprogressive increase in cognitive load inHTA thanLTA subjects.
This is in contrast to GAD patients whose APS showed normal dec-
rements with higher cognitive load. Second,WMperformance and
the effects of threat onWMdidnot differ between theHTA andLTA
groups. Specifically, both HTA and LTA groups showed the typical
blockade of the detrimental effect of threat on high-load task per-
formance (Vytal et al. 2012; Patel et al. 2016). In contrast, GAD pa-
tients exhibited a threat-related decrement on the performance of
the 3-back task, that is, a failure of the high-load task to overcome
interference from threat (Vytal et al. 2016). Caution is warranted
when comparing findings from the present study with those from
Vytal et al. (2016) in GAD. Indeed, the two studies used different
types of threat, namely, shock inGADand shrieking screamherein.
Previously, our laboratory showed that shocks were more aversive
than shrieking screams (Grillon et al. 2004). However, we are not
aware of any study that has investigated the impact of threat of dif-
ferent aversiveness on the anxiety by cognition interaction. Hence,
any difference between trait anxiety and GAD could be due to the
difference in threat used.

Regarding APS, the blunting of the cognitive effect on APS
(lack of decreased APS) in HTA might reflect either a potentiation
of anxious arousal or an effect of heightened cognitive arousal
(Westbrook and Braver 2015), that is, an enhanced cognitive effort
to perform optimally in the most demanding task. In the first case,
cognitive performance would be expected to be worse in HTA, par-
ticularly on the high load task. In the second case, cognitive perfor-
mance of HTA subjects might be preserved in the high load task.
The second option fits the observed data. This interpretation
would also explain the discrepancy in findings between the GAD
study (Vytal et al. 2016) and the current trait anxiety study.
Patients with GAD may not be able to raise physiological arousal

Table 2. Means and standard errors of standardized startle
(T-score), accuracy (% correct) and reaction time (RT; msec) by
Group, Load, and Condition

WM load

High trait
anxiety
(n = 20)

Low trait
anxiety
(n = 20)

Mean SEM Mean SEM

Startle Safe 1-back 47.02 0.66 45.74 0.36
2-back 48.53 0.60 50.04 0.69
3-back 49.36 0.71 51.36 0.66

Threat 1-back 52.63 0.68 52.73 0.83
2-back 51.23 0.69 51.19 0.66
3-back 51.09 0.70 50.55 0.61

Accuracy Safe 1-back 94.04 0.92 95.41 1.02
2-back 91.62 1.12 93.51 1.44
3-back 81.55 1.65 83.95 1.93

Threat 1-back 93.10 1.75 95.57 1.05
2-back 88.69 1.14 89.56 2.19
3-back 83.29 1.16 84.64 2.03

RT Safe 1-back 695.12 37.09 652.59 30.21
2-back 815.30 43.83 765.14 40.30
3-back 861.11 56.27 818.01 45.09

Threat 1-back 700.99 40.98 660.54 30.00
2-back 857.70 48.69 791.97 43.96
3-back 847.22 48.77 785.83 39.08

Figure 3. Group means (SEM) of anxiety-potentiated startle (threat
startle T-scores minus safe startle T-scores).
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to perform optimally on the task, and therefore, would exhibit
threat-related performance deficits even at high cognitive load.
This interpretation is predicated on the nature of the startle reflex,
a measure of physiological arousal. Physiological arousal is consis-
tently used to measure anxiety or fear responses, but it can also re-
flect cognitive effort (Westbrook and Braver 2015). That said, a
word of caution is in order. Overall, the proposed interpretation
of findings in trait anxiety and GAD are clearly tentative and await
validation, optimally in a study directly comparing groups of GAD,
HTA, and LTA individuals.

The preserved performance in HTA individuals is in line with
the highly consistent profile of the interplay between anxiety and
WM across multiple studies using healthy adult and adolescent
samples (Vytal et al. 2012, 2013; Patel et al. 2016). Threat exposure
to a sustained period of unpredictable aversive stimuli (i.e., electric
shock, shrieking scream) impairs WM performance in low-load
and moderate-load, but not in high-load WM tasks. Conversely,
cognitive performance reduces anxious arousal (APS) scaled to
the cognitive load level, that is, a steeper reduction is seen with
higher cognitive loads. The present study suggests that HTA is asso-
ciated with a prioritization of cognitive processing over threat pro-
cessing, made possible through the mounting of physiological
arousal to support the cognitive effort. In contrast, previous work
suggests that such compensatory mechanisms would not be avail-
able to GAD patients (Vytal et al. 2016). This interpretation should
be tested in future work.

This study comes with strengths and limitations. Among the
strengths is the use of an established anxiety induction method
(Grillon and Baas 2003). This method allows a within-subjects de-
sign, avoids the issues of inter-individual variability and permits
subjects to serve as their own control. Another strength is the
WM load manipulation, which allowed a parametric modulation
of the cognitive task. In terms of limitations, the present findings
cannot be generalized to other kinds ofWM (e.g., spatial), or other
cognitive processes (e.g., inhibition, attention). In fact, the identi-
fication of differences in the effects of anxiety as a function of the
nature of the cognitive process would provide interesting leads for
mechanisms underlying specific functional properties of anxiety.
Another limitation is that the relatively limited sample size did
not provide sufficient power to reliably examine correlations
among performance, self-report and physiological measures. A po-
tential confounding factor was the unpleasantness of the scream.
Although it correlated with anxiety, it was not associated with
any of the variables of interest. It might be possible in the future
to titrate the ratings of the unpleasantness of the scream to a 6–7
range by varying the loudness or emotional quality of the scream.
Finally, subjective ratings were not counterbalanced for the order
of threat and safe conditions, such that questions always started

with the threat condition followed by the safe condition. This
may have introduced an expectancy bias.

In conclusion, this study suggests a mechanism that could
serve to protect individuals withHTA from the cognitive deficits re-
ported in clinically anxious patients. Thesefindings need to be rep-
licated and HTA individuals should be compared directly with
clinically anxious patients. Finally, given the robust behavioral
pattern in response to the threat–WM paradigm, applying this
work in the functional neuroimaging domain might shed light
onto the neural mechanisms underlying these effects.

Materials and Methods

Participants
Forty healthy adults, recruited through general advertisements at a
local university, completed the study. Of note, this sample did not
overlap with the samples of Vytal et al. (2012) or Patel et al. (2016).
Six additional adults were excluded because of incomplete respons-
es and insufficient startle eyeblink data. Participants were divided
into LTA (n = 20; mean age 22.1 yr; 5 male) and HTA (n = 20;
mean age 24.1 yr; 6 male) groups using a median split of scores
on the trait component of the State-Trait Anxiety Inventory
(STAI-T) (Spielberger et al. 1983). The STAI-T was used as the mea-
sure of severity of trait anxiety (Spielberger et al. 1983). The norma-
tive STAI-T score formale college students is 38.3 (mean; SD = 9.18)
and female college students is 40.4 (mean; SD = 10.2) (Spielberger
et al. 1983). For the general population, the mean STAI-T score is
36.3 (SD 11.4) (Crawford et al. 2011). Finally, individuals with an
anxiety disorder, such as GAD, tend to have STAI-T scores above
50 (e.g., Lissek et al. 2014). The mean STAI-T score for the current
study was 27.6 for the LTA group and 44.1 for the HTA group. In
the present sample, the STAI-T is normally distributed (Shapiro–
Wilk: P = 0.19, kurtosis =−0.46, skewness = 0.42). The two groups
did not differ on sex distribution, age, socioeconomic status, or
IQ (Ps > 0.1) (see Table 1).

Subjects were not taking any psychoactive medications and
did not have a current psychiatric disorder as determined by the
Structured Clinical Interview for DSM-IV (SCID) (First et al.
1995). All subjects had an IQ score greater than 80 (Vocabulary
and Matrix reasoning subtests; Wechsler 1999). Since IQ did not
differ between groups and was not related to any variables of inter-
est, it was not included as a covariate in further analyses.

The study was approved by the National Institute of
Mental Health and the American University Institutional Review
Boards. All subjects signed an informed consent form after a de-
tailed explanation of the study. Subjects were compensated for
their participation.

Procedure
The experiment was comprised of three components: (1) an n-back
WM task (2) an aversive shrieking scream to manipulate state

Figure 4. Mean (SEM) accuracy (correct responses; %) of the [threat ac-
curacy minus safe accuracy] difference scores.

Figure 5. Mean (SEM) reaction time (msec) of the [threat reaction time
minus safe reaction time] difference scores.
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anxiety and (3) the collection of a startle eyeblink response tomea-
sure anxious arousal. PsychLab (Contact Precision Instruments)
was used to present the startle probe and threat stimulus, and to re-
cord the eyeblink response. Presentation software (Version 0.70,
www.neurobs.com) was used to present the n-back task and man-
age the presentation of the probe and stimulus.

N-back WM task
The verbal WM task (Fig. 1A,B) was a letter-based n-back task sim-
ilar to that used by Vytal et al. (2012). This task had three levels of
cognitive load (1-back [low-load], 2-back [medium-load], and
3-back [high-load]). A passive viewing task was also included but
was not analyzed because of the passive quality of this task, which
did not provide any performance data. The task consisted of four
experimental runs. Each run included eight alternating threat
and safe n-back blocks (i.e., four threat and four safe blocks; Fig.
1B). Each blockwas about 48 sec long, and therewere 8 sec between
blocks. N-back blocks were presented in random order during the
first run so that no level of the n-back task was sequential (e.g., a
1-back task followed by a 1-back task). The remaining runs were
counterbalanced using a Latin square model. Participants were re-
minded of the ongoing condition (threat or safe) via colored bor-
ders and the word THREAT or SAFE written within the colored
border on the right and left sides of the screen (see Fig. 1A for an
example of the threat condition).

Each of the four runs started with three startle habituation
probes (see below). This was followed by a 2-sec instruction screen
indicating the WM load and a 1-sec fixation cross. Letters (18 in
each block) were presented for 500 msec, separated by fixation in-
tertrial intervals (ITIs) of 2000msec (±250msec). Upper and lower-
case letters were both used in order to limit reliance on perceptual
information. Participants responded to each letter by pressing the
“S” key if the letter was the same as the letter presented 1-, 2-, or
3-letters back, for the 1-, 2-, and 3-back tasks, respectively, and
the “D” key if the letter was different. Similar to prior research us-
ing the n-back task, ∼35% of the trials were targets (i.e., “same” re-
sponses) (Braver et al. 1997; Carlson et al. 1998; Ragland et al.
2002).

Aversive shrieking scream
The threat condition was implemented via the unpredictable pre-
sentation of an aversive shrieking scream (95 dB, 1000 msec)
through headphones. Zero to two shrieking screams were pre-
sented during an ITI of the threat condition, with a total of two
shrieking screams per run. The shrieking screamhas been used suc-
cessfully in conditioning studies with adolescents (Lau et al. 2008;
Britton et al. 2011) and in studies with adults (Lissek et al. 2005;
Massar et al. 2011). This aversive stimulus was used here instead
of electrical shock to be compatible with prior similar work com-
paring adolescents and adults (Patel et al. 2016).

Startle eyeblink measure
An air puff was used as the startle probe, instead of the white noise
used in our previous work (e.g., Vytal et al. 2012). The selection
of this probe was based on the need to deliver the startle probe
in a sensory modality different from that of the threat stimulus
(scream). The air puff was delivered to the forehead through a
tube attached to a helmet worn by the subject. To obtain a
moderate-to-large eyeblink response, the air puff was presented ini-
tially at 4 psi. If a startle response was not obtained at 4 psi, the psi
was increased until an appropriate responsewas elicited. Responses
to the air puff were measured via electromyographic recordings of
the reflexive startle eyeblink response (e.g., Vytal et al. 2012; Patel
et al. 2016). Recordings were taken through a ground electrode on
the left arm and two electrodes beneath the left eye to record orbi-
cularis oculi muscle activity. The bandpass filter was 30–500 Hz
and the sampling rate was 1000 Hz. Prior to the task, participants
were exposed to a 5-min startle habituation period, during which
they received five startle probes (Lissek et al. 2005). The habitua-
tion period served to prevent an artificially high startle response

at first presentation of the startle probe during the task. Similarly,
for each run, three startle habituation probeswere presented before
the task began. Three unpredictable startle probes were presented
during the ITIs of each block (3 startle probes × 8 blocks = 24 startle
probes per run). Related to the shrieking scream, in order to mini-
mize sensitization effects of it on startle, it preceded startle probes
by at least 16 sec, and followed startle probes with a mean latency
of ∼2 sec.

Timeline
Subjects were first set up for the threat (delivery of the shrieking
scream) and startle probe (delivery of the startle probe and record-
ing of the startle eyeblink response). Theywere then exposed to the
startle probe. Following the selection of an effective intensity of the
startle probe, a 5-min startle habituation period was implemented.
Afterwards, subjects were presented with the shrieking scream to
establish familiarity. Finally, subjects received the instructions
for the verbal WM task. They were trained on a paper version of
the WM task, and completed a short practice session on the com-
puter. Once all of these initial prestudy steps were completed,
the actual study was initiated.

Questionnaires
At the end of each of the four runs, subjects were asked to rate their
subjective anxiety on “how anxious” they felt during the threat
and safe conditions (on a scale of 1 = not at all to 9 = extremely),
and the level of unpleasantness of the scream (on a scale of 1 =
not at all to 9 = extremely).

Data analysis
Threat manipulation, assessed based on the subjective anxiety
(“how anxious”) ratings, was analyzed via a r-ANOVA, with Run
(run 1, run 2, run 3, run 4) and Condition (safe, threat) as the
within-subjects factors, and Group (LTA, HTA) as the between-
subjects factor. Run was included in this analysis to ensure that
threat manipulation was present throughout the experiment.

WM performance was indexed by two variables, accuracy,
that is, the number of trials in which subjects correctly indicated
whether the letters matched or not, and RT for correct responses.
Each post-scream trial was removed from the analysis (total of eight
post-scream trials removed, two trials per run). Accuracy and RTs
were analyzed using a r-ANOVA with Condition and Load (1-back,
2-back, 3-back) as the within-subjects factors, and Group as the
between-subjects factor. Additionally, difference scores of perfor-
mance (accuracy and RT) between threat and safe conditions
(threat condition−safe condition) were calculated.

Physiological arousal was indexed by the eyeblink startle re-
sponses recorded during the 1-back, 2-back, and 3-back tasks.
Startle responses were also recorded during passive viewing, and
showed the expected greater magnitude during threat than safe
(F(1,36) = 21.2, P < 0.0001). No group differences were found, indi-
cating that physiological arousal was similar between groups at
baseline. Startle responses during passive viewing were not ana-
lyzed further.

Prior to identifying the peak eyeblink (startle) response, the
electromyographic signal was integratedwith a 20-msec time cons-
tant. The peak scoring window was 20–120-msec post-startle
probe. Trials with excessive (three times greater than the standard
deviation of the mean) electromyographic activity during baseline
(20 msec prestartle probe) were excluded. Startle scores (including
0 scores) were averaged within each condition and load. Responses
were processed similarly to our previous work (e.g., Vytal et al.
2012; Patel et al. 2016). Magnitude T-scores were calculated to nor-
malize the startle data and to account for individual differences in
startle variability. Eye-blink startle responses during the safe condi-
tionwere subtracted from those during the threat condition [threat
−safe]. This difference score, the APS, provided a physiological
measure of anxiety (Grillon et al. 1991, 2004). Analysis of APS con-
sisted of the group comparison of the linear trend of APS changes
with cognitive load.
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Statistical tests used an α of 0.05. Greenhouse–Geisser cor-
rections were applied to account for violations of sphericity
in r-ANOVAs. Analyses were corrected for multiple tests by means
of the Bonferroni test for multiple comparisons, and the
Hochberg’s procedure (Hochberg 1988) for multiple correlations.
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