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ARTICLE INFO ABSTRACT

Keywords: We investigated development from adolescence to young adulthood of neural bottom-up and top-down processes
Adolescence using a functional magnetic resonance imaging task on emotional attention. We followed 249 participants from
Longitudinal . o age 14-22 in up to four waves resulting in 687 total scans of a matching task in which participants decided
E:;:if:al magnetic resonance imaging whether two pictures were the same including distracting emotional or neutral scenes. We applied generalized
Distraction additive mixed models and a reliability approach for longitudinal analysis. Reaction times and error rates
Reliability decreased longitudinally. For top-down processing, we found a longitudinal increase for the bilateral inferior

frontal gyrus (IFG) for negative stimuli and in the left IFG also for positive and neutral stimuli. For bottom-up
activation in the bilateral amygdala, we found a relative stability for negative and neutral stimuli. For posi-
tive stimuli, there was an increase starting in the twenties. Results show ongoing behavioral and top-down
prefrontal development relatively independent from emotional valence. Amygdala bottom-up activation
remained stable except for positive stimuli. Current findings add to the sparse literature on longitudinal top-
down and bottom-up development into young adulthood and emphasize the role of reliability. These findings

might help to characterize healthy in contrast to dysfunctional development of emotional attention.

1. Introduction

During adolescence, the interplay of subcortical regions involved in
bottom-up emotional attention such as the amygdala and prefrontal
regions involved in top-down control still mature within hierarchical
circuit-based changes that seem to continue into the 20 s (Casey et al.,
2016, 2019; Shulman et al., 2016). This maturational imbalance may
lead to psychopathological symptoms, which often emerge in adoles-
cence and young adulthood (Paus et al., 2008). Longitudinal studies on
the neural development of emotional attention that span adolescence
and young adulthood in a complete longitudinal design are largely
lacking. Therefore, we investigated the longitudinal development of
bottom-up and top-down systems across adolescence until young
adulthood of emotional attention and included inter-individual vari-
ability. We were focusing on mid-adolescence to young adulthood as a

transitioning phase and investigated continued development into young
adulthood.

Emotional attention requires bottom-up and top-down systems to
draw attention toward or away from emotional stimuli (Corbetta and
Shulman, 2002; Dolcos et al., 2020). When the emotional content is
irrelevant, the individual either gets distracted and turns their attention
toward the negative or positive distractor (bottom-up attention) or
successfully keeps it on the primary task (top-down attention; Vuil-
leumier and Huang, 2009). In adolescence, the maturational imbalance
may lead to prepotent bottom-up processing (Casey et al., 2008).
Therefore, adolescents may easily get distracted and turn their attention
towards an emotional distractor such as seeing a (former) friend while
focusing on the current exam in the classroom, instead of inhibiting their
automatic impulse and keeping their attention on the primary task by
ignoring the emotional distractor (Vuilleumier and Huang, 2009).
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Adolescent neural development of emotional attention was investi-
gated by few earlier cross-sectional studies. Regarding top-down re-
gions, some studies suggested a decrease across adolescence until young
adulthood in the prefrontal cortex (PFC) with higher activation in ad-
olescents versus adults for distracting emotional facial expressions while
evaluating features (nose width, gender; Deeley et al., 2008; Monk et al.,
2003). For the bottom-up region amygdala other studies showed an
inverted U-shaped trajectory for amygdala activation with higher acti-
vation in adolescents compared to children and/or adults (Guyer et al.,
2008; Hare et al., 2008). A more recent study showed that cognitive
control remains susceptible to negative emotional information into
young adulthood. Young adults continued to react specifically to nega-
tively valenced emotional information together with an ongoing
development of prefrontal circuitries (Cohen et al., 2016).

Longitudinal studies remain sparse and covered only related socio-
cognitive processes. One study did not find PFC changes but
increasing activity in early adolescence in the temporal pole (for passive
viewing of emotional faces; Pfeifer et al., 2011). Another study found a
linear increase across adolescence for inhibitory control in prefrontal
regions, while amygdala bottom-up processing decreased (Paulsen et al.,
2015). While the right IFG showed relative stability, age comparisons
revealed a decrease and the medial PFC showed a dip of activation in
mid-adolescence for social cognition (Overgaauw et al., 2015). For
inhibitory control, one study found a decrease in PFC activation in 123
participants including ages 9-26 years (Ordaz et al., 2013; antisaccade
task) while another one found a PFC increase with age in 290 partici-
pants from childhood to young adulthood including ages 7-23 years
(Cope et al., 2020; go/no-go task). Taken together, some previous lon-
gitudinal studies suggest changes in prefrontal top-down and in
bottom-up regions as the amygdala across adolescence. However,
emotional attention was not targeted in these studies and methodically,
they either had relatively small samples (about 30-50 participants) and
only two to three time points or used accelerated designs in larger co-
horts, reducing their ability to precisely model trajectories.

Therefore, it still remains open how top-down and bottom-up re-
sources in emotional attention continue to develop across adolescence,
especially when using a complete longitudinal design. Here, we
employed a well-classified emotional attention task (Pilhatsch et al.,
2014; Vetter et al., 2015, 2017, 2018), which presents a pair of
non-emotional abstract pictures and a pair of pictures containing either
negative, positive or neutral emotional scenes. Participants are asked to
indicate whether the pictures of one pair are the same, while ignoring
the other pair. Importantly, the emotional content of the pictures to
match or to ignore is irrelevant. Our previous analysis with 144 ado-
lescents from age 14-16 showed an increase of anterior cingulate cortex
and bilateral IFG activation while amygdala activation remained stable
(Vetter et al., 2015) for negative and positive versus neutral stimuli
across conditions. This might indicate an ongoing top-down maturation
in mid-adolescence when faced with emotional distractors. The amyg-
dala showed a higher activation for negative stimuli in another analysis
of this project in 164 fourteen-year-olds with a family history of
depression (Pilhatsch et al., 2014). In a related study, we found an
increased activation for negative stimuli in the left anterior insula
reaching into the IFG for adolescents with
attention-deficit-hyperactivity disorder (ADHD; Vetter et al., 2018).
Taken together, although we could characterize adolescent development
of emotional attention from age 14 until age 16, in risk factors and
developmental disorders, the extended neural development until young
adulthood is still unclear.

The current study sought to investigate the longitudinal develop-
ment of emotional attention covering age 14-22 in a large community-
based sample of 249 typically developing adolescents. We applied lon-
gitudinal flexible generalized additive mixed models (GAMM, Wood,
2004, 2006). Based on earlier studies (Deeley et al., 2008; Monk et al.,
2003; Paulsen et al., 2015) and our previous analyses, we aimed to
investigate development in prefrontal top-down regions and the
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bottom-up region amygdala (Guyer et al., 2008; Pilhatsch et al., 2014;
Vetter et al., 2015). Matching emotional, specifically negative stimuli
elicited stronger distraction for behavioral (slower reaction times for
negative versus neutral, indicating an attention capture effect) and
neural findings (as seen in parts of this data set: Pilhatsch et al., 2014;
Vetter et al., 2015, and other analyses: Vetter et al., 2018). For matching
abstract stimuli (completely ignoring emotional stimuli) there was no
attention capture effect, presumably caused by heightened difficulty of
comparing abstract, scrambled pictures (indicated by higher error
rates). Therefore, we considered matching abstract stimuli not suitable
for analysis and chose the matching emotional condition (matching
negative/ positive/ neutral trials) for our models. Since reliability is
especially important for longitudinal functional magnetic resonance
imaging (fMRI; Bennett and Miller, 2013; Elliott et al., 2020; Herting
et al., 2018) and given findings of parts of this data set (Vetter et al.,
2015, 2017), we sought to use reliable regions of interest (ROIs) and
conducted a reliability analysis first.

We expected error rates and reaction times to further decrease with
age (Vetter et al., 2015). We hypothesized that activation in reliable PFC
top-down control ROIs will continue to develop, i.e. increase with age
for emotional attention when matching emotional but not neutral pic-
tures, since there is evidence for increasing PFC activity during adoles-
cence (Crone and Dahl, 2012), also shown in our data from age 14-16
(Vetter et al., 2015). As a bottom-up process, we expected activation in
the amygdala to remain stable for emotional attention when matching
emotional and neutral pictures (Vetter et al., 2015).

2. Materials and methods
2.1. Participants

Data acquisition was part of the project “The adolescent brain” (for
more details see Ripke et al., 2012). The ethics committee of the Tech-
nische Universitat Dresden approved the study and it was performed
according to the Declaration of Helsinki. We recruited 260 adolescents
at baseline via school visits in the local area. Informed consent was
signed by participants and one of their legal guardians for participants
younger than 18 at each wave of data acquisition. Exclusion criteria
were a bipolar disorder, schizophrenia or major neuro-developmental
disorders such as autism, a premature birth, head trauma or a history
of several neurological or medical disorders. The sample stems from
rather well-educated households (as a proxy for socioeconomic status),
with around 60% of the parents having obtained a university or college
degree (see Table 1); 97% of the sample had a white European ethnicity.
A urine test assured no use of illicit drugs at the day of assessment.
Participants had normal or corrected to normal vision.

We invited participants to four scanning sessions at the age of 14, 16,
18, and 22 (see Supplement A for procedure of assessment). We had to
exclude some participants due to excessive head movements (>3 mm/
degrees per slice), low behavioral performance during the fMRI task, i.e.
more than 25% incorrect answers or mean reaction times (RT) higher
than 3 SDs from the mean of their age samples (see Table S1 for an
overview of exclusion reasons). 249 participants completed at least one
assessment.

See Table 1 for the participant characteristics of the total sample and
Fig. 1 for the sample distribution across the four waves including gender
and the longitudinal study design. Please note that some participants
could not be scanned before their 15th birthday, therefore, we assessed
them only from the second wave on. Due to this reason and due to
exclusion criteria (see Table S1 in the supplements) 202 participants
resulted at TP1.

2.2. Stimuli, design and procedure

The ACES task is a perceptual discrimination task on attention
related emotion processing based on Vuilleumier et al. (2001), on which
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Table 1
Participant characteristics (687 total scans).
Parameter TP 1 TP 2 TP 3 TP 4
(N =202) (N =187) (N =170) (N =128)
M (SD) M (SD) M (SD) M (SD)
Age in years 14.5 (0.3) 16.6 (0.4) 18.7 (0.6) 22.1 (0.7)
Age range 13.6-15 15.7-17.9 17.3-21.3 20.1-24.8
% (n) of females 50% (101) 50% (93) 48% (82) 49% (63)
State anxiety” 36.7 (6.4) 37.3(6.8) 36.2 (7.1) 33(5.8)
Trait anxiety” 36.5 (7.2) 37.1 (8) 36.4 (7.5) 34 (7.4)

Demographics - Data from the first wave is reported

1Q° 113.03 (10.86)
Handedness 181 right-
handers,
20 left-handers
1 bimanual
Maternal 3.67 (1.65)
education®

Paternal education* 3.52 (1.76)

Note: TP =Time point.

# We measured state and trait anxiety with the State Trait anxiety Inventory
(STAI Spielberger, 1983). For technical reasons, missings resulted in the STAT:
TPln=1,TP2n =34, TP3n=2, TP4n="5.

P General cognitive ability estimated with the subtests Similarities, Block
Design, Vocabulary, and Matrices from the Wechsler Intelligence Scale For
Children (WISC-1V, German adaptation; Petermann and Petermann, 2007);

¢ Questions about highest level of education from ESPAD (Hibell et al., 1997)
ranging from 1 = “Professional qualification, e.g. PhD” to 7 = “Did not attend
school or completed primary school education only”.

our group published four publications (Pilhatsch et al., 2014; Vetter
et al., 2015, 2017, 2018). Participants had to decide whether a pair of
visual target stimuli was equal while another pair was presented as a
distractor. In each trial a pair of non-emotional pictures and a pair of
pictures from one of three emotional categories (negative, positive,
neutral) taken from the International Affective Picture System (IAPS;
Lang et al., 2005) was shown. The selection of IAPS stimuli was balanced
with respect to normed emotional valence and arousal ratings (see
Supplement of Vetter et al., 2015: https://bit.ly/3rggS7V). We created
non-emotional abstract control pictures by shredding the chosen IAPS
pictures beyond recognition using picture manipulation software (www.
gimp.org). Because the development of emotion recognition in facial
stimuli (Vetter et al., 2013, 2014) might interfere with the development
of emotional attention targeted here, we used emotional scenes rather
than faces. We arranged one pair horizontally and the other vertically
around a fixation cross (Fig. 2). Participants had to attend to the hori-
zontal or vertical pair for a given trial as indicated by a task cue (dou-
ble-arrow) and report whether the two items of the pair were the same
(which was the case in 50%).

In half of the trials participants had to match emotional pictures
(matching emotional) and in the other half shredded pictures (matching
abstract, ignoring emotional). Positioning of IAPS or shredded pairs was
random. Altogether, there were six different trial types: Matching
emotional (negative, positive, neutral) while ignoring abstract
(shredded control stimuli) and ignoring emotional (negative, positive,
neutral) while matching abstract (shredded control stimuli). The
matching emotional and matching abstract conditions were presented
counterbalanced. In total, there were twenty trials per condition,
pseudo-randomly interleaved by jittered inter-stimulus intervals. One
trial consisted of the following phases: After a task cue (1 s), two picture
pairs were shown for 1 s on the next screen. During the presentation of
the picture screen and the following 1.5 s, the participant responded via
button press (maximum time to answer 2.5 s). After the picture screen
jittered inter-stimulus intervals were employed (mean: 5000 ms, range:
3000-7000 ms) presenting a fixation cross. Dependent on the reaction
time the jitter was flexibly adapted resulting in a mean trial length of
seven seconds. The functional run lasted about 14 min and included 120
trials. Behavioral data were collected by ResponseGrips
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(©ONordicNeuroLab) with a button on a grip in each hand. The presen-
tation of the task and the recording of the behavioral responses was
conducted with Presentation® software (version 11.1, Neurobehavioral
Systems, Inc., Albany, CA). Inside the scanner, participants practiced the
task prior to the scanning session with stimuli not used in the experi-
ment. In our analyses, we focused on trials with negative pictures. As
performance measures, we extracted RT and percentage of errors
computed as proportion of incorrect and missed trials relative to total of
matching negative, positive, or neutral trials (N = 20 each).

2.3. Functional imaging

2.3.1. Image acquisition

Scanning was performed with a 3 T whole-body MR tomograph
(Magnetom TRIO, Siemens, Erlangen, Germany) with a 12-channel head
coil during the first two time points and a 32-channel head coil during
the last two time points (with an additional scanner software update
from VB 15 to VB 17a). The following sequence parameters were used
for each of the acquisition waves. For functional imaging a standard
Echo Planar Imaging (EPI) sequence was used (repetition time, TR/ echo
time, TE: 2410/25 ms; flip angle: 80°). FMRI scans contained 42 trans-
versal slices, tilted up 30° clockwise from the anterior commissur-
e—posterior commissure line. Voxel size was 3x3x3mm (thickness of
2 mm with 1 mm gap, field of view (FOV) of 192x192 mm, in-plane
resolution of 64 x 64 pixels). Furthermore, a 3D T1-weighted magne-
tization-prepared rapid gradient echo (MPRAGE) image data set was
acquired (TR/TE = 1900/2.26 ms, FOV = 256x256 mm, 176 slices,
1x1x1mm voxel size, flip angle = 9°). During functional imaging the
task images were presented via a head-coil-mounted display system
based on LCD technology (NordicNeuroLab AS, Bergen, Norway).

2.4. Analysis of fMRI data

2.4.1. Preprocessing

We preprocessed and statistically analyzed functional images using
SPM5 (Wellcome Department of Imaging Neuroscience, London, UK).
First, functional images were slice-time corrected by using the middle
slice as reference and then realigned to the first image by 6-degree rigid
spatial transformation. Scans were spatially normalized to the standard
space defined by the Montreal Neurological Institute (MNI) EPI template
and smoothed with a Gaussian kernel of 8 mm at full-width half
maximum.

2.4.2. Statistical analysis

2.4.2.1. First-level analysis. We computed in the first-level analysis,
within a general linear model (GLM) a fixed effects analysis for each
participant within each voxel of the brain. The different conditions
(attention and emotional valence) were modeled as six regressors of
interest (matching (1) negative, (2) positive and (3) neutral, as well as
matching abstract while ignoring (4) negative, (5) positive, and (6)
neutral). These regressors of interest were modeled at the point as stick
functions convolved with a canonical hemodynamic response function.
Trials with missing or wrong responses were modeled as a separate re-
gressor, integrated as a covariate of no interest. Thus, only correct an-
swers were analyzed. Controlling for movement parameters, the six
subject-specific movement regressors (three rotation and three trans-
lation parameters), derived from the rigid-body realignment, were also
included as covariates of no interest. Each regressor of this within-
subject GLM served as a regressor in a multiple regression analysis. A
high-pass filter with a cut-off of 128 s was used to remove low frequency
physiological noise (Henson, 2006). Moreover, an AR(1) model was
applied for the residual temporal autocorrelation (Henson, 2006).

2.4.2.2. Reliability analyses. We continued with an exploratory
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(N =249)

Participants

Age (years)

Wave + 1 B 2 & 3 A 4 Sex — Female ---- Male

Fig. 1. Sample distribution across the four waves including sex.

fixation (jitter)

Button press:

pictures equal + o

negative targets (n) 3-7sec

Y
Cue: target = - \ 1sec

horizontal or \
M

vertical

Decision phase: equal pictures?

negative neutral positive

Fig. 2. Example trial for the matching emotional condition. See Fig. S1 for the ignoring emotion condition.

1sec

Time

(Frohner et al., 2019; https://github.com/nkroemer/reliability) to
compute voxel-wise intraclass coefficients between the acquisition
waves (ICC; Shrout and Fleiss, 1979) using the ICC(3,1) as in our

reliability analysis using data of the 81 participants who completed all
four waves to follow up on our previous paper and the important issue of
reliability (Vetter et al., 2015, 2017). We used the fmreli toolbox
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previous reliability analyses (Vetter et al., 2017). We computed the
average ICC across all age comparisons and set the threshold to at least
moderately reliable voxels (ICC>0.4). We chose a moderate threshold
given that intraindividual changes and interindividual variability in
those might limit the upper bound of ICC values. In addition, we used the
split-half feature of fmreli to compare longitudinal reliability with reli-
ability within one session (Frohner et al., 2019).

We first analyzed reliability of matching emotional versus neutral
stimuli as this was the focus of our previous analyses (Vetter et al., 2015,
2017, 2018). On the whole-brain level in our current n = 81 sample this
contrast elicited activation in the superior frontal gyrus (overlapping
with the anatomical IFG), the middle and posterior cingulate gyrus and
the inferior occipital gyrus. Since there were no reliable voxels > 0.4 in
the contrast matching emotional versus neutral for longitudinal as well
as split-half reliability, we considered the contrast as not suitable for an
analysis of individual differences (see https://neurovault.org/collec-
tions/LKPJWWEA/ and supplementary Tables S5 and S6).

We therefore focused on the contrast all stimuli (negative/positive/
neutral) versus implsuppicit baseline, which elicits broad whole-brain
activiation. We decided to include neutral stimuli to show the devel-
opment in longitudinal models also for neutral stimuli. In terms of
longitudinal reliability, we found moderately reliable voxels in a bilat-
eral frontal cluster among other occipital and temporal clusters (Fig. 3;
and for ICC and main-effect maps see our repository https://neurovault.
org/collections/LKPJWWEA/). The bilateral frontal cluster covers
medial frontal regions overlapping with the anatomical IFG in the WFU-
PickAtl<as with the Talairach Daemon (TD) Brodman atlas (Lancaster
et al., 2000; Maldjian et al., 2003, 2004). In our previous analysis, we
found increasing IFG activity from age 14-16 and interpreted this as
increasing top-down control (Vetter et al., 2015). Therefore, we chose
the bilateral reliable cluster, which partly included the bilateral
anatomical IFG as ROIs (left IFGreli, right IFGreli). Please note that
split-half reliabilities for this contrast were high (see https://neurovault.
org/collections/LKPJWWEA/ and Table S4). We decided to use longi-
tudinal reliability and the moderate threshold, because we were inter-
ested to find a reliable marker of individual change in top-down control,
which can further be associated with other variables of interest.

We aimed at investigating the interplay of top-down and bottom-up
regions in longitudinal adolescent development. The amygdala as a
bottom-up region also plays an important role for the task (see activation
for matching negative stimuli) and its activation for negative stimuli
might serve as a potential neural marker for psychopathology in family
history of depression (Pilhatsch et al., 2014) or ADHD (Vetter et al.,
2018). Similar to our previous publications (Pilhatsch et al., 2014;
Vetter et al., 2015, 2018), we defined the amygdala as a left and right
anatomical ROI with the WFU-pickatlas using the TD Atlas.

However, it has to be noted, that the reliability analyses did not show

left IFGreli

right IFGreli

Fig. 3. Reliable IFG ROIs (left and right IFGreli) for the “all stimuli (negative,
positive, neutral) versus implicit baseline” contrast exceeding a threshold of an
average ICC across all comparisons > 0.4. The IFGreli ROIs overlap with the
anatomical IFG of the WFU-PickAtlas with the Talairach Daemon (TD) Brodman
atlas (blue).
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any voxels in the amygdala with an ICC above 0.4 and thus the results
have to be interpreted with caution (See Supplement C for reliability
values). We extracted percent signal change from the bilateral IFGreli
and amygdala ROIs using rfxplot (Glascher, 2009).

2.4.2.3. GAMM analyses depicting age trajectories. GAMM fit a combi-
nation of unknown basis smooth functions of predictor variables to best
predict the outcome variable. GAMM allow the inclusion of participants
with missing data, i.e. the whole sample with n = 249 participants. We
used GAMM to characterize behavioral and fMRI trajectories. Thus, we
report GAMM with age as predictor and the following outcome vari-
ables: percentage of errors, RT, signal from the left and right IFGreli
ROIs as top-down activation and signal from the left and right amygdala
ROIs as bottom-up activation. We used the emotional conditions
(negative versus implicit baseline, positive versus implicit baseline) and
as a contrasting condition also neutral versus implicit baseline. As
GAMMs do not require a priori knowledge about the inherent form of the
data, they flexibly allow for different shapes of nonlinear growth. We
used R version 3.6.1 with the mgcv package version 1.8-33 (Wood,
2004, 2006) and the packages itsadug version 2.3 and ggplot2 version
3.3.2 for visualization of smooth curves. The k parameters, which
specify the number of basis smooth functions to build the curves and
thus influence potential over-fitting, were set to four following results
from k.check (mgcv package) analyses of the models. All models
included a random intercept per participant and shrinkage versions of
cubic regression splines as smooth terms.

Additionally, we computed difference scores for each outcome var-
iable for participants with data at age 14 and 22 (N = 104). To char-
acterize the difference as decreasing, stable or increasing, we computed
individual SD over all measurements per emotional valence and aver-
aged them. The average SDs were: 1) for the left IFGreli: SD= 0.09 for
negative, SD= 0.08 each for positive and neutral stimuli 2) for the right
IFGreli: SD= 0.08 for negative, SD= 0.07 for positive and SD = 0.08 for
neutral stimuli 3) for the left amygdala SD= 0.14 for negative, SD= 0.13
each for positive and neutral stimuli 4) for the right amygdala: SD= 0.13
for negative, SD= 0.12 each for positive and neutral stimuli. Differences
with an absolute value lower than 1 average SD were categorized as
stable (following the approach of Narvacan et al., 2017). Accordingly,
we categorized significant differences greater than + 1 mean SD as de-
or increasing.

2.5. Behavioral analysis

2.5.1. Reliability: ICC analysis

With SPSS for Windows (version 18) we computed intraclass co-
efficients between the acquisition waves using the ICC(3,1) (ICC; Shrout
and Fleiss, 1979) for RT and percentage of errors for matching stimuli
(negative, positive, neutral) for the n = 81 of the whole data set. In
addition, we computed ICCs of difference scores (negtaive or positive
minus neutral) for RTs and percentrage of errors.

2.5.2. Individual trajectories: GAMM analyses

Similarly as for imaging data, we report GAMM with age as predictor
and the outcome variables percentage of errors and RT for matching
negative, positive and neutral stimuli for all 249 participants including
those with missing data. Additionally, we computed difference scores for
each outcome variable for participants with data at age 14 and 22
(n=104). To characterize the difference as decreasing, stable or
increasing, we computed individual SD over all measurements per
emotional valence and averaged them. Differences with an absolute
value lower than the average SD were categorized as stable (following
the approach of Narvacan et al., 2017). The average SDs were: 1) for RT:
SD= 43.55 for negative, SD= 43.4 for positive and SD = 38.83 for
neutral stimuli 2) for percentage of errors: SD= 0.04 each for negative,
positive and neutral stimuli. Differences with an absolute value lower
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than 1 average SD were categorized as stable (following the approach of

Narvacan et al., 2017). Accordingly, we categorized significant differ-
ences greater than + 1 mean SD as de- or increasing.

3. Results
3.1. Behavioral results

3.1.1. Reliability: ICC analysis

RTs were moderately reliable for attending negative (average ICC
across comparisons = 0.47), positive (ICC = 0.45), and neutral (ICC =
0.47) stimuli. Percentage of errors showed poor reliability for attending
negative (ICC = 0.21), positive (ICC = 0.2), and neutral (ICC = 0.2)
stimuli (for values of matching abstract stimuli see supplement D). Re-
liabilities of difference scores for percentage of errors were even lower
(matching negative minus neutral: ICC = 0.14, matching positive minus
neutral: ICC = 0.12). In addition, ICCs for RT differences for matching
negative or positive minus neutral stimuli could not be estimated due to
negative covariances. For ANOVAs please see supplement B “Behavioral
data (ANOVAS) for the n = 202 sample and the n = 81 sample”.

3.1.2. Individual trajectories: GAMM analyses

3.1.2.1. Reaction times. Individual trajectories show that reaction times
decreased over time (see Fig. 4 and Table 2 for a summary of GAMM
results). On the individual level from age 14-22 (see Fig. 4), the ma-
jority, around 2/3rd (66.3% for negative, 65.4% each for positive and
neutral) of the participants showed decreasing RT, while RT remained
stable for around a third (30.8% for negative, 31.7% for positive, 32.7
for neutral) and increased for only a low percentage under 5% (2.9%
each for negative and positive, 4.8% for neutral), (for values of matching
abstract stimuli see supplement E).

3.1.2.2. Percentage of errors. Individual trajectories show that the per-
centage of errors decreased over time (see Fig. 5 and Table 2 for a
summary of GAMM results). On the individual level from age 14-22 (see
Fig. 5), the majority, around 2/3rd (58.7% for negative, 63.5% for
positive, and 70.2% for neutral) of the participants showed stable per-
centage of errors, while percentage of errors decreased for around a
third (31.7% for negative, 29.8% for positive, 26% for neutral) and
increased for only a low percentage under 10% (9.6% for negative, 6.7%

1000
w
£
£
qé Matching emotional
= 800 . — Negative
5 ; — Positive
Z = Neutral
©
(0]
(4

600

14 16 18 20 22 24
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Table 2
Summary of GAMM results for matching emotional stimuli.
edf Ref.df F p

Percentage of errors
Negative 1.57 3 12.18 < 0.001
Positive 1.64 3 11.14 < 0.001
Neutral 1.80 3 17.67 < 0.001
Reaction times
Negative 2.04 3 51.34 < 0.001
Positive 2.13 3 59.84 < 0.001
Neutral 2.09 3 56.07 < 0.001
IFGreli left
Negative 1.93 3 7.08 < 0.001
Positive 1.98 3 11.74 < 0.001
Neutral 1.51 3 2.45 .009
IFGreli right
Negative 1.60 3 2.165 .017
Positive 0.80 3 0.65 .105
Neutral 1.43 3 0.88 153
Amygdala left
Negative 1.74 3 1.63 .055
Positive 2.04 3 4.02 .002
Neutral 1.39 3 0.77 182
Amygdala right
Negative 1.75 3 1.53 .066
Positive 241 3 6.69 < 0.001
Neutral 5.95e %7 3 0 .651

Note: IFG = inferior frontal gyrus. The values refer to the smooth including age S
(age).

for positive, 3.8% for neutral), (for values of matching abstract stimuli
see supplement E).

3.2. Imaging results

3.2.1. Individual trajectories: GAMM analyses inferior frontal gyrus

On average, the signal in the left and right IFGreli increased over
time (see Figs. 6 and 7 and Table 2). On the individual level from age
14-22 (see Figs. 6 and 7), the signal for attending negative, neutral or
positive decreased for a low amount, in around 1/5th of participants
(negative left: 13.6%, right: 20.2%; neutral left: 19.2%, right: 20.2%;
positive left: 8.7%, right: 21.2%). For the left IFGreli 39.8% remained
stable and 46.6% showed an increase for attending negative; 46.2%
remained stable while 34.6% showed an increase for attending neutral.
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Fig. 4. Developmental trajectories and change-scores for reaction times. Left: GAMMs, confidence interval: 95%, one dot representing one participant. Right:
Histograms of differences from age 14-22 of 104 participants that completed measurements at age 14 and 22 (see methods). We categorized significant differences
greater than + 1 mean SD (see methods) as de- or increasing. To increase visibility of single dots, we slightly jittered their position for percentage errors (position.

jitter function of ggplot).
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confidence interval: 95%, one dot representing one participant. Right: Histograms of difference in PSC from age 14-22 of 104 participants that completed mea-
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For attending positive in the left IFGreli 40.4% remained stable and 51%
showed an increase. For the right IFGreli 42.3% remained stable while
37.5% showed an increase for attending negative. For attending positive
in the right IFGreli 47.1% remained stable and 31.71% showed an in-
crease and for attending neutral 59.6% remained stable and 20.2%
increased. For values of matching abstract stimuli see supplement E.

3.2.2. Individual trajectories: GAMM analyses amygdala

Of note, the left and the right amygdala ROI showed an average ICC
lower than 0.3 and results have to be dealt with caution (see Table S2).
On average, the signal in the left and right amygdala did not change for
neutral stimuli (see Figs. 8, 9 and Table 2) but changed for attending
positive stimuli (with a p < .001 for the right and p = .002 for the left
amygdala). The trajectory for positive stimuli seemed to decrease
slightly until about age 18 and then increased until age 24. Although a
similar trajectory seems to result for negative stimuli, the trajectory
change was only significant at trend (left:.005 and right:.066). On the
individual level, around 50% of the participants remained stable

(negative left 48.1%, negative right: 49.5%; positive left 51%, positive
right: 48.1%; neutral left 56.7%, neutral right: 47.6%), around 30%
showed an increase from age 14-22, except for left neutral left with only
22.1% (negative left 28.8%, negative right: 29.1%; positive left 30.8%,
positive right: 36.5%; neutral right: 29.1%) and overall only around
20% decreased: (negative left 23.1%, negative right: 21.4%; positive left
18.3%, positive right: 15.4%; neutral left: 21.2%, neutral right: 23.3%).
For values of matching abstract stimuli see supplement E.

4. Discussion

This longitudinal study investigated for the first time adolescent
development of neural bottom-up and top-down processes underlying
emotional attention when matching emotional stimuli from age 14-22
in a large sample of n=249 participants with up to four time points in a
complete longitudinal design. The task is to match the two pictures
irrespective of emotional valence. Thus, the emotional content of the
pictures is working as a distractor here. Behavioral results indicate an
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Fig. 8. Developmental trajectories and change scores for percent signal changes (PSC) in the left anatomical Amygdala ROI. Left: GAMMs of PSCs, confidence
interval: 95%, one dot representing one participant. Right: Histograms of difference in PSC from age 14-22 of 104 participants that completed measurements at age
14 and 22 (see methods). We categorized significant differences greater than + 1 mean SD (see methods) as de- or increasing.

expected improvement of performance (i.e. decreasing RT and per-
centage of errors) from age 14-22 for all conditions including matching
negative, positive and neutral.

Partly confirming our hypothesis, for top-down processing, we found
an increase for emotional but also for neutral stimuli in the left reliable
IFG and only for negative stimuli for the right reliable IFG. In line with
our hypothesis, for bottom-up activation, we found a relative stability
for negative and neutral stimuli in the bilateral amygdala. In contrast,
unexpectedly, we found an increase starting in the twenties for positive
stimuli in the bilateral amygdala.

4.1. Behavioral development

Behaviorally, RT GAMM trajectories showed a decrease for
emotional attention, which was reflected by two third of the participants
decreasing in individual difference scores. Still, there was some inter-
individual variance in difference scores: around one third of partici-
pants did not show an improvement in RT. For percentage of errors, we

also found an overall decreasing trajectory in GAMMs. Here, larger
inter-individual variance in difference scores arose: only one third also
decreased and about two third of the participants showed a stable in-
dividual difference score, presumably due to lower variance in differ-
ence scores. Overall, the behavioral longitudinal improvement shown in
GAMNMs for both RT and percentage of errors is in line with a previous
analysis of this task from age 14-16 (Vetter et al., 2015) and studies of
adolescent emotional attention (Cohen-Gilbert and Thomas, 2013;
Grose-Fifer et al., 2013). Interestingly, at age 18 and 22 participants
made more errors when matching negative versus neutral and at age 22
also positive versus neutral pictures (see Figure S3 in the supplements),
which was not seen at ages 14 or 16. For negative stimuli this mirrors the
attention capture effect in RT (see Figure S2 in the supplements).

4.2. Neural development

4.2.1. Inferior frontal gyrus
We found an increasing GAMM trajectory in the left reliable IFG ROI
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for matching negative, positive and neutral stimuli from age 14-22,
which is reflected by 35-51% of participants having an increasing in-
dividual difference score. We also found this GAMM increase in the right
reliable IFG but only for negative stimuli corresponding to 38% of in-
dividual difference scores. Of note, there was substantial inter-
individual variability in individual difference scores, i.e. not all partic-
ipants show this increase, which is in accordance with inter-individual
differences in anatomical prefrontal maturation (Mills et al., 2021).
Current findings thus demonstrate a significant neural development
between 14 and 22 years in cognitive control of emotions (Cromheeke
and Mueller, 2014) but also neutral stimuli (in the left IFG) by an
increased activation of top-down regions. This is partly consistent with
our previous results (Vetter et al., 2015). From a broader perspective,
adolescent top-down control seems to increase according to previous
cross-sectional studies (Deeley et al., 2008; Monk et al., 2003) and
longitudinal findings in reward tasks (Paulsen et al., 2015) or inhibitory
control (Cope et al., 2020). However, there have been contradictory
findings in longitudinal studies with PFC decreases or no PFC changes
(Ordaz et al., 2013; Overgaauw et al., 2015; Pfeifer et al., 2011). Com-
parisons with these studies are difficult due to either the small samples
(n = 38), different age rages (e.g. 10-13 years), tasks (theory of mind
task, passive viewing of emotional faces, antisaccade task) or prefrontal
clusters. Clearly, more longitudinal studies are required. Overall, the
increased top-down control is in accordance with ongoing anatomical
prefrontal maturation across adolescence (Gogtay et al., 2004; Tamnes
et al., 2017). It is also in line with the imbalance model of adolescent
brain development that posits an ongoing maturation in the PFC within
hierarchical circuit-based changes underlying emotion regulation and
extending into the 20 s (Casey et al., 2019). Beyond adolescence, also
early adulthood is a sensitive phase for processing emotional cues (Bos
et al., 2020; Casey et al., 2019).

4.2.2. Amygdala

Importantly, the mean reliability across time points for amygdala
activation was poor (mean ICC right/left=0.21/0.29, see Table S2).
Therefore trajectories have to be interpreted cautiously with this back-
ground. For the amygdala we found a relative stability for neutral and
negative stimuli (although significant at trend-level), while at about age
22 there was an increase for positive stimuli. There were substantial
inter-individual differences with about 50% of participant showing
stability and 22-30% an increase, while around 20% decreased. The
increasing trajectory of amygdala activation for positive stimuli (and at

trend for negative) at about age 22 is a nice addition to a previous
longitudinal study (Pfeifer et al., 2011) that found an increase in right
amygdala activation from age 10-13 for sad faces. This age span, how-
ever, was not included in our study. In contrast to our findings are a
previous longitudinal (Paulsen et al., 2015) and two previous
cross-sectional studies (Guyer et al., 2008; Hare et al., 2008). A ventral
amygdala decrease from age 10-22 was found in a reward task for loss
trials (Paulsen et al., 2015). The two cross-sectional studies indicated
heightened amygdala activation for negative stimuli or stimuli with
different valences in adolescents compared to children and/or adults,
suggesting an inverted U-shaped function (Guyer et al., 2008; Hare
et al., 2008) or a continued decrease from childhood across adolescence
for negative scenes (Decety et al., 2012). The amygdala seems to be
important for our task since it is activated specifically for negative
emotional stimuli and sensitive for (emerging) psychopathology (Pil-
hatsch et al., 2014; Vetter et al., 2018). However, the developmental
trajectory for negative stimuli did not change significantly, only at-trend
level. In contrast, the trajectory increased for positive stimuli at about
age 22. This is surprising, given previous findings of an enhanced
amygdala activity in adolescents versus adults during encoding of pos-
itive IAPS pictures (Vasa et al., 2011) and a behavioral positivity bias in
older adults (Carstensen and Mikels, 2005). The enhanced amygdala
activation at young adulthood is partly in line with the behavioral re-
sults of more errors for positive versus neutral stimuli at age 22 (see
Figure S3 in the supplements). Future longitudinal studies that investi-
gate emotional attention of positive, negative and neutral stimuli both
behaviorally and in fMRI might shed more light on this finding.

Taken together, our behavioral findings regarding error rates and the
neural findings in the PFC and amygdala point towards a continued
sensitivity in young adulthood to negative and positive emotional in-
formation together with an ongoing prefrontal and amygdala develop-
ment. Similarly, a recent study found that cognitive control remains
influenced by negative emotional information into young adulthood as
prefrontal circuitries continue to develop (Cohen et al., 2016).

4.3. Methodical aspect: reliability

Current findings on reliability extend our previous reliability anal-
ysis on age 14-16 (Vetter et al., 2017) with more time points and
demonstrate behavioral as well as fMRI whole brain and ROI-specific
reliability across adolescence into young adulthood for an emotional
attention task. The mean behavioral reliability across all four time points
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was poor (percentage of errors) to fair (RT) with even lower behavioral
reliability for difference scores, in accordance with our analysis from age
14-16 (Vetter et al., 2017). Regarding fMRI, we could not use the initial
difference contrast (Vetter et al., 2015) due to low reliability. This low
reliability might be due to the expected ongoing behavioral develop-
ment across adolescence. However, the contrast matching positive and
matching negative versus neutral pictures had also low split-half re-
liabilities. Recent work demonstrated lower reliability of difference
contrasts both in behavioral (Hedge et al., 2018) as well as in fMRI data
(Elliott et al., 2020; Infantolino et al., 2018), also specificially in
adolescent fMRI (Baranger et al., 2021). Infantolino et al. (2018)
conclude that the low reliability in difference contrasts results of too
much shared variance respectively too less unique variance for the single
conditions. Thus, substracting leaves almost pure error variance which is
uncorrelated between measurements and therefore unreliable per defi-
nition (Infantolino et al., 2018). For the final single contrasts ‘matching
negative/positive/neutral minus implicit baseline’, the mean reliability
across all four time points in the IFG was at least above fair in accor-
dance with our previous study (Vetter et al., 2017). This amount of IFG
reliability is also in line with an adult (Gee et al., 2015) and an
adolescent study on emotional processing (Overgaauw et al., 2015). The
latter found IFG activation at baseline correlated with activation 2 years
later indicating some degree of reliability (Overgaauw et al., 2015).
Further, the overall amount of reliability is similar as in a recent
meta-analysis of reliability in short time intervals in adults (Elliott et al.,
2020) and other adolescent studies examining the PFC (Baranger et al.,
2021; Koolschijn et al., 2011; Ordaz et al., 2013; van den Bulk et al.,
2013). The mean reliability across all four time points for amygdala
activation was poor with an ICC of 0.2 (see supplement C) which is in
accordance with an adolescent study (van den Bulk et al., 2013) and
adult emotion studies (Gee et al., 2015; Johnstone et al., 2005; Plichta
et al., 2012).

4.4. Limitations

The current study has several strengths such as the four time points
and the many total scans as well as the complete longitudinal design. As
one limitation, we used a liberal ‘fair’ threshold for defining reliable
clusters and the amygdala ROIs even did not pass this threshold. Future
studies might test reliability within short time intervals in adults first
before applying paradigms to developing age groups in longitudinal
designs (Herting et al., 2018). An overall limitation of the current task is
that matching abstract stimuli did not induce the expected attention
capture effect, therefore our group developed an alternative task
(Marxen et al., 2021). The unexpected findings, especially of the late
increase in amygdala activation might be driven by participants > 20
years that contain fewer data sets. Our conclusions are limited to a
specific age range of mid-adolescence until young adulthood. Future
studies could cover the full spectrum of development such that the
trajectories of top-down and bottom-up resources can be characterized
from childhood to adulthood.

5. Conclusion

To conclude, top-down control seems to improve from age 14-22 as
indicated by improving performance during a perceptual discrimination
task on emotional attention. Additionally, participants showed an in-
crease in IFG activity, indicating again the recruitment of cognitive
control resources. An increase of amygdala activity at about age 22 for
positive stimuli points towards a rather stable bottom-up system during
adolescence and a later change in adulthood for positive stimuli,
whereby the low reliability has to be considered. The study emphasizes
the role of reliability for longitudinal fMRI studies and offers a relatively
novel approach for the identification of ROIs. Results might help to
better characterize healthy in contrast to dysfunctional development
since these networks play a critical role in the manifestation of affective
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disorders. For future research on adolescent bottom-up and top-down
development that target the current brain development models 1)
there should be more longitudinal studies ideally using complete lon-
gitudinal designs; 2) reliability of the task and ROIs should be tested
beforehand; 3) the development across late childhood to young (or mid-)
adulthood should be targeted at with large samples; 4) connectivity of
the top-down and bottom-up networks could be focused; and 5) the
potential different top-down/bottom-up development depending on
specific cognitive-emotional processes (using different emotion, reward
or cognitive tasks) could be aimed at.
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