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Abstract

Threat induces a state of sustained anxiety that can disrupt cognitive processing, and reciprocally,
cognitive processing can modulate an anxiety response to threat. These effects depend on the level
of cognitive engagement, which itself varies as a function of task difficulty. In adults, we recently
showed that induced anxiety impaired working memory accuracy at low- and medium- but not
high-load. Conversely, increasing the task load reduced the physiological correlates of anxiety
(anxiety-potentiated startle). The present work examines such threat-cognition interactions as a
function of age. We expected threat to more strongly impact working memory in younger
individuals by virtue of putatively restricted cognitive resources and weaker emotion regulation.
This was tested by examining the influence of age on the interaction of anxiety and working
memory in 25 adolescents (10 to 17 years) and 25 adults (22 to 46 years). Working memory load
was manipulated using a verbal n-back task. Anxiety was induced using the threat of an aversive
loud scream and measured via eye-blink startle. Findings revealed that, in both age groups,
accuracy was lower during threat than safe conditions at low- and medium- but not high-load, and
reaction times were faster during threat than safe conditions at high-load but did not differ at other
loads. Additionally, anxiety-potentiated startle was greater during low- and medium- than high-
load. Thus, the interactions of anxiety with working memory appear similar in adolescents and
adults. Whether these similarities reflect common neural mechanisms would need to be assessed
using functional neuroimaging.
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Anxiety facilitates adaptive defensive behaviors under threat, but excessive anxiety can
negatively impact cognition. For example, individuals with clinical anxiety and high-trait
anxiety, relative to non-anxious individuals, manifest perturbed attention and memory
(Airaksinen, Larsson, & Forsell, 2005; Bar-Haim, Lamy, Pergamin, Bakermans-Kranenburg,
& van 1Jzendoorn, 2007; Eysenck, Derakshan, Santos, & Calvo, 2007; Mogg & Bradley,
2005). Even in healthy adults, induced anxiety can impair working memory (Clarke &
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Johnstone, 2013; Vytal, Cornwell, Arkin, & Grillon, 2012; Vytal, Cornwell, Letkiewicz,
Arkin, & Grillon, 2013). Here, we examine the interaction of sustained anxiety, induced by
the anticipation of an aversive stimulus, and working memory in adolescents vs. adults.

Research has begun to map interactions of cognition with sustained anxiety using behavioral
and psychophysiological measures in healthy adults (see Vytal et al., 2013). In prior work
with healthy adults, Vytal and colleagues (2012) examined the interaction of verbal working
memory load (low, medium, and high) with induced sustained anxiety evoked by the threat
of electric shock. Reaction time (RT) did not differ between threat and safe (no threat)
conditions for any load. However, threat impaired accuracy in low- and medium- but not
high-load tasks (Vytal et al., 2012). Thus, threat altered performance in tasks that required
fewer cognitive resources (low- and medium-load) compared to the task that required the
most resources (high-load). This pattern is consistent with the notion of limited cognitive
resources (Bishop, 2009; Eysenck & Calvo, 1992; Lavie, Hirst, de Fockert, & Viding, 2004;
Pessoa, 2009; Vytal et al., 2012). Accordingly, available cognitive resources under lower
loads allow for the processing of threat, which can, in turn, interfere with performance. In
contrast, the full consumption of resources at a higher load precludes threat processing and
thus performance interference. Consistent with this theory, Vytal and colleagues (2012) also
found that anxiety decreased as working memory load increased; this was evidenced by
reduced anxiety-potentiated startle, a robust measure of anxiety (Grillon & Baas, 2003).

The ability to efficiently perform a cognitive task under threat may differ between adults and
adolescents, whose executive function is still maturing. This question is important because
adolescence is a period when many anxiety disorders arise (Beesdo, Knappe, & Pine, 2009;
Kessler, et al., 2005), and it is also a critical period for learning, with the acquisition of
academic, social, and self-related knowledge. One could then expect adolescents to have an
enhanced sensitivity to elevated anxiety state when performing cognitive tasks. Of note,
there is an important distinction between anxiety and fear, which engage different neural
mechanisms subserving distinct functions. During anxiety, a sustained response occurs to a
distal threat, while during fear, a phasic response occurs to an imminent threat (Davis,
Walker, Miles, & Grillon, 2010). The developmental work on the interaction of fear with
cognitive performance has been conducted on performance interference by an imminent
threat stimulus, such as a fearful face (Hare, et al., 2008; Mueller, et al., 2012; Mueller, et
al., 2015). Little is known about the effect of induced, sustained anxiety on cognitive
function during development. The current study examines this question by comparing
adolescents and adults on working memory in a prolonged threat and safe context.

Adolescents exhibit unique cognitive and emotional characteristics (e.g., Steinberg, 2005).
These characteristics have guided the formulation of theoretical models of brain maturation
during this period (Casey, Getz, & Galvan, 2008; Ernst & Fudge, 2009). Working memory
improves during adolescence (Huizinga, Dolan, & van der Molen, 2006; Luna, Garver,
Urban, Lazar, & Sweeney, 2004; Luna, Padmanabhan, & O’Hearn, 2010), suggesting an
increasing availability of cognitive resources and processing efficiency (RT) with age (Ferrer
etal., 2013; Luna et al., 2004). In addition, emotion regulation also improves with age
(Steinberg, 2005; Yurgelun-Todd, 2007). Most relevant here, fear learning and extinction
may vary across adolescent development (see reviews, King, Pattwell, Sun, Glatt, & Lee,
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2013; Shechner, Hong, Britton, Pine, & Fox, 2014). These changes have been reported in
response to discrete threat stimuli, such as aversive pictures and sounds. Taken together,
prior research suggests that adolescents and adults might differ in terms of how emotion,
particularly anxiety, interferes with cognition.

The present work compares healthy adolescents with healthy adults using the experimental
design employed by Vytal and colleagues (2012), with adaptations for use with pediatric
populations. The hypotheses are three-fold. First, we expect to replicate the findings by
Vytal and colleagues (2012) in adults. Namely, we expect working memory accuracy to be
reduced during threat vs. safe conditions at low and medium cognitive loads, but to be
similar during threat and safe conditions at high cognitive load. Additionally, we do not
expect to find differences in RT between threat and safe conditions for any load. Second,
based on ongoing cognitive maturation in adolescents, we expect lower working memory
accuracy and longer RTs in adolescents compared to adults. Third, regarding the main
question of how induced anxiety modulates cognitive function in adolescents compared to
adults, three alternative predictions are considered: (1) On the basis of putatively restricted
cognitive resources in adolescence, threat may not be processed at any cognitive load, with
resources being fully devoted to cognitive processes. As a result, adolescent performance
(accuracy and RT) would not differ between the threat and safe condition at any cognitive
load. (2) On the basis of weaker emotion regulation in adolescents (Steinberg, 2005),
resources might be prioritized for the processing of threat over cognitive performance,
resulting in poorer performance (accuracy and RT) during threat vs. safe conditions of all
cognitive loads, and higher induced anxiety (anxiety-potentiated startle) in adolescents
compared to adults. (3) Finally, adolescents may not differ from adults, indicating that the
processes of interference of sustained anxiety with cognitive performance are already mature
in adolescence.

Twenty-five healthy adolescents (age 10 to 17 years; 13 male) and 25 healthy adults (age 22
to 46 years; 12 male) successfully completed the study (see Table 1 for demographics).
Three additional adolescents and three additional adults were excluded because of
incomplete responses or unreliable physiological responses (see below). Adolescents were
recruited through a county public school system and general advertisements, and adults were
recruited through general advertisements. The two groups did not differ on sex! distribution

or 1Q (ps > 0.1).

Subjects were not taking any psychoactive medications and did not have a current
psychiatric disorder as determined by the Kiddie-Schedule for Affective Disorders and
Schizophrenia (K-SADS; Kaufman et al., 1997) for adolescents and the Structured Clinical
Interview for DSM-IV (SCID; First, Spitzer, Williams, & Gibbon, 1995) for adults. All

1Sex was also examined based on animal and human research that suggests that stress may impact working memory differently in
females and males (Schoofs, Pabst, Brand, & Wolf, 2013; Shansky, Rubinow, Brennan, & Arnsten, 2006). Therefore, sex was included
as a between-subjects factor in the data analyses. However, it did not influence the results and was thus removed as a factor from the
presented analyses.
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subjects had an 1Q score greater than 80 (Vocabulary and Matrix reasoning subtests;
Wechsler, 1999). Subjects were also assessed for trait anxiety using the trait subscale of the
State-Trait Anxiety Inventory (STAI-T) (for adolescents, Spielberger, Edwards, Montuori, &
Lushene, 1973; for adults, Spielberger, Gorsuch, Lushene, Vagg, & Jacobs, 1983). The range
of possible scores for the child and adult STAI-T versions differ, limiting direct comparisons
of trait anxiety between groups. However, the mean trait score for each group (see Table 1)
was within the lowest quarter range of possible scores.

The protocol was approved by the National Institute of Mental Health Institutional Review
Board. Written consent was obtained from adult participants and from parents of
adolescents, and written assent was obtained from adolescent participants. Subjects were
compensated financially for participation in the study.

The Memory-threat task (Figure 1a and 1b) was identical to the task used by Vytal and
colleagues (2012) with the exception of the threat stimulus and startle probe (see below). In
short, verbal working memory was assessed using a visual verbal n-back task with varying
levels of cognitive load (no-load (0-load), 1-back (low-load), 2-back (medium-load), and 3-
back (high-load)). A single letter was presented serially. During the no-load task, subjects
were told to just look at the letters without making a response. For the three working
memory tasks, subjects were asked to make a button response of “S” (for same) or “D” (for
different) based on the letter one (1-back), two (2-back), or three trials back (3-back) (see
Figure 1a for an example of the 2-back task).

The task employed a within-subjects design. It consisted of four runs with eight blocks per
run. The eight blocks were comprised of four threat and four safe blocks. Threat and safe
blocks were alternated (see Figure 1b). Each cognitive load was presented twice per run,
once in a threat block and the other in a safe block. An instruction screen indicated the
upcoming type of n-back task (i.e., no-load, 1-back, 2-back, or 3-back) for each block. Runs
and blocks were counterbalanced.

The threat condition consisted of the unpredictable presentation of a loud shrieking scream
(95dB, 1000ms) through headphones. This is in contrast to the threat of shock used in our
previous study (Vytal et al., 2012). Given our adolescent group, the threat of a loud scream
(vs. shock) was a more appropriate stimulus. The loud scream has been successfully applied
in conditioning studies with adolescents (Britton, Lissek, Grillon, Norcross, & Pine, 2011;
Lau et al., 2008) and in studies with adults (Lissek et al., 2005; Massar, Mol, Kenemans, &
Baas, 2011). Prior to beginning the task, the loud scream was presented to acquaint the
subject with the stimulus and to prompt a state of aversion toward it that otherwise would
not have been known until the presentation of the loud scream during the task. Zero to two
loud screams were presented during each threat block, with a total of two loud screams in
each run. In order to prevent desensitization to the threat stimulus, only two loud screams
were presented during each run. During the safe condition, subjects were told that the loud
scream would not be presented. The threat condition was indicated to the subject by the
word THREAT written within a colored border on the right and left sides of the screen, and
the safe condition was similarly demarcated with the word SAFE.
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Startle, specifically the eye-blink response, was probed with an air-puff to the forehead
(Lissek et al., 2005). Unlike in prior studies which used an auditory probe (Vytal et al.,
2012; Vytal et al., 2013), a tactile probe was employed in this study in order to present the
startle probe and the threat stimulus in different sensory modalities, and avoid potential
issues of threat stimulus generalization. The air-puff to the forehead provides a good
substitute to the auditory white noise probe in eliciting a startle response (Lissek et al.,
2005). The air-puff was administered through a tube attached to a helmet worn by the
subject, and directed at the forehead. Responses to the air-puff were measured via
electromyographic recordings of the reflexive startle eye-blink response (e.g., Vytal et al.,
2012). These recordings were measured by placing a ground electrode on the left arm and
two electrodes beneath the left eye to record orbicularis oculi muscle activity. In order to
obtain a moderate to large eye-blink response, the air-puff was presented initially to the
subject at 4 pounds per square inch (psi). If a startle response was not obtained at 4 psi, the
psi was increased by increments of 2 psi until an appropriate response was evoked. Prior to
the task, participants were exposed to a 5-minute habituation period during which they
received five startle probes. This served to prevent artificially high startle responses to initial
presentations of the startle probe. Similarly, during each run, three habituation startle probes
were presented prior to the beginning of the task. During the task, three unpredictable startle
probes were presented during inter-trial intervals of each block, for a total of 24 per run.

After the 5-minute habituation period, subjects were given instructions for the verbal
working memory task. After all task-related questions were answered, subjects completed a
paper version of the task to determine proficiency. This was followed by a short practice
session on the computer, and finally, the task. At the end of each task run, subjects were
asked to indicate “how anxious” they felt during the threat and safe conditions (on a scale of
1 = not at allto 9 = extremely).

PsychLab (Contact Precision Instruments, London, United Kingdom) was used to present
the startle probe and threat stimulus, and Presentation® software (Version 0.70,
www.neurobs.com) was used to present the n-back task and manage the presentation of the
probe and stimulus.

Data Reduction

Working memory performance was indexed by two variables, RT (for correct responses
only) and accuracy. A correct response indicated that subjects correctly identified whether or
not the current letter matched the letter presented 1 trial (1-back), 2 trials (2-back) or 3 trials
(3-back) back, depending on the task. We only analyzed RT for correct responses. Incorrect
responses may originate from a number of processes, such as impulsivity, attention lapses, or
faulty memory, making it difficult to interpret this measure. Accuracy was the percent of
correct responses, i.e., the number of correct responses divided by the total number of trials.
Two adolescents were excluded because of incomplete performance data.

Anxious arousal was indexed by eye-blink responses. These responses were recorded during
the 1-back, 2-back, and 3-back tasks, and also during the baseline condition in the absence
of the task (no-load). Eye-blink responses were processed similarly to our previous work
(Vytal et al., 2012). Eye-blink data were taken at 1,000 Hz, filtered at 30-500 Hz, and
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smoothed and rectified with a 20 ms time constant. Peak eye-blink magnitude was
determined in the 20-100 ms time frame following startle probe onset relative to baseline
(average baseline magnitude for the 50 ms immediately preceding startle probe onset). Trials
in which the electromyographic activity during baseline was excessive (three times greater
than the standard deviation of the mean) were excluded because this type of response
represents a spontaneous blink that is not in response to the startle probe (i.e., the subject
was in the process of blinking when the startle probe was presented). Subjects with noisy
eye-blink data (one adult) or low mean startle amplitudes (< 2.5 uV) (one adolescent and
two adults) were excluded. Responses were averaged within each condition of each load.
Eye-blink magnitude T-scores were calculated to normalize data and to account for
individual differences in startle variability.

Additionally, T-scores of eye-blink magnitude from the safe condition were subtracted from
that during the threat condition [threat — safe]. This difference score, the anxiety-potentiated
startle, provided a physiological measure of anxiety (Grillon, Ameli, Woods, Merikangas, &
Davis, 1991; Grillon, Baas, Lissek, Smith, & Milstein, 2004).

Data Analysis

The effectiveness of the threat manipulation was assessed using the “how anxious”
subjective ratings. These responses were analyzed using a repeated-measures analysis of
variance (rANOVA) with Run (run 1, run 2, run 3, run 4) and Condition (threat, safe) as the
within-subjects factors, and Group (adolescents, adults) as the between-subjects factor. To
determine self-reported anxiety between conditions, “how anxious” responses were averaged
across runs, and a rANOVA with a within-subjects factor of Condition and a between-
subjects factor of Group was conducted.

RT and accuracy were analyzed using a rANOVA with Condiitionand Load (1-back, 2-back,
3-back) as the within-subjects factors, and Group as the between-subjects factor.
Additionally, difference scores of performance (RT, accuracy) between threat and safe
conditions [threat — safe] were calculated and were used for conducting correlations between
performance (RT, accuracy) and anxiety-potentiated startle.

Eye-blink startle responses were analyzed using a rANOVA with Conditionand Load (no-
load, 1-back, 2-back, 3-back) as the within-subjects factors, and Group as the between-
subjects factor. Lastly, in order to determine changes in physiological anxiety based on
cognitive load, anxiety-potentiated startle was analyzed using a rANOVA with a within-
subjects factor of Load (no-load, 1-back, 2-back, 3-back) and a between-subjects factor of
Group.

Statistical tests used an alpha = 0.05. Greenhouse-Geisser corrections were made for
rANOVAs when violations of sphericity were detected (uncorrected degrees of freedom and
a corrected p value are reported). Bonferroni corrections were used to adjust for multiple
comparisons during post-hoc tests. Hochberg’s procedure (Hochberg, 1988) was used to
make corrections for multiple comparisons during correlational analyses.
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Results

Anxiety Manipulation (Threat of Scream)

Two measures were used to ascertain the aversiveness of the threat stimulus and its
subsequent ability to induce anxiety during the threat condition. First, “how anxious” ratings
did not significantly decrease from run 1 to run 4 (N = 44; p> .1), indicating that subjects
experienced constant levels of anxiety throughout the task. Additionally, as expected, “how
anxious” ratings averaged across runs (V= 49) showed a main effect of Condition (H1,47)
=68.48, p<.001, np2 =.59), which reflected greater anxiety ratings during the threat (mean
= 3.98) than safe (mean = 1.97) condition. No Group differences emerged for these
measures (ps > .1), indicating that the threat stimulus was subjectively equally aversive for
adolescents and adults. Second, eye-blink startle responses were greater during the threat
than safe condition (A1,48) = 59.17, p< .001, npz = .55). These results confirmed that the
loud scream successfully induced anxiety.

Working Memory Reaction Time

A Conditionby Loadby Group rANOVA conducted on RT of correct responses (Figure S1
in supplementary material) did not reveal a significant 3-way interaction (A2,96) = .46, p>.
1, np2 =.01). However, a significant 2-way Condition by Load interaction (A2,96) = 13.88,
p<.001, npz =.22) did emerge. To better understand this interaction, each load was
examined separately. Findings showed that RT was faster in the threat vs. safe condition for
the 3-back task (p < .001), but not different between these conditions in the 1-back (p>.1)
or 2-back task (p> .05) (Figure 2).

In addition, Load had an expected significant main effect (H2,96) = 42.82, p<.001, e= .86,
an = .47), consisting of longer RTs as load increased. Post-hoc tests revealed significant RT
differences between the 1-back and 2-back tasks and between the 1-back and 3-back tasks
(o5 < .001), but not between the 2-back and 3-back tasks (o> .05). Group had no significant
effects on RT, either as a main effect (H1,48) =.76, p> .1, an =.02) or in interaction with
the other factors (ps > .1).

Working Memory Accuracy

Similarly to RT, a 3-way Conditionby Loadby Group interaction was not found for
accuracy (H2,96) = .44, p> .1, an =.009) (Figure S2 in supplementary material). However,
a trend emerged for the Conditionby Load interaction (A2,96) = 2.84, p=.064, np2 =.056).
Based on the significant Conditionby Load interaction on RT, and because of our a priori
hypothesis of the differential influence of threat on cognitive load in adults, we further
examined the Conditionby Load interaction on accuracy. When each load was examined
separately, we found that accuracy was lower for the threat than safe conditions in the 1-
back and 2-back tasks (ps < .05), but not for the 3-back task (o> .1), in which accuracy was
similar for the threat and safe conditions (Figure 3). In other words, high cognitive load
prevented threat from disrupting working memory accuracy.

In addition, main effects emerged for Group (H1,48) = 6.84, p< .05, npz =.13), Condition
(H1,48) =7.98, p< .01, an =.14), and Load (R2,96) = 96.93, p<.001, e = .89, npz = .67).
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With regard to Group, accuracy was higher in adults than adolescents. The main effect of
Condition indicated greater accuracy during safe than threat conditions. Finally, the main
effect of Load indicated that accuracy decreased as load increased. Post-hoc tests confirmed
that all three levels of load differed significantly from one another (s < .001).

Startle Response

We analyzed eye-blink startle responses using a rANOVA with Conditionand Load as the
within-subjects factors, and Group as the between-subjects factor. The Condlition by Load by
Group rANOVA analysis (A3,144) = 1.41, p> .1, an =.03) (Figure S3 in supplementary
material) revealed two significant interactions of Conditionby Loadand Loadby Group. As
expected, the Condlitionby Load interaction (A3,144) = 25.01, p< .001, npz =.34)
indicated significantly greater startle magnitude during the threat than safe condition for the
1-back and 2-back tasks (ps < .001), but not for the 3-back task (p> .1). Thus, threat did not
modulate startle during the 3-back task (see Table 2). The Loadby Group interaction
(A3,144) = 3.75, p< .05, an =.072) indicated that adults showed an increased startle
response as load increased from 1-back to 3-back, while adolescents showed no modulation
by load (Figure 4a).

We then examined anxiety-potentiated startle, the difference in startle during the threat and
safe conditions ([threat — safe] startle). This difference score was analyzed using a rANOVA,
with Load as the within-subjects factor and Group as the between-subjects factor. Results
revealed a main effect of Load (A3,144) = 24.96, p< .001, npz = .34) that showed greater
anxiety-potentiated startle during the 1-back and 2-back tasks compared to the 3-back task
(s < .01) (Figure 4b).

Working Memory Performance and Startle

Correlations were conducted between the difference scores [threat — safe] in performance
(RT, accuracy) and anxiety-potentiated startle. No significant correlations emerged.

Discussion

The present study used a modified methodology adapted for pediatric research to test three
hypotheses regarding the effects of threat on working memory performance in adolescents
and adults. First, in adults, we expected cognitive load to interact with threat, consistent with
our prior findings (Vytal et al., 2012). Indeed, interactions replicated those previously found
(\Vytal et al., 2012). Second, we predicted that adolescents would exhibit lower accuracy and
longer RTs than adults on the working memory task. Accordingly, findings showed lower
working memory accuracy in adolescents than adults, but no differences in RT. Finally,
regarding the primary research question, we expected the effects of induced anxiety on
working memory to differ between adolescents and adults. However, no such interactions of
age with condition and cognitive load emerged.

Cognitive Load on Anxiety and Performance Across Groups

As expected from our prior work (Vytal et al., 2012), only high cognitive load blocked the
detrimental influence of anxiety on working memory accuracy. Accuracy was lower during
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threat than safe conditions in the 1-back and 2-back tasks, but did not differ between
conditions in the 3-back task. The blockade was accompanied by an abolition of the anxiety-
potentiated startle at high cognitive load. These findings support the conclusion that high
cognitive load blocked the deleterious effect of anxiety on accuracy. In addition, RT was
improved (shortened) during threat vs. safe in the 3-back task, and did not differ between
conditions in the 1-back or 2-back task.

The effects of induced anxiety on accuracy and RT have theoretical implications,
particularly with regards to the attentional control theory (Eysenck et al., 2007). This theory
proposes that anxiety disrupts mainly RT as a way to maintain accuracy on a cognitive task,
akin to a trade-off effect. RT (efficiency) indexes the level of effort deployed to achieve a
given level of accuracy (efficacy). Our findings are inconsistent with this schema. We found
that the high-load task normalized accuracy in the threat condition to the same level as in the
safe condition, but this was not at the expense of a slower RT. Rather, RT was speeded up,
suggesting better endogenous attention. This pattern raises two possibilities that are not
necessarily mutually exclusive. First, state-anxiety may facilitate top-down control in highly
demanding tasks. Second, during a difficult task, cognitive resources may be primarily
allocated to task performance, minimizing threat processing. This mechanism may manifest
as a diversion away from threat, with a subsequent reduction in state-anxiety.

Finally, the main theoretical interpretation of our prior and current findings rests on the idea
of limited resources (Bishop, 2009; Eysenck & Calvo, 1992; Lavie et al., 2004; Pessoa,
2009; Vytal et al., 2012). Accordingly, low-load cognitive tasks leave resources available for
threat to be processed and to interfere with cognitive performance, whereas high-load
cognitive tasks deplete cognitive resources such that threat cannot be processed and thus
does not interfere with performance. This interpretation fits both our working memory
accuracy findings and the abolition of the anxiety-potentiated startle response during the 3-
back task.

Adolescents and adults did not differ in terms of how cognitive load impacted the influence
of anxiety on working memory performance. Adolescents demonstrated a similar regulatory
capacity as adults, suggesting that the mechanisms that modulate the interaction of cognitive
load with anxiety may already be mature in adolescence. Conceivably, the neural systems
models, which describe in adolescents a unique balance between a relatively immature and
less efficient executive control system and a relatively hyper-responsive emotion-related
subcortical system (Casey et al., 2008; Ernst & Fudge, 2009), may not substantially
influence the processes examined here. However, developmental differences may occur in
situations of higher cognitive load and/or greater anxiety. Although overall working memory
accuracy was significantly higher in adults than adolescents, the interactions with Group
were not significant, indicating a lack of age effects. This result may suggest that the threat
and/or cognitive load may not have been high enough to reveal interactions by age.
Regarding threat processing, it is conceivable that developmental differences in response to
imminent threat (King et al., 2013) might be lagging behind the maturation of the neural
substrates of prolonged periods of threat (Grillon et al., 2004). Alternatively, adolescents
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may use different strategies, engaging distinct regulatory mechanisms to produce an adult-
like behavioral output (i.e., the modulation of performance as a function of anxiety and
cognitive load). This question could be addressed in future neuroimaging work by
identifying which neural mechanisms are affected by threat in adolescents vs. adults.

Finally, an unexpected effect of age emerged on eye-blink startle reactivity. Specifically,
adolescents did not modulate their startle reactivity by working memory load across
conditions. In contrast, adults exhibited a linear increase of startle reactivity with increasing
working memory load, consistent with increasing arousal with task difficulty. Eye-blink
startle reactivity was higher in the low- and medium-load tasks and lower in the high-load
task in adolescents compared to adults. This suggests that perhaps adolescents have an
overall higher arousal response to low- and medium-load tasks, energizing their performance
on such tasks and pushing them to perform similarly to adults. This explanation is highly
speculative, and before further interpretation, the finding needs to be replicated and better
delineated. Additionally, neuroimaging studies might bring some insight to the mechanism
underlying this age difference on startle reactivity.

Strengths and Limitations

This study presents both strengths and limitations. Regarding strengths, we used a well-
established method of anxiety induction and measurement (Grillon & Baas, 2003). This
method includes the manipulation of anxiety using a within-subject design, where subjects
serve as their own control. Hence, results are less likely to be influenced by idiosyncratic
variability or errors associated with individual differences. Furthermore, the method was
successfully modified to be used with pediatric populations. The threat stimulus was an
aversive loud scream instead of an electric shock, and the startle probe was an air-puff to the
forehead instead of white noise. Finally, we had clear hypotheses based on a prior similar
study and replicated findings from that study (Vytal et al., 2012). A few limitations should
be mentioned. First, the age range of the adolescent group was relatively large (10 to 17
years), and unfortunately, the sample size was too small to reliably examine age effects
during this period. Although collapsing across pediatric ages, as done here, is often used in
the literature (e.g., Hardin, et al., 2009; Jazbec, McClure, Hardin, Pine, & Ernst, 2005;
Jazbec, et al., 2006; Mueller, et al., 2015), it prevents us from refining the trajectories of
developmental changes. Future research should examine large pediatric samples to capture
these changes, which are reported in some executive functions during adolescence (Huizinga
etal., 2006; Luna et al., 2004). Second, participants self-reported moderate anxiety ratings
during threat. Future studies may manipulate the intensity of the threat stimulus to
investigate changes in cognitive processing and startle response as a function of anxiety
level. Third, this study can only inform our understanding of processes in healthy individuals
and does not directly address pathological anxiety. However, the study’s findings beg the
question of how these effects of state anxiety on cognitive performance manifest in
adolescents and adults with anxiety disorders. Conceivably, the adaptive mechanisms found
in our healthy sample might break down in pathological anxiety, with threat impairing
performance at all cognitive loads, including high-load. Future studies should include
clinically anxious patients to probe how processing resources shift during cognitively
demanding tasks, and whether this shift accompanies reduced physiological anxiety. This
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would aid in the development of treatments for clinically anxious individuals that may
reduce the cognitive impairments associated with daily functioning, such as working
memory. Additionally and more specific to adolescents, related research and treatments may
help in reducing the association of anxiety with poor school achievement (Owens,
Stevenson, Hadwin, & Norgate, 2012).

In sum, the present results suggest that adolescents may prioritize resources for cognitive
over emotional processes, similarly to adults. Like adults, adolescents did not show a
prioritization of resources toward stimulus-driven (threat) effects during high cognitive load,
as was found during low and medium cognitive loads. They maintained goal-oriented
behaviors during high cognitive load, moving their focus away from the impending threat,
which in turn minimized anxiety (anxiety-potentiated startle). This was in contrast to low
and medium cognitive loads, which were accompanied by greater anxiety. Future work
could examine the neural mechanisms underlying the robust behavioral effects identified
here and in our previous work, and may provide mechanisms useful for designing cognitive
strategies to decrease anxiety.
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2000 ms (distractor) [T (distracton) (target) (distractor)
D (Different) D S (Same) D
Air puff Scream
Figure 1.

Memory-threat task. (a) The figure provides an illustration of the Memory-threat task during
the threat condition of a partial 2-back block. Participants responded to every letter
indicating whether the currently presented letter was the same as (S; the target) or different
from (D; the distractor) the letter presented two letters back (e.g., same = z and Z; different =
Jand G). The letters presented at the beginning of the block, for which a response could not
be made (i.e., going n letters back would fall onto the instruction screen, were considered to
be distractors. The startle probe and threat stimulus were presented during the ITI. (b) The
figure provides an illustration of one run (8 blocks) of the Memory-threat task. Blocks
interchanged between the threat and safe conditions. Three startle probes were presented in
every block, and 0 to 2 loud screams were presented during the threat blocks.
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Mean reaction time by Conditionand Load. The Conditionby Load interaction showed a
faster reaction time during the threat than safe condition on the 3-back task, but not the 1-
back or 2-back tasks across age. /=50, *p < .001, error bars represent £ SEM.
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Figure 3.

Mean accuracy by Conditionand Load. The Conditionby Loadtrend showed lower
accuracy during the threat than safe condition on the 1-back and 2-back tasks, but not the 3-
back task across age. V=50, *p < .05, error bars represent + SEM.
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Figure 4.
Mean startle response by Loadand Group. (a) Adults had greater eye-blink responses during

the 3-back task than the 1-back or 2-back tasks. Adolescents showed no differences in eye-
blink responses as a function of load. In addition, the startle response was lower in adults
than in adolescents in the 1-back task, while the opposite was found for the 3-back task. No
difference was found between adolescents and adults for the 2-back task. /=50, *p < .05,
error bars represent £ SEM. (b) Both adults and adolescents exhibited a blockade of the
effects of anxiety on startle (anxiety-potentiated startle = [threat — safe] startle) during the 3-
back task. /=50, error bars represent + SEM.
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Adolescent and Adult Demographics

Adolescents(n =25) Adults(n =25)

Demogr aphic Mean (SD) Mean (SD)
Age in years 13.96 (1.95) 28.85 (6.14)
1Q 117.04 (10.57) 116.28 (12.44)
STAI-T 28.0(9.20) / 26.44 (4.98) 7

Table 1

Notes. STAI-T = Spielberger State-Trait Anxiety Inventory trait subscale.

Ichild version of STAI-T,

”adult version of STAI-T.
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Eye-blink Startle Response (T-score) Means in the Threat and Safe Condition by Load and Group

Adolescents(n =25) Adults(n =25)
Condition Load Mean (SEM) Mean (SEM)
Threat 1-back 52.37 (0.69) 50.87 (0.69)
2-back 5255 (0.65) 52.30 (0.65)
3-back  50.02 (0.54) 51.41 (0.54)
Safe 1-back 46.98 (0.47) 45.27 (0.47)
2-back  48.20 (0.44) 46.85 (0.44)
3-back  49.99 (0.61) 51.29 (0.61)
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