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Abstract
Heightened emotional reactivity to peer feedback is predictive of adolescents’ depression risk.
Examining variation in emotional reactivity within currently depressed adolescents may identify
subgroups that struggle the most with these daily interactions. We tested whether trait
rumination, which amplifies emotional reactions, explained variance in depressed adolescents’
physiological reactivity to peer feedback, hypothesizing that rumination would be associated
with greater pupillary response to peer rejection and diminished response to peer acceptance.
Twenty currently depressed adolescents (12-17) completed a virtual peer interaction paradigm
where they received fictitious rejection and acceptance feedback. Pupillary response provided a
time-sensitive index of physiological arousal. Rumination was associated with greater initial
pupil dilation to both peer rejection and acceptance, and diminished late pupillary response to
peer acceptance trials only. Results indicate that depressed adolescents high on trait rumination
are more reactive to social feedback regardless of valence, but fail to sustain cognitive-affective
load on positive feedback.

Keywords: Peer Relationships, Depression, Adolescence, Emotional Reactivity, Pupil



RUMINATION AND PUPILLARY RESPONSE 3

Social feedback from peers plays a central role in adolescent emotional adjustment as
peers take on a greater influence in adolescents’ lives. Depressive symptoms and diagnoses have
been associated with altered responses to peer feedback on multiple levels of analysis including:
heightened neural reactivity [1, 2, 3], use of poorer behavior coping strategies[4] and greater
sadness[2], for review see [5]. Given that depression has a heterogeneous presentation and
etiology, a subset of depressed youth are likely to be more reactive to peer feedback, which may
predispose them to worse outcomes, such as longer and more severe episodes of depression [6].
Identifying this subset of depressed youth is critical for informing interventions to bolster their
psycho-social functioning. The tendency to ruminate, or perseverate on dysphoric mood,
symptoms, and reactions to ongoing events, is linked to the magnification of emotional states,
increased physiological reactivity to social evaluative threat, and longer, more severe depressive
episodes [7, 8]. As such, rumination may be a characteristic that can differentiate which
depressed adolescents are more reactive to social feedback. Thus, we examined whether
rumination predicts differences in physiological reactivity to peer feedback in a sample of
currently depressed adolescents.

As adolescents begin to rely on social networks outside the parental relationships, they
increasingly rely on peers to meet their social and emotional needs, making peers a primary
source of support and daily companionship [9, 10]. However, adolescents’ reliance on peers can
be costly. Adolescents’ growing social networks are characterized by a complex social hierarchy
and friendship instability [11]. A vital determinant of adolescents’ social success, and thus
emotional functioning, is the capacity to react and respond to social feedback from peers. Peer
feedback not only signals potential changes in social status, but also influences youths’

intrapersonal processing, including evaluation of one’s own self-worth [12, 13]. Despite the
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developmental relevance of peer feedback, it is only recently that technological advances (i.e.,
devising interaction paradigms with virtual peers) have enabled ecologically valid assessments in
laboratory settings with physiological and neural indices in order to better delineate alterations in
adolescents’ emotional reactivity to these salient events.

Initial studies support that adolescent depression is associated with greater reactivity to
both positive and negative forms of peer feedback. Specifically, compared to healthy controls,
currently depressed youth exhibit greater activation in brain regions implicated in emotional
reactivity in response to positive social feedback [1] and negative peer rejection [2]. Further,
neural activation in response to social exclusion has also been found to predict adolescents’
depressive symptom trajectories [3]. Taken together, these findings indicate that adolescents who
require greater physiological or neural resources to respond to peer feedback are at heightened
risk for depression, or are currently depressed. However, given the heterogeneity in depression, it
is quite likely that there are subsets of depressed youth for whom altered reactivity to social
feedback also impacts depression maintenance and prognosis. Understanding variation within
depressed adolescents’ response to peer feedback may identify which youth struggle more with
daily social interactions [14].

The tendency to ruminate is a likely candidate for explaining variation in depressed
adolescents’ physiological reactivity to peer feedback. There is evidence to suggest that
individuals’ high on trait rumination experience greater physiological arousal to social stimuli
than non-ruminators. Specifically, trait rumination has been linked with greater cortisol reactivity
and delayed recovery in response to social stress and rejection in adults [15, 16, 17]; and
cardiovascular reactivity to interpersonal stress in children [18]. Therefore, depressed

adolescents’ higher on trait rumination may be more negatively impacted by peer feedback as the
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tendency to perseverate on past social interactions places them at greater risk for a longer and
more severe course of depression. Rumination has indeed been implicated in depression
maintenance in adolescence (longer episode duration)[19], and a host of poorer treatment
response indices in adults [20, 21, 22, 23]. Thus, we examined whether rumination explains
variance in depressed adolescents’ physiological responses to peer feedback.

In the current study, adolescents completed a laboratory assessment where they received
peer acceptance and rejection feedback in real-time from virtual peers, while pupil dilation was
assessed continuously during 10 second trials (Chatroom Interact Task) [2, 24]. Task evoked-
pupillary response is a temporally sensitive physiological index that is ideal for assessing
emotional reactivity and sustained cognitive processes. The pupil is directly innervated by neural
circuitry implicated in arousal (locus coeruleus) and emotional reactivity (limbic regions) as well
as emotion regulation (prefrontal cortex) [25, 26, 27, 28, 29]. Pupil dilation increases with both
cognitive load and emotional intensity [30, 31], and persists if processing is sustained [32]. Thus,
the magnitude and timing of pupil dilation provides a summary index of the intensity and
duration of task-evoked neural activity. In this study, initial dilation peaks (which occur during
the first 3 seconds) provided a proxy for initial reactivity; the remaining time was used as a
proxy for sustained processing.

Multiple studies support the utility of pupillometry for assessing alterations associated
with depression in adolescence. In comparison to healthy peers, high risk youth (with mothers
who have a history of depression) exhibit greater pupillary response to sad faces [33]. Further,
within these high-risk youth, greater pupillary response is predictive of prospective depressive
symptoms and episode onsets [34]. In contrast, currently depressed youth exhibit diminished

sustained pupillary response to negative words [35, 36]. Taken together these results may
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indicate that different alterations in emotion reactivity are implicated in depression risk vs.
maintenance. To date though, pupillary assessments on the effects of rumination on emotional
reactivity have been limited to adult samples and word identification tasks. It is worth
highlighting though, that initial adult vs. adolescent findings appear in conflict. Depressed
adolescents as a group have been found to display diminished sustained pupillary response when
compared to healthy youth [35, 36], whereas rumination in adults has been associated with
greater initial [37] and sustained pupil dilation [38, 39]. We propose that examining variance
within depressed youth may identify important variance in emotional reactivity that accounts for
this discrepancy.

In developing hypotheses, we anticipated that the effect of trait rumination would differ
according to condition (positive peer acceptance vs. negative rejection). That is, both adult
studies on the effects of rumination [37, 38, 39] and youth studies assessing depression status
[33, 35, 36] have consistently identified alterations in pupillary response that were specific to
negative stimuli. Since rumination is characterized by both the tendency to react strongly to, and
also have difficulty disengaging from negative events, we hypothesized that in response to peer
rejection, rumination would be associated with greater initial pupil dilation that is sustained for a
longer duration, corresponding with higher reactivity and sustained cognitive-affective load.
Regarding peer acceptance, the majority of research supports that depressed ruminators do not
react differently to positive stimuli, but have preferential memory for negative events [40] and
tend to dampen or diminish responses to positive events [41]. Thus in response to peer
acceptance, we hypothesized that rumination would not be associated with initial dilation peaks,
but would be associated with diminished sustained dilation, indicating a lack of sustained

cognitive-affective load.
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Method
Participants
Participants were 20 of 22 adolescents (14 female; ages 12—17, M = 14.70) with a
current, primary diagnosis of Major Depressive Disorder (MDD) and intact pupillary data,
participating in a larger study on emotional development [2]. Exclusion criteria included current
psychoactive medications except for SSRI's (n=2), and a current diagnosis of obsessive—
compulsive disorder, post-traumatic stress disorder, conduct disorder, substance abuse or
dependence and ADHD combined type or predominantly hyperactive—impulsive type, or a
lifetime diagnosis of bipolar disorder, psychotic depression, schizophrenia, schizoaffective
disorder, or a pervasive developmental disorder. For the current analyses, inclusion also required
intact pupillary response data to the Chatroom Interact task, which was administered during the
second visit. Thus, of 22 potential participants, 2 were removed due to lack of viable pupillary
data with less than 50% of intact trials per condition. Regarding co-morbidity, of the final sample
of 20 adolescents, 8 also met criteria for a current or past diagnosis of one or more anxiety
disorders (panic disorder, n = 2; specific phobia, n = 2; social phobia, n = 1; separation anxiety
disorder, n = 2; generalized anxiety disorder, n = 6; agoraphobia = 1). Three participants met
criteria for a current or past behavioral disorder: oppositional defiant disorder n =2; ADHD
inattentive only subtype, n =1.
Procedure
Participants were recruited from community advertisements or were referred from mental
health clinics and pediatrician’s offices. Parents completed a phone screen, and then were invited
to complete two laboratory visits with their child. On Day 1, informed consent and assent were

obtained. Then both parents and adolescents each completed diagnostic interviews, and self-
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report surveys. Adolescents also selected peers to interact with online on a future visit. Two
weeks later, on Day 2, adolescents completed the computer-based Chatroom Interact task during
a neuroimaging assessment with concurrent pupillometry. The present report focuses only on the
pupillary data because it provides greater temporal resolution than other indices, making it ideal
for capturing changes in physiological arousal implicated in emotional reactivity. All research
procedures were approved by the University’s Institutional Review Board.
Diagnostic Assessment

The Schedule for Affective Disorders and Schizophrenia in School Age Children—
Present and Lifetime version (K-SADS-PL) [42] was used to assess adolescents’
psychopathology. Parents and adolescents were interviewed separately with results synthesized
by the clinician. Inter-rater reliability of MDD diagnoses based on 15% of the interviews was
excellent (x = 1.00).
Self-Report Measures

Adolescents completed the Mood and Feelings Questionnaire (MFQ) [43] as a widely
used measure of youths’ current depressive symptoms, with excellent psychometric properties (a
=.95). The Children’s Response Styles Scale (CRSS) [44] rumination subscale was used to
measures youths’ tendency to ruminate. Youth rated on a 10-point Likert scale how often they do
things when they feel sad (e.g., | think back to other times when | felt this way), and scores are
calculated by summing the responses. The 10-item rumination subscale has demonstrated
reliability and validity [44]. Internal reliability in the current study was excellent, (o = .89).
Pupil Assessment

Participants completed the Chatroom Interact task while undergoing a functional

magnetic resonance imaging assessment. As participants lay in the moderately lit 3T Siemens
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Trio scanner, stimuli were presented on a back-projection screen approximately 127 cm from a
mirror placed approximately 12 cm above their eye (varied slightly by head size). Pupil dilation
was acquired using an ASL Model 504 eye-tracker. This device consisted of a video camera and
infrared light source positioned outside the magnet’s bore. The pupil was automatically tracked
through a mirror anchored to the headcoil. Pupil size was recorded at 60 Hz (every 16.7 ms)
along with signals marking the beginning of trials, and stimulus onset time.
Pupil Data Selection, Cleaning, and Reduction

Data were cleaned using our lab’s standard procedures [45] modified for fMRI-based
pupil dilation assessments [26], including interpolation through blinks, removal of trials with
over 50% blinks and smoothing. Because absolute dilation could not be calculated for data
collected in the scanner, an index representing the proportion of maximal dilation was used as a
proxy for diameter. Pupil values were first range-corrected to standardize according to the 95%
maximally dilated pupil diameter and the 95% maximally constricted pupil diameter [(current
pupil diameter - minimum pupil diameter)/(maximum pupil diameter - minimum pupil
diameter)] [26]. Next, baselines were calculated using the first 10 samples (167 ms) of each trial
[2, 24]. Final pupil data reflect changes in dilation from baseline. The data were down-sampled
to 5 Hz yielding a decreased number of parameters (65 vs. 800 time points) to facilitate
moderation tests with rumination as a continuous covariate.
Data Analysis Strategy

A hierarchical growth model with Four Fourier basis functions comprised of sine and
cosine waves of different frequencies (see Equations 1-4 and Figure 1) was run to test
hypotheses. This model was selected in order to model the non-linear changes in pupillary

response that were task relevant (to affective processing), while simultaneously removing known
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sources of task-irrelevant variance (light-reflex in response to social feedback). In Model 1, the
intercept and basis functions were modeled as random effects, with each sine and cosine pair
modeled to have the same variance according to Toeplitz (1) covariance structure. In Model 2,
the main effects of rumination and condition (acceptance vs. rejection) were added as level 2
predictors of the intercept and each basis function. In Model 3, the primary model of interest, the
rumination-by-condition interaction were added as level 2 predictors of the intercept and each
basis function (see Equations 5-10). Significant Chi-squared comparison tests indicated if the
addition of predictors improved model fit. Contrasts test were then conducted to identify
significant correlations between rumination and pupil dilation along the waveform. To control
for Type I error, we used Guthrie and Buchwald’s (1991) strategy to account for data
autocorrelation: regions of the waveform were considered statistically significant (p < .05), when

1.80s, or 10 consecutive contrast tests were significant at p < .10.

B1 = sine(2n*time/13) 1)
B> = cosine(27 *time/13) (@)
B3 = sine(4n *time/13) 3)
B4 = cosine(4m*time/13) 4)
Level 1: Pupilsi= moit+ m1i (Bati )+ m2i (Bati )+ mai (Bati )+ mai (Bati )+ et (5)

Level 2: moi= Boo+ Boz(Rumination)i + Bo2(Condition); + Boz(Rumination)(Condition)i +roi  (6)
m1i= B1ot+ Pr2(Rumination); + B12(Condition)i + Biz(Rumination)(Condition)i + rii  (7)
72i = PB2ot+ P2o(Rumination); + B22(Condition)i + B23(Rumination)(Condition)i + r1i  (8)
73i = PBaot+ Par(Rumination); + Bs2(Condition); + Bas(Rumination)(Condition)i + r2i  (9)
74 = Paot+ Par(Rumination); + Ba2(Condition)i + Baz(Rumination)(Condition)i + rzi  (10)

Task

Chatroom Interact Task [24]: on Day 1, adolescents selected 10 peers (from fictitious
profiles) to interact with online during the next visit, and they also created their own profile. On

Day 2, participants were told that they had been matched with four selected peers, who were

ready to participate in an interaction online. While in the scanner, the participant and virtual
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peers took turns selecting who they would rather talk to about various teen interests (e.g., music,
friends). Stimuli were presented using E-prime 1.0 software. The photograph of one peer (the
agent choosing) was shown at the bottom left corner of the screen while the other two players’
photographs (participant and other peer) were shown in the middle of the screen (Figure 2).
Each trial began with a 3.34 second ‘choice phase’ when the agent is asked to select who they
would rather discuss a developmentally relevant topic with: for example, “Who would you rather
talk to about music”. In rejection trials, the participants’ photo was superimposed with an ‘X’
while the virtual peer’s photo was highlighted across the 10.02 second ‘feedback phase’. The
opposite pattern occurred during peer acceptance trials. The order of trials was randomized
within block. Participants were debriefed afterwards. One participant reported suspicion that the
virtual peers were not real.!
Results

Two participants were missing self-report data on rumination. Given the small sample
size, in order to minimize Type Il errors we examined whether their data could be imputed via
maximum likelihood estimation (from depressive symptoms and demographic variables). To
justify data imputation we first examined if their data was missing at random [46]. Little’s
missing completely at random (MCAR) test was non-significant (y2(6)= 5.05, p = .54),
supporting the imputation of missing values [47]. In no instance did results differ with the
inclusion of estimated data. As expected, participants reported elevated depressive symptoms
(M= 34.40, SD= 14.91) and moderately high levels of rumination (M= 66.24, SD= 17.74), which
were highly correlated (r = .61, p <.01). Neither variable differed according to participant age
(MFQ: r =.12, p=.61; CRSS: r = .24, p=.30) or gender (MFQ: t(18) = -0.46, p= .65; CRSS:

t(18) = 0.25, p= .81).
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The full model predicting the pupil dilation waveforms as a function of rumination and
condition is presented in Table 1, Model 3. First, we examined the significant main effect of
condition on intercept and basis functions, which suggested that the pupil dilation model fits
differed between acceptance vs. rejection trials. Figure 3 depicts both the raw data as well as the
model fits used in the analyses. In general the model fits closely tracked the raw data, and
appeared to remove known sources of variance unrelated to affectively meaningful aspects of the
design (light reflexes in the second following stimulus and feedback onset). Condition
comparisons revealed that depressed adolescents displayed greater pupil dilation to peer rejection
than acceptance from 2.4s—12.8s (Cohen’s d= 3.26). Among rejection trials, pupil dilation
across the final contiguous region (11.0-12.8s) was significantly greater than baseline, (model
M= 0.0494; Raw M= .0624), t(49)= 3.78, p <.001, indicating that dilation was sustained across
the feedback period.

As anticipated, there were significant rumination x condition interactions at each basis
function. Therefore we proceeded to examine hypotheses, testing associations between
rumination and the model fits for pupillary waveforms within rejection and acceptance trials
individually. In Figure 4A-B, the effect of rumination on the pupil dilation waveforms is
depicted via graphing high vs. low ruminative tendency (+/- 1SD) for rejection and acceptance
conditions respectively.

We found partial support for our hypothesis that rumination would be associated with greater
initial pupil dilation that is sustained for longer duration in response to peer rejection.
Rumination was indeed associated with greater initial pupil dilation from 3.4s —7.0s (r =.34, p
=.01; see Figure 4C), but there was no effect on dilation duration. Examining peer acceptance

trials next, we had hypothesized that rumination would not be associated with initial pupil
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dilation peaks but would be negatively associated with sustained dilation. Analyses revealed two
contiguously significant regions. Rumination was associated with greater initial dilation 3.0 —
7.4s (r = .36, p <.01; Figure 4D), and diminished pupillary response from 10.2s - 12.0s (r = -.24,
p =.08; Figure 4E). Analysis of the late window revealed that higher ruminators (at +1SD)
exhibited less dilation to acceptance compared to baseline (Model M = -0.0356; Raw M= -
0.0481), t(52)=-1.88, p= .07, (Cohen’s d=.49).

Finally, we examined whether the associations were specific to rumination versus
attributable to depression severity. First, we tested whether depressive symptom levels
independently predicted differences in pupillary response, using the same model described for
rumination. No region met the 1.8s contiguity threshold. We then re-ran Model-3, regressing out
the variance in rumination overlapping with depressive symptoms. None of the magnitude of the
associations found (regions depicted in Figures 4C-E) significantly differed (largest Z = -0.72, p
= .47).

Discussion

Given the importance of peer feedback on adolescents’ psychosocial functioning, we
examined whether rumination explained variation in depressed adolescents’ physiological
response to peer acceptance and rejection feedback, as a means of identifying youth most
sensitive to social stimuli. Adolescents higher on trait rumination displayed greater initial pupil
dilation in response to both peer rejection and acceptance trials, than those lower on trait
rumination. Importantly, results did not differ when controlling for depression severity, which
suggests that effects were specific to rumination. Pupil dilation is associated with activation of
brain regions implicated in emotional reactivity and regulation [25, 26, 29]. Therefore,

depressed-ruminators’ larger peak pupil dilation suggests that they experience greater reactivity
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and or require more resources to regulate their responses to both positive and negative feedback
than depressed adolescents with lower ruminative tendency. Thus in adolescence, depressed
ruminators appear to be especially sensitive to peer interactions.

The current findings extend earlier research examining valence differences in pupillary
response to peer feedback among healthy adolescents, which showed greater initial dilation to
peer rejection than acceptance trials [24]. Although it was not a primary aim of the current
analyses, we also found a significant condition effect whereby depressed adolescents exhibited
greater initial pupil dilation to peer rejection than acceptance. To our knowledge this is the first
pupillary assessment on peer feedback conducted in a clinical population. Thus it is noteworthy
that the initial condition effect exhibited in healthy youth [24] replicates, and extends to
clinically depressed youth.

The patterns of sustained pupillary response to peer rejection were surprising. Contrary to
hypothesis, sustained dilation to peer rejection trials did not differ according to rumination. All
of our depressed participants, regardless of ruminative tendency, maintained pupil dilation
significantly greater than baseline across the 10 second feedback period. This null finding
suggests that all depressed youth sustained cognitive-affective load in response to negative social
feedback. However, it is possible that differences in sustained processing of negative feedback
may emerge with longer assessment periods, or with paradigms that are designed to elicit state-
rumination. That is, with the current focus on trait-rumination, it is not known whether
participants were actively ruminating during the Chatroom Interact task. Future research that
incorporates paradigms with larger inter-stimulus intervals (that do not require participants to
immediately prepare for the next feedback trial) may be vital in identifying physiological

correlates of state rumination. Additionally, it is striking that the sustained dilation exhibited to
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peer rejection in the current results contrasts with prior findings that depressed youth exhibit
diminished sustained pupillary response to negative words [35, 36]. It may be that depressed
youth find social feedback more emotionally salient compared to affective words; however,
future research is needed to test this possibility.

As hypothesized, rumination was associated with a distinct pattern in sustained pupillary
response to peer acceptance trials, which may have implications for the role of rumination on
positive affective functioning. High-ruminators’ greater initial pupil dilation sharply declined to
lower than baseline across the feedback period, compared to low-ruminators’ slow return to
baseline. To the extent that rumination was associated with diminished sustained pupillary
response (which suggests less brain activity), this finding may be consistent with prior research
that ruminators fail to sustain positive affect and their reactions to positive events.

The current study extends prior work examining the role of rumination in emotional
reactivity in several ways. Although research supported that rumination is associated with
greater reactivity to negative social stimuli in adults and early childhood [17, 18], the current
study is the first to examine how rumination affects physiological reactivity to both positive and
negative social interactions in adolescence. This is notable since results indicate that rumination
is associated with differences in both positive and negative affective processes. Further, the
current study is also the first to examine pupillary response to social feedback in a clinical youth
sample, and current results are consistent with a prior pupillometry study linking rumination with
greater dilation to both positive and negative words in depressed and healthy adults [38].

The current results have potential clinical implications for advancing treatment for
depressed adolescents, although prospective research supporting directional effects is needed to

bolster the interpretation of these preliminary, cross-sectional associations. First, the results
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indicate that ruminators are more reactive to peer feedback, which suggests that targeting
rumination in treatment may be helpful in bolstering these depressed adolescents’ psychosocial
functioning. The diminished sustained pupillary response to positive peer feedback associated
with rumination may also be informative. That is, although it is not possible to discern whether
the diminished pupillary response reflects an inability to sustain positive affective arousal vs. a
dampening response, this finding is consistent with the idea that helping ruminators develop
skills for sustaining positive affective processing could be a fruitful target for intervention.
Several study limitations should be noted. First, because the data are cross-sectional, it is
not possible to discern to whether pupillary responses are correlates or consequences of chronic
rumination or ongoing depression. Future research in high-risk samples could better delineate the
course of physiological alterations implicated in depression onset versus maintenance. The
current study employed a self-report measure of trait rumination to explain differences in
physiological reactivity. Future analyses may benefit from paradigms that assess induced state-
ruminative processes. Another consideration is that healthy youth’s visual attention allocation
has been found to differ in response to peer rejection vs. peer acceptance [24], which likely
reflects different regulation processes. Incorporating eye-tracking data in future work may
further qualify the links between rumination, attention, and physiological reactivity to social
feedback in depressed youth. Finally, there are several considerations to note given the small
sample size. First, it is critical that results replicate in larger, more representative clinical
adolescent samples. Secondly, sample size also limited our capacity to test moderating effects on
the link between rumination and peer feedback. Although the current results were maintained
when covarying for gender and age, prior studies have found that gender, pubertal development,

and maternal affection are significant predictors of youths’ reactivity to peer feedback [2, 48,
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49]. Future research is needed to determine how rumination may interact with established
predictors of adolescents’ reactivity to peer rejection and acceptance.

Despite these limitations, the current study benefits from several strengths including a
clinical sample of currently depressed youth, and a virtual peer interaction paradigm that
provided ecologically valid social stimuli. In assessing pupillary response to social feedback, we
targeted the role of rumination as a particularly maladaptive emotion regulation strategy that may
warrant greater emphasis in treatment. Findings highlight that rumination is associated with
greater sensitivity to social feedback regardless of valence, as well as diminished sustained
processing of peer acceptance.

Summary

Alterations in adolescents’ emotional reactivity to peer feedback is implicated in
depression risk [1, 2, 3, 5]. The current study examined variation within currently depressed
adolescents’ physiological reactivity to peer feedback as a means of identifying vulnerable
subsamples who struggle with heightened reactions to these salient daily events, which may
serve to maintain or worsen depressive episodes. Rumination is a maladaptive emotional
regulation strategy that serves to magnify emotional reactions [7, 8], and is associated with
greater reactivity to interpersonal stress [17] and poorer depression treatment response [20, 21,
22, 23]. Thus the current study tested whether rumination explained variation in depressed
adolescents’ physiological reactivity to peer feedback. Rumination was associated with greater
initial pupillary response to both positive peer acceptance and negative peer rejection. This
indicates that depressed adolescents high on trait rumination are more sensitive to peer feedback
regardless of valence. Rumination was also associated with diminished sustained pupillary

response specifically to positive peer feedback. Results align with initial work indicating that
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ruminators experience greater physiological reactivity to interpersonal stimuli [18], and fail to

sustain processing of positive stimuli [41].
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Footnote 1. Analyses were rerun: (1) removing the two subjects on SSRI’s (n = 18), (2)
removing the subject who reported suspicion (n =19), and (3) covarying for gender and age. The
magnitude of the associations found between rumination and pupillary response did not

significantly differ after considering these multiple sources of influence.
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Table 1: Fixed effects and variance estimates of pupillary response to Chatroom Interact Task

Parameter Model 1 Model 2 Model 3
B SE B SE B SE

Level 1

Boo  Intercept 0.01*  (0.096) 0.21 *  (0.095) 0.21*  (0.096)
Bio B: 0.23*  (0.089) 0.13 (0.080) 0.13 (0.080)
Bo Bz -0.54 *** (0.089) -0.52 *** (0.080) -0.52 *** (0.080)
Bso Bs -0.29 *** (0.048) -0.42 *** (0.051) -0.42 *** (0.051)
Bao Ba 011 *  (0.048) -0.14 **  (0.051) -0.14 **  (0.051)
Level 2

Bor  Rumination 0.11 (0.094) 0.14 (0.096)
Bo2  Condition -0.42 *** (0.022) -0.43 *** (0.021)
Boz  Rumination x Condition -0.07 *** (0.021)
Bi1  BixRumination 0.14 (0.079) 0.06 (0.080)
Bz  Bix Condition 0.20 *** (0.031) 0.21 *** (0.030)
Bz Bi1xRumination x Condition 0.17 *** (0.030)
B21  B2xRumination -0.24 ** (0.079) -0.20 *  (0.080)
B2 Bz xCondition -0.05 (0.031) 0.05 (0.030)
B23 B2 Rumination x Condition -0.09 **  (0.030)
B3 Bz xRumination -0.08 (0.049) -0.11 * (0.051)
Bs2  Bsx Condition 0.27 **  (0.030) 0.27 *** (0.030)
Bzs Bz x Rumination x Condition 0.07*  (0.030)
Ba1  BaxRumination 0.00 (0.049) -0.03 (0.051)
Bz  BaxCondition 0.07 *  (0.030) 0.08 *  (0.030)
B4z BaxRumination x Condition 0.07 * (0.030)

Random Parameters
i Intercept 0.181 ** (0.060) 0.177 ** (0.060) 0.178 **  (0.060)
rni  B1,B2 0.154 *** (0.040) 0.120 *** (0.030) 0.119 *** (0.030)
ri B3, B4 <0.041 *  (0.011) 0.043 *** (0.012) 0.044 *** (0.012)
eqi  Level 1-Error 0.348 *  (0.010) 0.288 *** (0.008) 0.282 *** (0.008)
-2 LL 4832.2 4397.3 4362.5
X2(5) 869.8 *** 69.6 ***

*p <.05, **p<.01, ***p <.001
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Figure 1: Fourier Basis functions were used to model theoretically relevant aspects of the
pupillary waveforms
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Figure 2: Depiction of a trial on the Chatroom Interact Task.
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Figure 3: Pupillary response differed according to peer rejection vs. acceptance feedback.
Statistically significant contrast tests are highlighted along the x-axis in yellow (p < .10) and red
(p < .05), with underlined areas identifying contiguously significant regions.
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Figure 4: Pupillary response to peer rejection (A) and acceptance trials (B) differed by ruminative tendency. Significant contrast tests
are highlighted along the x-axis in yellow (p < .10) and red (p < .05), with contiguously significant regions underlined. Scatterplots
depict the association between rumination and pupillary response for each contiguous region in response to rejection trials (C), and

acceptance trials (D, E).



