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−.17) were attenuated at trend level when controlling for 
outlier effects. Together, findings indicate that those indi-
viduals with lowest amygdala-OFC connectivity exhib-
ited the most severe symptoms as measured via BPRS. 
Lending validity to this observation, there was no signifi-
cant relationship between severity of all other (nonschizo-
phrenia related) BPRS symptoms and amygdala-OFC 
connectivity. Also, post hoc exploratory positive symptom 
analyses revealed significant relationships with amygdala-
OFC connectivity for the conceptual disorganization (r = 
−.36, P < .005) and unusual thought content (r = −.33, 
P < .01) items (surviving Bonferroni correction), but not 
suspiciousness or hallucinatory behavior.

Discussion

The principal finding revealed reductions in amygdala-
OFC connectivity for the EC-SCZ and C-SCZ groups, but 
not HR subjects. Further, the extent to which amygdala-
OFC connectivity was decreased correlated with symp-
tom severity, particularly conceptual disorganization (ie, 
disturbances in the organization of thought), and unusual 
thought content. These cross-sectional data suggest that 
emergence of psychosis may reflect the development of a 
disturbance in amygdala functional connectivity with the 
OFC. Moreover, symptom severity was associated with 
the magnitude of this connectivity alteration, possibly 
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Fig. 4.  Unthresholded whole-brain amygdala functional connectivity patterns across groups. We highlight amygdala connectivity at the 
whole-brain level for (a) healthy comparison subjects (HCS; N = 96); (b) chronic schizophrenia patients (C-SCZ; N = 20); (c) early-
course schizophrenia patients (EC-SCZ; N = 28); and (d) High-risk subjects (HR; N = 21). The purpose of this unthresholded analysis 
was to facilitate visual inspection of normative amygdala connectivity patterns relative to connectivity patterns across the 2 patient 
groups and HR individuals. This allows qualitative visualization of orbitofrontal cortex (OFC) connectivity reductions across clinical 
groups (blue arrows). These patterns further support the hypothesis that there exists a reduction in amygdala-OFC connectivity for 
C-SCZ and EC-SCZ groups, relative to HCS. Importantly, HCS showed robust positive amygdala-OFC connectivity consistent with 
primate anatomy studies22 (see panel a).
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Fig. 5.  Relationship between amygdala connectivity and age across samples. Given that age is a key between-group difference variable 
across the 4 examined samples, we conducted a follow-up validity check analysis to ensure that age is not significantly related to any of 
the main between-group effects. Here, we show the relationship between age across all participants and amygdala-orbitofrontal cortex 
(OFC) (a) and amygdala-brainstem connectivity (b). There was no significant relationship between age and reported connectivity 
effects for the OFC region (OFC: r = .07, P = .37, n.s., nonsignificant). However, across all subjects (N = 165), there was a modest, but 
significant relationship between amygdala-brainstem connectivity and age (brainstem: r = −.19, P < .02, 2 tailed). Nonetheless, as evident 
from the plot, the HR group (yellow) was shifted to the right (increased connectivity) relative to all other groups (lower right quadrant 
of plot b), suggesting specifically elevated amygdala-brainstem connectivity. Moreover, age, when used as a covariate, did not alter the 
between-group ANOVA F-test. Nonetheless, we conducted an additional age-matched follow-up analysis to ensure that brain maturity 
was not a confounding variable for the brainstem effect (see figure 6). Groups: C-SCZ, chronic schizophrenia; EC-SCZ, early-course 
schizophrenia; HCS, healthy comparison subjects; HR, high risk.
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suggesting a state-dependent alteration. We also found 
increased amygdala-brainstem coupling, around the LC, 
especially for HR subjects. Therefore, in HR individuals, 
there appears to be particularly increased connectivity 
along a circuit implicated in stress response (ie, amygdala-
brainstem), a factor implicated in risk for psychiatric 
disorders.20

Amygdala-Orbitofrontal Connectivity Is Altered in 
Chronic and Early-Course Patients

The schizophrenia literature widely implicates the prefron-
tal cortex as a source of circuit dysfunction and functional 
impairment in schizophrenia.48 Indeed, there is evidence 
from structural diffusion tensor imaging studies in schizo-
phrenia that loss of structural integrity in prefrontal 
pathways may impair the regulation of limbic regions.49,50 
Additional studies identify amygdala as a source of local 
circuit impairment in schizophrenia.18,51–53 Importantly, 
the current study did not identify a distributed global 

impairment of amygdala functional connectivity in schizo-
phrenia across widespread cortical regions, as one may 
have predicted if amygdalar function with distributed cor-
tical systems was grossly abnormal. Therefore, the current 
data suggest that the primary abnormality in symptomatic 
patients may occur in amygdala-OFC connectivity, in line 
with meta-analyses suggesting possible subtle alterations in 
amygdala activation in schizophrenia.7,54 Our findings are 
also consistent with prior amygdala connectivity studies 
in C-SCZ patients,14 studies comparing patients and their 
unaffected parents,13 as well as investigations comparing 
bipolar illness to schizophrenia.28 All of these recent investi-
gations reported alterations in amygdala-prefrontal circuits. 
Yet, to our knowledge, this is the first investigation to show 
similar patterns of disturbances in amygdala-OFC cou-
pling during early course and more chronic illness phases.

This study also raises the question of why amygdala-
OFC functional connectivity is so different for HR sub-
jects (who are at risk for developing schizophrenia or 
possibly other psychiatric conditions) and the EC-SCZ 

Brainstem Functional Connectivity for HR Subjects vs. Age/Demographically-matched HCS
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Fig. 6.  Brainstem region functional connectivity for high-risk subjects (HR) vs age- and demographically matched healthy comparison 
subjects (HCS). Given the somewhat unexpected amygdala-brainstem connectivity finding, driven by the HR group, we compared 
connectivity patterns for the identified brainstem region between HR subjects and a subset of age- and demographically matched 
HCS. This was especially important given concerns that this finding may be related to brain maturation (rather than a risk factor for 
developing schizophrenia or psychiatric illness more broadly). This follow-up analysis was also important to better understand other 
possible circuits involved in elevated amygdala-brainstem connectivity patterns found for the HR group. Therefore, we identified a 
subset of HCS matched to the HR group across all demographic variables, but most importantly age (mean = 19.95, SD = 4.58). (a and 
b) We computed an independent samples t-test between the HR group and the age-matched HCS using the identified brainstem region 
as a seed. Type I error corrected results revealed elevated amygdala connectivity in the HR group, given that this is a partially circular 
analysis (red arrows). However, the analysis also revealed reduced connectivity between the brainstem region and frontoparietal cortical 
regions for HR subjects relative to age-matched HCS. This analysis is partially circular and should be interpreted as qualitative to better 
understand the source of the amygdala-brainstem connectivity alterations in the HR group. That is, we identified the brainstem region 
with the between-group F-test (figure 2), which we used here to compare HR subjects relative to a specific subgroup of age-matched 
controls. Independence concerns notwithstanding, this post hoc analysis revealed prefrontal clusters that may contribute to altered 
amygdala-brainstem coupling pattern identified for the HR group. Perhaps most importantly, this age-matched follow-up analysis 
provides a further validity check, showing that age alone did not drive the reported amygdala-brainstem effects in the HR group.
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subjects (who have recently transitioned to overt illness). 
One possibility is that subjects in the HR group will 
never develop schizophrenia or any psychiatric illness. 
Alternatively, a percentage of HR individuals may prog-
ress to schizophrenia55,56 or may transition to other psy-
chiatric disorders.57 Thus, it is possible that within the HR 
group, there is a subset of individuals who would show a 
connectivity pattern more similar to that of the EC-SCZ 
group eventually. A corollary of this hypothesis is that the 
subgroup that may convert to schizophrenia would simi-
larly show progressive changes in amygdala functional 
connectivity, in line with the findings in the EC-SCZ/C-
SCZ groups. Prospective longitudinal studies examining 
prodromal samples are needed to address this hypothesis.

The data also suggest that the connectivity changes 
scale with symptom severity rather than with other 
dimensions explored in this study, as the findings did not 
change when adjusted for age, sex, medication status, and 
socioeconomic status. Further, exploratory analyses show 
that the relationships held strongly for unusual thought 
content and conceptual disorganization. The absence of 
differences between the EC-SCZ and C-SCZ groups in 
this study suggests that this dimension of amygdala con-
nectivity dysfunction may not exhibit markedly progres-
sive alterations. Nevertheless, illness progression may be 
captured by other features of distributed cortical func-
tional connectivity,58 not examined here.

It is also important to briefly acknowledge some simi-
larities and differences between a recent focused amyg-
dala study comparing schizophrenia and bipolar illness 
conducted by Liu and colleagues.28 Liu and colleagues 
studied different amygdala subdivisions (ie, laterobasal 
and centromedial vs superficial amygdala) and found 
that patients with schizophrenia showed lower connectiv-
ity with medial prefrontal cortical areas that were some-
what superior from the ones reported here. Segmenting 
the amygdala into specific subregions may have produced 
a different and perhaps more complex pattern of find-
ings, given the known differences in functional connectiv-
ity across the subnuclei.25 Moreover, the samples differed 
between these 2 experiments, resulting in possible hetero-
geneity. Finally, present effects were driven by 2 clinical 
groups (early-course and chronic patients, N = 48 sub-
jects), nearly 3 times the sample size reported by Liu and 
colleagues. In that sense, it may be possible that differ-
ences in the size and composition of the samples as well 
as the design of the present study resulted in more specific 
power to detect OFC alterations in schizophrenia.

Amygdala-Brainstem Connectivity Is Increased in HR 
Individuals

This study identified a somewhat unexpected, but distinc-
tive pattern of increased amygdala connectivity in the HR 
group in a circuit implicated in the stress response.59–61 The 
finding of prominently increased amygdala-brainstem 

functional connectivity for the HR group is consistent with 
the well-known interplay of these regions in stress response, 
which could be altered in HR subjects.61 Put simply, the 
limbic-brainstem circuitry may be altered in individuals at 
increased risk for developing any psychiatric illness.

The present investigation did not evaluate LC func-
tion directly and is, thus, limited to specifically inform 
our understanding of the functional significance of this 
observation. However, these brainstem nuclei are the pri-
mary location of noradrenergic innervation for the cor-
tex.61 Moreover, limbic system and noradrenergic input 
have been implicated in cortical signal processing related 
to attention, salience, and anxiety.62–68 Critically, the LC 
is also known to densely project to the amygdala59,60 and 
is innervated by the central nucleus of the amygdala.69–72 
One possibility is that the marked increase in amygdala-
brainstem coupling for the HR group reflects an elevated 
response to stressful stimuli (or a potentially compromised 
regulation of the stress response pathways more broadly). 
Also, a number of studies have found that stimulating the 
LC induces elevated anxiety.62–68 Prior work postulated that 
such increases in anxiety and/or stress may reflect the LC 
potentiation of excitatory pathways onto the amygdala.61 
It was also demonstrated that cells in the central nucleus 
of the amygdala containing corticotrophin-releasing fac-
tor may in turn stimulate LC activity in response to stress,73 
providing one mechanism for how stressful stimuli could 
potentiate this circuit. This circuit could be compromised 
in HR individuals (for a detailed review of LC projections 
and functional anatomy, see Samuels and Szabadi61). Thus, 
the distinctive enhancement of connectivity between these 
nodes of arousal and stress response in HR individuals 
may contribute to or reflect the exquisite stress sensitiv-
ity of individuals at this period of psychiatric vulnerabil-
ity.74 However, we did not assess elevated anxiety and/
or stress-vulnerability while prescreening the HR group. 
Therefore, studies with more detailed measures of stress-
related symptoms will be critical to address these hypoth-
eses. Another compelling possibility is that elevations in 
limbic-brainstem circuit connectivity is associated with the 
stress burden the HR individuals face while living with a 
parent suffering from severe mental illness (although the 
same may be true for some subjects in the EC-SCZ group; 
however, we did not have access to this information). Also, 
presumably some of the EC-SCZ patients may have been 
themselves at HR just a few years ago. This implies that the 
elevated amygdalar-brainstem coupling may decrease after 
a psychotic break or alter due to other factors—longitudi-
nal studies are needed to fully address this issue.

Limitations

The biggest limitation of this study is that it is a cross-
sectional rather than a longitudinal study design, where 
we cannot differentiate HR individuals along the progres-
sion of illness. While our study provides compelling clues, 
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focused longitudinal investigations building on these 
observations could fully address the chronicity issue. We 
collected only a single symptom severity measure (BPRS), 
which was not optimized to capture the complexity of 
schizophrenia symptoms. Therefore, symptom analyses 
should be treated as provisional and await prospective 
replication using detailed symptom severity measures. 
As with all resting-state approaches, present findings are 
correlational, and thus it is unclear whether changes in 
connectivity reflect the cause or the consequence of the 
illness. This relates to the prior point: We did not find 
amygdala-prefrontal alterations in HR subjects. The 
present study did not include a prodromal population (ie, 
while prodromal symptoms were not exclusionary, the 
HR group did not formally meet criteria for prodrome). 
Therefore, it is difficult to determine whether the OFC 
finding would exhibit a “graded” severity index, especially 
as the EC-SCZ group was quite symptomatic. Examining 
a prodromal population will be important to determine 
if  observed alterations in amygdala-prefrontal coupling 
become apparent only when the full-blown illness mani-
fests or if  they appear in less symptomatic individuals.

Although our analyses help rule out age effects, repli-
cation studies need to ensure independence of brainstem 
region selection75 to circumvent circularity (which applies 
to our brainstem post hoc analyses). Also, the amygdala 
subnuclei show distinct functional connectivity in healthy 
adults. With our spatial resolution, we cannot reliably 
isolate amygdala subnuclei, which calls for optimized 
studies to carry out such finer-grained analyses. Another 
limitation is the lack of measurement of emotional state/
trait characteristics, which would have aided interpreta-
tion of limbic effects. We acknowledge that history of 
nicotine/alcohol use may affect present effects to a cer-
tain extent. Here, we included subjects with nicotine/alco-
hol use history to provide a representative sample. Also, 
imaging the orbitofrontal region is problematic because 
of field inhomogeneity near sinus cavities. However, our 
results replicate prior studies,14 and we took great care to 
match groups on SNR/movement, yet reductions were 
specific for the clinical groups. Nonetheless, future stud-
ies with optimized imaging protocols should replicate 
these effects. Finally, we briefly acknowledge above that 
GMS removal is an ongoing issue in functional connec-
tivity studies. We opted for GMS removal, given evidence 
that it optimizes specificity of findings.38 However, future 
studies should carefully consider whether GMS can pos-
sibly differentially drive some observed clinical effects.37

Conclusion

To our knowledge, this is the first cross-sectional study to 
characterize whole-brain amygdala connectivity across 
schizophrenia stages and subjects at risk. Present findings 
revealed robust alterations in the amygdala-OFC network 
in schizophrenia, but not for HR subjects, possibly reflecting 

severely compromised limbic-prefrontal function in overt 
illness. Conversely, we found elevated amygdala-brainstem 
coupling for HR subjects, suggesting alterations in stress 
response systems. Collectively, these results implicate com-
promised frontal-limbic connectivity in schizophrenia, as 
well as profound alterations in amygdala-brainstem con-
nectivity in individuals at risk to develop psychiatric illness. 
These amygdala circuit alterations could provide a marker 
for tracking risk and conversion to full-blown psychosis.
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