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Abstract

Objective: We created normative growth charts of amygdala functional connectivity in typically
developing youth and assessed age-associated deviations of these trajectories in psychosis
spectrum youth, and explored how these disruptions are related to clinical symptomatology.

Methods: Resting state functional neuroimaging data from four samples (3 cross-sectional, 1
longitudinal) was collected on 1062 participants (typically developing controls=622, psychosis
spectrum=194, other psychopathology=246, ages 10-25 years). We assessed deviations in youth
with psychosis spectrum and other psychopathology in age-related changes in resting state fMRI
(rsfMRI) amygdala to whole brain connectivity from a normative range derived from control
youth. We explored relationship between age-associated deviations in amygdala connectivity and
positive symptoms in the patient group.

Results: Normative trajectories demonstrated significant age-related decreases in centromedial
amygdala connectivity with the rest of the brain. In contrast, psychosis spectrum youth failed to
exhibit any significant age-associated changes between the centromedial amygdala and prefrontal
cortices, striatum, occipital cortex, and thalamus (all g<.1). Age associated deviations in
centromedial amygdala-striatum and centromedial amygdala-occipital connectivity were unique to
psychosis spectrum youth and not observed in those with other psychopathology. Exploratory
analyses revealed that greater age-related deviation in centromedial amygdala-thalamus
connectivity was associated with increased severity of positive symptoms (/=0.19, p=0.01, ¢=0.05)
in psychosis spectrum youth.

Conclusion: Using neurodevelopmental growth charts to identify a lack of normative
development of amygdala connectivity in psychosis spectrum youth may help us better understand
the neural basis of affective impairments in psychosis, informing prediction models and
interventions.
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Introduction

Affective dysfunction is a prominent feature of psychosis. Affective deficits are present prior
to the onset of the full-blown illness (1, 2) and severity contributes to improved prediction of
psychosis in high-risk samples (3, 4). Psychosis often develops during the transition from
adolescence to adulthood, a time when significant specialization and strengthening in
cognitive control of affective processes occurs (5). Additionally, adults with psychosis
consistently exhibit structural and functional alterations in the amygdala (6-12), a brain
structure that plays a key role in affective processes. Connectivity between the amygdala and
brain regions supporting multiple cognitive and emotional functions undergo significant
changes through adolescence (13-15). Thus, how amygdala connectivity is
neurodevelopmentally affected in psychosis is critical to understanding the neural basis of
affective impairment in psychosis.

We recently reported that two nuclei in the amygdala, the centromedial (CM) and basolateral
(BL) amygdalae, exhibit differential developmental trajectories, with the majority of typical
developmental decreases occurring between the CM amygdala and other brain regions (13).
Here, we extend these findings by combining different developmental data sources to form a
large dataset and construct a normative template of age related changes to be used as a
growth chart for the development of amygdala connectivity. Growth charts, typically used as
references for early identification of atypical development for metrics such a weight and
head circumference (16), have recently been extended to assess how psychiatric disorders
are related to deviations from normative development (17, 18). Multisite sample
characterization of typical development of amygdala connectivity will provide a template to
then assess abnormal development of brain function in those with psychosis spectrum. A
growing body of literature has used resting state functional magnetic resonance imaging to
identify amygdala connectivity disruptions in adults with psychosis (7, 19-21) and
individuals with psychosis are impaired in social-cognitive processes that continue to
develop during adolescence (18, 22-24). Thus, characterizing age-associated deviations in
amygdala connectivity can inform affective dysregulation in psychosis and how it may
underlie the development of psychotic symptoms and/or disruptions in social cognitive
processes.

Importantly, unique neurodevelopmental trajectories of amygdala connectivity may
distinguish psychosis spectrum disorders from other forms of psychopathology. Multiple
social cognitive processes that involve the amygdala, including facial affect recognition,
emotion regulation and theory of mind, are more impaired in schizophrenia compared to
individuals with other psychiatric disorders, providing behavioral support for a differential
deficit (25-27). Distinct patterns of amygdala-prefrontal connectivity differentiate
individuals with psychosis from those without a psychosis history (19, 21). However,
disruption of age-associated amygdala trajectories and their specificity to psychosis
spectrum disorders has not been examined. Understanding the timing of disruption in
psychasis in comparison to other psychopathology may help us identify individuals who are
at greater risk for developing the disorder.
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As such, the goals of this study were to 1) identify the strongest age-associated changes in
CM and BL amygdala connectivity in typically developing youth across multiple samples, 2)
characterize deviations from normative amygdala connectivity trajectories in psychosis, 3)
determine the specificity of these abnormalities by comparing age-associated amygdala
connectivity of youth with other psychopathologies, and 4) test if age-associated deviations
in amygdala connectivity are related to psychotic symptoms and/or emotion recognition. We
hypothesized that 1) consistent with our previous research, strongest age-associated
decreases would be observed in CM amygdala connectivity in typically developing youth
(13); 2) psychosis spectrum youth would fail to show age-associated decreases in CM
amygdala-prefrontal connectivity, given that increased amygdala-prefrontal connectivity has
previously been associated with psychosis (19, 21); and 3) distinct patterns of age-associated
amygdala-prefrontal connectivity would differentiate psychosis spectrum youth from youth
with other psychopathologies. Finally, we tested the exploratory hypothesis that age-
associated deviations in amygdala connectivity would be associated with positive symptoms
and emotion recognition performance.

Participants

The final neuroimaging data set consisted of 1062 10-25 year olds (typically developing
controls=622, psychosis spectrum=194, other psychopathology=246) from four different
samples. Three data sets were acquired at the University of Pittsburgh (Luna 1, Luna 2, Pitt)
and one data set was acquired at the University of Pennsylvania (PNC, (28, 29). Participant
information is presented in Table 1. Luna 1 was a longitudinal sample and the other three
samples were cross-sectional. Details on participant recruitment and inclusion/exclusion
criteria are in the Supplemental Text and Figure S1.

Clinical Measures

PNC

Positive and negative symptoms were measured by summing the relevant SIPS/PS-R
responses (O=definitely disagree, 1=somewhat disagree, 2=slightly disagree, 3=not sure,
4=slightly agree, 5=somewhat agree, 6=definitely agree). Table S1 reports included
questions.

MR Data Acquisition

For all samples, data were acquired using a Siemens 3 Tesla Tim Trio. Resting state data was
collected using an echo-planar sequence sensitive to BOLD contrast (T,*). A magnetization-
prepared rapid gradient-echo sequence (MPRAGE) was acquired to measure brain structure
and for alignment of the rsfMRI images. Table S2 includes all scan instructions and
parameters.

rsfMRI Processing

Supplemental Text reports details of rsfMRI data processing.
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Statistical Analyses

rsfMRI First Level Statistical Analyses

We conducted voxelwise regressions on processed data using AFNI’s 3dDeconvolve with
the average of each amygdala subregion ROl (CM, BL) time series as the seed. AFNI’s
3dREMLFIT program was applied to correct for temporal autocorrelation between voxels.
These analyses resulted in voxelwise subject-level maps of Pearson correlations (7) between
the average amygdala subregion ROI time course and each voxel’s time course. R-values
were then normalized using Fisher r-to-z transformation.

Voxelwise Developmental Changes in Amygdala Subregion Connectivity

We used the 3dLME program in AFNI to examine voxelwise, developmental effects of age
for each amygdala subregion in typically developing youth. 3dLME is a group analysis
program in AFNI that computes linear mixed-models (31). Subject was included as a
random effect, which allows us to model and account for the non-independence of data
(multiple visits) in the longitudinal cohort (Luna 1,(32)). Age, sex, and site were included as
fixed effects. Linear, inverse, and quadratic forms of age were examined. Results were
corrected for multiple comparisons using a combination of cluster size and voxel probability,
with parameters determined through a Monte Carlo simulation using AFNI’s 3dClustSim
program (Supplemental Text for details).This implementation is the most current, stringent
procedure recommended by the AFNI developers to prevent against obtaining false positive
clusters of connectivity (33, 34).

For clusters where significant results obtained across multiple forms of age (linear, inverse,
quadratic), we determined a conjunction cluster and extracted out the cluster’s mean ROI for
each individual. We re-ran the above mixed effects models with linear, inverse, and quadratic
forms of age on this data. The lowest combination of AIC and BIC was considered to be the
best-fitting model.

To ensure that motion artifacts did not drive our results, we extracted out the mean ROl from
the significant clusters, and re-ran the linear mixed effects models, and included average
framewise displacement (FD) as an additional fixed effect. We also re-ran developmental
analyses on subsets of “low motion” subjects: removing participants with average FD in
upper 25t percentile (>0.17).

Disruption of age-associated amygdala connectivity in psychosis

To determine disruption of amygdala developmental connectivity changes in psychosis
spectrum youth, we extracted out mean ROIs for clusters that exhibited significant
developmental changes in typically developing youth and ran a linear mixed-model with
each connectivity measure as the dependent variable. Fixed effects included an interaction
term between age (inverse form, and group (control, psychosis spectrum), as well as the
main effects of both variables. Subject was included as a random effect. Site, gender, and FD
were included as fixed effects. False-discovery rate was used to correct for multiple
comparisons (35). To determine the specificity of age-related deviations in psychosis
spectrum youth in any clusters that exhibited significant age by group deviations, we added
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the other psychopathology group to the model and re-ran it. All significant interaction terms
were further examined with the simple slopes of each group using least-squares means
(/smeans, (36)).

To explore whether there were any age-related alterations in psychosis and/or youth with
other psychopathology that were not observed in the above analysis, we used 3dLME to run
the above interaction model using a voxelwise approach (p<.001, cluster-wise p=0.05, 30
continuous voxels).

Relationships between age-associated deviations in amygdala connectivity, and positive

symptoms

Results

We took a two-step, developmentally-informed approach to examine relationships between
amygdala connectivity and psychotic symptoms. In regions that we observed significant age-
related alterations in psychosis, we first conducted analyses to characterize the extent to
which age-associated deviations from normal development—independent of the
directionality of the connectivity differences—were associated with psychotic symptoms.
Using the model of best fit for developmental changes observed for amygdala connectivity
in the typically developing youth, we predicted what the expected “normative” amygdala
connectivity value would be for psychosis spectrum youth (Figure 2A). We then subtracted
the predicted value from the actual amygdala connectivity value for each individual and took
the absolute value of this score (Figure 2B). This created an amygdala connectivity
maturation deviation score, a method that has been previously used to identify deviations
from normative growth in brain connectivity metrics (17). We ran Pearson correlations
between the amygdala brain maturation deviation score and positive symptoms in the
psychosis spectrum youth. FDR was used to correct for multiple comparisons (g<.1).

In a post-hoc analysis, we wanted to determine the direction of any identified relationships
and focus our analyses on the discrete developmental periods in which there were significant
differences in amygdala connectivity between psychosis spectrum and controls (Table S5).
After regressing out the effects of age, gender and motion covariates on the connectivity
measure of interest, we conducted Pearson correlation analyses with the connectivity value
and positive symptoms the during developmental period that was significantly different
between psychosis spectrum and controls. We also conducted Pearson correlation between
the connectivity value and positive symptoms in the developmental period in which
amygdala connectivity values were not statistically different from each other.

Typical age-associated development of amygdala subregion connectivity

Developmental effects were observed for functionl connectivity between the CM amygdala
and 19 clusters (Table 2, Figure S2). These clusters included the following bilateral brain
regions: posterior cingulate, insula, parahippocampal cortex, and precentral gyrus/frontal eye
fields. Significant clusters were also observed for the left ventrolateral prefrontal cortex, left
caudate, left dorsolateral prefrontal cortex, right thalamus, and right postcentral gyrus. We
observed age-related decreases in connectivity strength between the CM amygdala and all
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clusters, with children exhibiting positive CM amygdala connectivity (mean = 0.19 at 10
years old) and adults exhibited near zero levels of connectivity (mean = 0.04 at 25 years
old).

Developmental effects were also observed for functional connectivity between the BL
amygdala and one cluster, which encompassed the left uncus (Table 2). In this case, children
exhibited positive CM amygdala connectivity (mean = 0.27 at 10 years old), while adults
exhibited positive connectivity as well, albeit to a lesser extent (mean = 0.17 at 25 years
old).

For all significant clusters, the inverse form of age was the best fit. All developmental effects
remained significant when motion covariates (average FD) and MRI software version were
included in the model and when high motion subjects were excluded from the analysis
(Tables S3-4). Strikingly, age-associated changes were consistent across sites (Figure S3).

We also confirmed that site effects were appropriately accounted for by including the
measure as a covariate. After regressing out the effects of site in each region, we then plotted
the residuals (Figure S4). Because the residuals all clustered around zero, this provides
evidence that we were able to effectively account for site in our model. Furthermore, when
we conducted a mixed model linear regression to compare residuals between sites, there
were no significant differences between sites for any of the ROIs (all [2=0, p=1), further
solidifying evidence that ROI values were similar across sites once site was included in the
model.

Age-associated disruptions in amygdala connectivity in psychosis spectrum youth

After correcting for multiple comparisons, significant age-associated deviations (inverse
age*group interactions) were observed in the psychosis spectrum group for connectivity in
the CM amygdala and five clusters in the following brain regions: L ventrolateral prefrontal
cortex, L putamen, L caudate, R middle occipital gyrus, and R thalamus (Figure 1A). In all
clusters, slope comparison analyses revealed that controls exhibited significant age-related
decreases with increasing age, while psychosis spectrum youth failed to exhibit significant
age-associated changes (Table S5). Pairwise contrasts revealed that during late childhood, in
comparison to typically developing youth, psychosis spectrum exhibited significantly lower
connectivity in the following pairs: CM amygdala-ventrolateral prefrontal, CM amygdala-
putamen, and CM amygdala-caudate. In adulthood, psychosis spectrum youth exhibited
higher connectivity in comparison to typically developing controls in CM amygdala-
ventrolateral prefrontal cortex connectivity, CM amygdala-putamen connectivity, and CM
amygdala-occipital cortex connectivity. These results are illustrated in Fig 1A, reflecting a
lack of developmental decreases in psychosis emerging from underconnectivity in
childhood. For specific time periods in which group differences were observed, please see
Table S5. All significant age*group interactions remained when psychiatric medication
status was included as a covariate. Amount of variance explained by the full model, the
inverse age by group interactions, and the main effects of inverse age and group are reported
in Table S7.
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Similar to controls, psychosis spectrum youth exhibited a decline in CM amygdala
connectivity with increases in age for clusters with the following regions: posterior
cingulate, precentral, postcentral, and parahippocampal cortex (Figure 1B).

Specificity of age-associated disruptions in amygdala connectivity in psychosis spectrum

youth

When youth with other psychopathology were added to the model, all five models
maintained the significant inverse age*group interactions (Table S6). Like controls, youth
with other psychopathology showed typical significant age-related decreases with increasing
age in connectivity between CM amygdala in three regions: putamen, caudate, and occipital
cortex (Figures S5 and S6, Table S7). However, like psychosis spectrum youth, the other
psychopathology group failed to show age-associated changes in CM amygdala-ventrolateral
prefrontal cortex connectivity, and CM amygdala-thalamus connectivity, though there were
no significant inverse age by group interactions between typically developing and other
psychopathology youth (v>0.07). Furthermore, the other psychopathology group and
typically developing youth did not differ in amygdala connectivity levels at any point in
development (Table S7). As seen in Figure S5, connectivity CM amygdala-VLPFC and CM
amygdala-thalamus, the developmental trajectories for the other psychopathology youth fell
in between the trajectories of the typically developing and psychasis spectrum youth. In
comparison to the other psychopathology group, psychosis spectrum youth exhibited
reduced connectivity during late childhood and early adolescence in the following
connectivity pairs: CM amygdala-putamen and CM amygdala-occipital cortex (Figure 2).

Confirmatory analyses revealed that there were no significant interactions between 1)
inverse age*group*gender, 3) inverse agegroup*site, 4) gender*group, or 5) group*site in
psychosis spectrum and typically developing youth in these regions. Exploratory, voxelwise
analyses of age*group interactions failed to find any other significant clusters.

Age-associated deviation in CM amygdala-thalamus connectivity is associated with
increased positive symptoms

After calculating brain maturation deviation scores, we found that greater age-related
deviation in CM amygdala-thalamus connectivity was associated with greater positive
symptom severity in psychosis spectrum youth (r=0.19, p=0.01, ¢=0.05, Figure 2). Post hoc
analyses revealed that increased severity of grandiose ideas (/=0.31, p=6-e05) and
hallucinations (r=0.23, p=0.003) were related to CM amygdala-thalamus age-associated
deviation, but not unusual thought content (=0.08, p=0.32). This relationship was not
present in the other psychopathology group (CM amygdala-thalamus: /=—-0.02, p=0.89).
This relationship was not observed between the CM amygdala-thalamus brain maturation
deviation score and negative (/=0.02, p=0.8), depression (r=-0.06, p=0.42), or mania (=
-0.01, p=0.93) symptoms.

We next characterized where in the developmental trajectory amygdala connectivity related
to positive symptoms. During late childhood and early adolescence, lower amygdala-
thalamus connectivity was associated with greater positive symptoms (r=-0.27, p=0.01,
g=0.05).
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Discussion

We examined age-associated disruptions in amygdala functional connectivity in psychosis
spectrum youth and explored how alterations in neurodevelopmental connectivity may be
related to psychotic symptoms. First, we developed normative amygdala connectivity growth
charts in typically developing youth and confirmed that strongest age-associated changes
occur between centromedial (CM) amygdala and connectivity and multiple brain regions,
with decreases in connectivity occurring as age increased, confirming our previous results
(37). Then, we showed that psychosis spectrum youth failed to show typical age-associated
decreases between CM amygdala connectivity and four distinct brain regions: the striatum,
thalamus, ventrolateral prefrontal, and occipital cortex. Age-associated alterations in CM
amygdala-putamen connectivity and CM amygdala-occipital cortex conenctivity were
unique to psychosis spectrum youth, as youth with other psychopathology did not exhibit
these age-associated deviations. Exploratory analyses revealed that greater age-related
deviations in CM amygdala-thalamus functional maturation were associated with greater
positive symptoms in psychosis spectrum youth. Our results provide a novel view of
developmental alterations in functional connectivity in psychosis spectrum, implicating
alterations during discrete developmental windows within neural circuits implicated in a
wide array of cognitive and emotional processes.

Developmental Alterations in CM Amygdala Connectivity in Psychosis Spectrum Youth

In line with our previous findings, significant typical developmental function connectivity
decreases occurred between the CM amygdala connectivity and multiple brain regions (13).
These results are consistent with previous developmental neuroimaging rsfMRI studies
reporting subcortical-cortical connectivity decreases into adulthood (38-41). In comparison
to typically developing youth, psychosis spectrum youth exhibited reduced connectivity
between the CM amygdala and the ventrolateral prefrontal cortex, striatum, thalamus, and
occipital cortex, during late childhood and early adolescence with a lack of normative
decreases from adolescence to adulthood. These findings suggest that either there is an
accelerated developmental decrease in amygdala connectivity in psychosis preceding the
normative timetable or that the earlier age of onset reflects deterioration of this circuitry as is
evident later in adulthood. Normatively, decreases in connectivity can be seen as a period of
specialization that occurs at a critical time when higher-level systems are becoming
established to form adult trajectories. The lack of a marker of specialization through
adolescence could reflect impairments in optimal specialization that could contribute to
abnormal processing of executive affective information processing in psychosis.

Many of the regions that exhibited disrupted age-associated amygdala connectivity in
psychosis spectrum youth are related to perception and salience (e.g., thalamus, striatum,
and occipital cortex (45-52)). A primary function of the amygdala is to determine what is
salient in one’s environment and facilitate learning for these items (53-55). Projections of
the amygdala to the thalamus are thought to modulate attentional orientation and arousal,
broadly speaking (56). Projections of the amygdala to visual cortex is known to enhance
sensitivity, discrimination, and subjective vividness of perceived stimuli (57). Finally,
projections of the amygdala to the striatum are thought to provide an interface between the
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amygdala and dopamine systems, which are known to regulate motivation, learning, and
behavioral activation (58). Thus, abnormal connectivity of the amygdala with the thalamus,
visual cortex, and striatum could reflect processes that result in the misattribution of salience
to stimuli in psychosis as well as a facilitation of learning associations about threat-related
items. Critically, this type of aberrant salience processing may provide the foundation for
higher-order features of positive symptoms, such as delusions (59).

Connections between the CM amygdala and lateral prefrontal regions also exhibited a
disruption in age associated changes in psychosis spectrum youth. During late childhood and
early adolescence, psychosis spectrum youth exhibited reduced amygdala-VLPFC
connectivity; however, during adulthood psychosis spectrum had increased connectivity
between these two regions. Amygdala-VLPFC connectivity is necessary during the
reappraisal phase of regulating one’s emotions (60-64) and how these two structures interact
during emotion regulation changes during adolescent development (65). Indeed,
impairments in lateral prefrontal-mediated circuitry are related to emotional deficits
typically observed in psychosis (66-68) and age-associated amygdala-VLPFC functional
connectivity alterations during an affective labeling task have been observed in youth at
clinical high risk for developing psychosis (69). Thus, CM amygdala-VLPFC age-associated
disruptions may underlie the emotional dysregulation that often precedes and predicts
increased psychotic symptomatology (70-72). Experience sampling studies show that adults
with schizophrenia report more intense negative emotions and greater social stress than
healthy controls (73-75). Heightened amygdala-VLPFC connectivity in adults experiencing
psychosis spectrum symptoms that we observed may reflect underlying biological
vulnerability to psychosis onset, which interacts with these environmental stressors. Future
studies integrating experience-sampling methods (76) with neuroimaging in youth at high
risk for developing psychosis are necessary to test this hypothesis.

We also observed a unique, altered age-associated pattern of CM amygdala-DLPFC
connectivity in psychosis spectrum youth compared to typically developing youth. During
late childhood and early adolescence, psychosis spectrum youth exhibited increased CM
amygdala-DLPFC coupling compared to typically developing youth. This group difference
was no longer present in adulthood, with both typically developing and psychosis spectrum
youth exhibiting similar levels of connectivity. Previously, in adults with schizophrenia,
absent or reduced amygdala-DLPFC functional connectivity has been observed during
emotional distraction during a working memory task (77) and at rest (7, 21). Our
developmentally-sensitive results of increased CM amygdala-DLPFC connectivity in
psychosis spectrum youth during late childhood and early adolescence contrast with these
findings and highlight the importance of examining how one’s developmental stage may
affect the directionality and interpretation of brain connectivity (78). Reduced GABA levels
are consistently observed in the prefrontal cortex in schizophrenia. While GABAergic
deficits have not been identified in the amygdala in schizophrenia, the majority of neurons
projecting from the CM amygdala are GABAergic (79). These generate down-regulation of
GABA interneuron activity in the prefrontal cortex and amygdala, resulting in a lack of
inhibition, which may be responsible for the increased connectivity observed between the

Am J Psychiatry. Author manuscript; available in PMC 2020 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jalbrzikowski et al.

Page 10

amygdala and DLPFC during late childhood and early adolescence in psychosis spectrum
youth.

In summary, we identified developmentally sensitive alterations in cortico-limbic and
intralimbic rsfMRI connectivity in psychosis spectrum youth. These neurodevelopmental
alterations provide support for multiple theories associated with schizophrenia and
complement the building body of literature showing that which shows progressive
maturational disturbances in those who go on to develop psychosis (80-83).”

Specificity of Age-Associated Amygdala Connectivity Alterations to Psychosis Spectrum

Two amygdala connectivity age-associated alterations were distinct to psychosis spectrum
youth. In comparison to both the typically developing and other psychopathology group,
psychosis spectrum youth exhibited reduced connectivity during late childhood and early
adolescence in the following connectivity pairs: CM amygdala-putamen and CM amygdala-
occipital cortex. Though psychotic symptoms rarely separate clinical samples into discrete
groups, our results suggest that these brain abnormalities are unique to psychosis spectrum
youth, and in the future, could potentially differentiate psychotic disorders from other
psychiatric disorders. Alternatively, in other amygdala connectivity measures, the other
psychopathology developmental trajectories fell in between typically developing and
psychosis spectrum youth. These findings suggest that there is a less severe neurobiological
impact on other psychopathology youth in these connectivity metrics.

Amygdala-Thalamus Brain Maturation Deviations & Positive Symptoms

The growth charting methods employed in this study establish a novel connection between
deviations from amygdala-thalamus connectivity development and increased positive
symptom severity. In our exploratory analyses, we found that deviation from the normative
trajectory of neurodevelopment is relevant to positive symptoms. Though this relationship
was statistically significant after multiple comparisons (¢g<.1), it is a small effect and should
be replicated in future studies. These findings, along with others (17, 18, 78), highlight the
importance of examining the role that (dys)maturation patterns play in the development of
psychiatric disorders. While small effect sizes may not indicate a direct intervention, it is
important to identify these deviations to fully characterizing the pathophysiology of
psychosis risk

Use of “Big Data” to Create Neurodevelopmental Growth Charts

This study also represents a proof of principle approach for merging multiple rsfMRI data
sets to inform normative developmental trajectories and identify aberrant trajectories in
psychosis spectrum youth. Despite the samples having multiple sites, protocols, and
recruitment methods, the age-associated changes were remarkably consistent across the
different samples of typically developing youth (Figure S3) and including sample as a
covariate effectively removed any site differences (Figure S4). In conjunction with recent
work (10, 17, 92-94), these results support using publicly available data to assess
developmental changes in brain function and relevance to psychiatric disorders. Given that
age-associated changes can be small albeit significant, an approach that takes advantage of
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large sample size will be necessary for identifying distinct periods of development in which
there are disruptions related to psychiatric disorders or symptoms.

We are limited by the fact that there was only cross-sectional data available for psychosis
spectrum youth. Thus, the neurodevelopmental trajectories in psychosis spectrum do not
reflect within person change but rather cross-sectional associations with age. Our cross-
sectional sample cannot definitively show if our results are due to altered development or
abnormalities due to time of onset of psychosis. Thus, Longitudinal studies of psychosis
spectrum youth, with multiple visits per individual, can extend our understanding of
psychosis by identifying how the shape and rate of maturation of subject-specific
developmental trajectories in psychosis spectrum youth diverge, converge, or remain stable
in comparison typical development (95-97). Furthermore, many developmental changes that
occur during adolescence are non-linear and these patterns are most accurately captured with
longitudinal analyses (98). Additionally, the presence of psychotic symptoms are dynamic
and change over time (99, 100), these changes need to be taken into account when
characterizing neurodevelopmental change. Recently, using novel time-varying analytic
approaches (101, 102), we found that connectivity measures were differentially related to
individual differences in anxiety and depression at different points in adolescent
development (13). A similar approach could be applied to longitudinal neuroimaging and
psychotic symptom data, to identify particular periods of development in which psychic
symptoms are linked to rsfMRI connectivity metrics.

Finally, while we are fairly confident that we were able to appropriately account for site in
our analyses (Figure S4), we observed a statistically significant effect of site in many of the
ROIs (Table S4). Despite all scans being performed on the same scanner model, there were
still differences in task instructions, MRI resolution, and length of scan. Site effects may
have obscured our ability to identify smaller developmental changes in normative amygdala
connectivity developmental trajectories. It is also possible that we failed to identify more
subtle age-related deviations in amygdala connectivity between psychosis spectrum and
typically developing youth due to site effects. Recently, methodology from genetics has been
used for to harmonize structural MRI data across sites (103, 104); modifying and applying
this method to resting state connectivity data is a logical next step. Despite these site
differences, we still see a significant interaction between group and age; these findings
suggest that multi-site neuroimaging datasets will be important for understanding how
biomarkers may be sensitive or specific to developmental stage.

Conclusions

Taken together our results provide compelling novel evidence for developmental disruptions
of age-associated trajectories of amygdala connectivity in psychosis specific to circuitry
underlying salience and cognitive control of affect. Importantly, this disruption appears early
in development with evidence for a subsequent lack of normative refinement. In the future,
we hope to build upon these finding and examine how metrics of affective brain
dysmaturation may serve as predictors for identification of youth at risk for developing
psychosis and other severe psychiatric disorders and/or impairments in functioning. In
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dition, our approach adds to the relevance of using Big Data to establish a growth chart to

discern impairment and its potential to inform clinical trajectories.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

A. In comparison to typically developing youth (blue), psychosis spectrum youth (red)
exhibited significant deviations from typical centromedial amygdala connectivity
development in the following regions: ventrolateral prefrontal cortex, thalamus, dorsolateral
prefrontal cortex, caudate, putamen, and middle occipital gyrus. B. Psychosis spectrum and
typically developing youth exhibit similar patterns of developmental decreases between the
centromedial connectivity and the parahippocampal cortex, frontal eye fields, posterior
cingulate, precentral, and postcentral cortices.
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Figure 2.
For visualization purposes of inverse age x group interactions of centromedial (CM)

amygdala connectivity, we calculated least squared means for amygdala connectivity values
at ages 10, 18, and 25 years for typically developing youth (blue), psychosis spectrum youth
(red), and youth with other psychopathology (grey). A) In comparison to typically
developing youth, psychosis spectrum youth exhibited reduced CM amygdala-ventrolateral
prefrontal connectivity during late childhood/early adolescence, and increased connectivity
during adulthood. B) In comparison to typically developing youth, psychosis spectrum youth
exhibited increased CM amygdala-dorsolateral prefrontal connectivity during late childhood/
early adolescence. C) In comparison to typically developing youth, psychosis spectrum
youth exhibited reduced CM amygdala-thalamus connectivity during late childhood/early
adolescence. D) In comparison to typically developing youth and youth with other
psychopathology, psychosis spectrum youth exhibited reduced CM amygdala-putamen
connectivity during late childhood/early adolescence. Psychosis spectrum youth exhibited
greater connectivity between these two regions during adulthood. E) A similar pattern of
developmental disruption was observed between CM amygdala-caudate connectivity. F)
Psychosis spectrum youth exhibited reduced CM amygdala-occipital cortex connectivity
when compared to typically developing youth and youth with other psychopathology.
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Figure 3.
Age-associated brain maturation deviation scores were calculated by A) determining the

developmental line of best fit for amygdala connectivity in typically developing youth, B)
subtracting a psychosis spectrum youth’s individual score from the line of best fit, and
taking the absolute value of this measure, and calculating Pearson correlations between the
brain maturation deviation scores. C) Greater deviations from centromedial amygdala-
thalamus connectivity are associated with increased positive symptoms in psychosis
spectrum youth.
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