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and 43% of early-course patients were receiving antipsy-
chotics, which we converted to chlorpromazine (CPZ) 
equivalents33 (table 1). None of the identi�ed effects cor-
related with CPZ equivalents. Reported effects did not 
change when we covaried for medication dose. Moreover, 
the magnitude of the effect did not differ for those patients 
receiving medication vs those who did not.

Data Acquisition

Imaging data were acquired on a GE Signa HDX 3.0T 
MR scanner. A�standard 12-channel head coil was used 

with foam padding to minimize head motion. Participants 
were instructed to rest with eyes closed during scanning 
but were monitored to ensure they stayed awake. None 
of the included participants reported falling asleep dur-
ing the scan when routinely asked immediately after scan-
ning. BOLD images were acquired using a T2*-weighted 
gradient-echo planar imaging sequence (repetition time 
[TR]/echo time [TE] = 2000/30 ms, �ip angle = 90°, �eld 
of view [FOV] = 24 × 24 cm2, acquisition matrix = 64 ×  
64). Thirty-�ve axial slices were collected with 3 mm 
thickness without gap; acquisition lasted for 6.66 minutes 

Table�1.  Clinical and Demographic Characteristics

Characteristic

HCS  
(N = 96)

C-SCZ  
(N = 20)

EC-SCZ  
(N = 28)

HR  
(N = 21) Signi�cance

Mean SD Mean SD Mean SD Mean SD
F/T Value 
Chi-square

P Value  
(2 Tailed)

Age (y) 28.84 10.51 31.43 8.20 25.00 9.70 19.95 5.24 6.73 <.001a

Gender (%�male) 45 — 45 — 43 — 57 — 1.23 .75
Father’s occupational status 37.63 22.69 28.79 18.25 34.54 19.39 30.22 14.43 1.28 .28
Mother’s occupational status 36.67 21.89 37.06 22.48 34.00 19.72 31.26 15.14 0.38 .77
Participant’s education (y) 14.79 3.11 11.48 3.52 11.54 3.02 12.70 2.83 13.06 <.001a

Handedness (%�right) 88.54 — 90.00 — 78.57 — 71.43 — 8.97 .44
Medication-CPZ equivalents — — 240.00 132.22 96.40 71.33 — — 2.67 <.01a

% treated — — 95.00 43.00 — — 13.86 <.001a

BPRS total symptoms — — 25.56 10.58 36.67 15.68 18.11 0.46 14.42 <.001a

Duration of illness (mo) — — 64.45 38.26 4.27 3.20 — — 8.32 <.001a

Signal-to-noise 177.47 49.82 195.58 52.87 173.44 57.37 160.93 41.30 2.10 .10
% Frames scrubbed 8.63 12.69 8.26 6.62 8.07 6.46 12.52 13.01 0.67 .61

Note: BPRS, Brief Psychiatric Rating Scale; CPZ, chlorpromazine (equivalents). Groups: C-SCZ, chronic schizophrenia; EC-SCZ, early-
course schizophrenia; HCS, healthy comparison subjects; HR, high risk. Age, education levels, and age at diagnosis are expressed in years; 
duration of illness is expressed in months. No participants had current alcohol/drug use or past history of drug dependence. The occupation 
status (socioeconomic status) of the participants’ parents was used as a proxy for educational attainment and was scored according to the 
International Socio-Economic Index of Occupational Status (ISEI).76 CPZ equivalents were calculated using recently revised approaches.33

aSigni�cant F statistic for the 1-way between-group ANOVA.
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Fig.�1.  Schizophrenia is associated with reductions in amygdala-orbitofrontal connectivity. (a) Red foci mark the regions surviving 
the whole-brain 1-way ANOVA F-test. Both chronic (C-SCZ) and early-course (EC-SCZ) schizophrenia groups showed signi�cantly 
decreased amygdala connectivity relative to healthy comparison subjects (HCS), whereas high-risk (HR) individuals showed no 
signi�cant alterations. This pattern was centered on the bilateral medial orbitofrontal cortex (OFC) (left OFC: x�=��17, y�=�35, z�=��2; 
right OFC: x�=�18, y�=�34, z�=��1). (b) Effect sizes (Cohen’s d) verify robust amygdala-OFC connectivity reductions for C-SCZ (green 
histogram) and EC-SCZ (red histogram) groups, whereas the HR (yellow histogram) did not exhibit changes relative to HCS (yellow 
histogram completely beneath the blue histogram). Blue vertical dashed line marks the mean for the HCS group. Note: the voxel counts 
on the y-axis re�ect the mean voxel number for each group at a given connectivity strength within the identi�ed region.
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suggest that the elevated brainstem-amygdala connec-
tivity in HR individuals may be related to alterations in 
prefrontal function (even when explicitly compared with 
age-matched HCS; �gure�6 ). As for the OFC effect, we 
veri�ed that the patterns did not differ for medicated vs 
unmedicated EC-SCZ patients [t(26) = 1.16, P = .26].

BPRS Symptom Severity Predicts Reduced Amygdala-
Prefrontal Connectivity

Here, we focused symptom correlation analyses on the 
amygdala-OFC �ndings because the brainstem �ndings 
were largely driven by the HR group, as opposed to symp-
tomatic groups (ie, EC-SCZ and C-SCZ). Moreover, we 

avoided examining brainstem symptom effects to reduce 
the need for more stringent multiple comparisons protec-
tion. We speci�cally correlated BPRS-derived measure of 
schizophrenia symptoms47 (see �gure�3  legend for detail) 
with the average signal from OFC regions that revealed sig-
ni�cant group effects, extracted for each subject. Findings 
revealed a signi�cant negative linear relationship between 
BPRS symptoms and amygdala-OFC connectivity across 
subjects (r = �.32, P < .015, 2 tailed). Since a number of 
HR subjects had few measurable symptoms at the time 
of assessment, the data were non-normally distributed. 
Thus, we veri�ed results via a Spearman’s correlation  
(ρ = �0.25, P < .05, 2 tailed). Of note, the Spearman’s 
correlation (ρ = �0.21) and the Pearson’s correlation (r = 

Table�2.  Pairwise Comparisons: Region Coordinates, P values, and Effect Sizes

x y z Hemisphere
Anatomical  
Landmark Cohen’s d t Value P Value

HCS vs C-SCZ 0.97 3.93 .000
HCS vs EC-SCZ 1.00 4.75 .000

�17 35 �2 Left Medial OFC (BA 47/10) HCS vs HR 0.01 0.06 .954
18 34 �1 Right Medial OFC (BA 47/10) HR vs C-SCZ 1.05 3.35 .002

HR vs EC-SCZ 1.08 3.66 .001
C-SCZ vs EC-SCZ 0.07 0.24 .814

2 �40 �26 Midline Brainstem HCS vs C-SCZ 0.48 2.04 .044
HCS vs EC-SCZ 0.59 2.68 .008
HCS vs HR 1.55 6.90 .000
HR vs C-SCZ 1.00 3.21 .003
HR vs EC-SCZ 1.09 3.82 .000
C-SCZ vs EC-SCZ 0.04 0.15 .878

Note: OFC, orbitofrontal cortex. Abbreviations are explained in the �rst footnote to table�1. Effect sizes re�ect standard Cohen’s d 
estimates for each group relative to the HCS group.45 For parsimony, we collapsed estimates across left and right OFC clusters given 
highly comparable effect sizes. All effect size calculations were computed via standard approaches across subjects via Cohen’s d45 to 
characterize the magnitude of between-group effects across voxels surviving the whole-brain correction.

Fig.�3.  Amygdala-prefrontal connectivity and Brief Psychiatric Rating Scale (BPRS) schizophrenia symptom severity. (a) Group-level 
statistical map as shown in �gure�1 . Average coupling with the amygdala was extracted out of these clusters across all subjects for 
C-SCZ, EC-SCZ and high-risk (HR) groups. (b) Inverse relationship between bilateral amygdala-orbitofrontal cortex (OFC) coupling 
and a subset of BPRS symptoms related to schizophrenia psychopathology (both positive and negative32) captured across all patients 
and HR subjects (r�=��.32, P < .015, 2 tailed), which remained signi�cant when adjusting for nonnormality (ρ�=��0.25, P�=�.05, 2 tailed). 
The scale on the x-axis captures a BPRS severity index that is the sum of 10 items relating to schizophrenia psychopathology (unusual 
thought content, hallucinations, blunted affect, emotional withdrawal, conceptual disorganization, suspiciousness, mannerisms and 
posturing, uncooperativeness, hostility, and grandiosity) ranging from 10 (absent) to 100.47 Of note, 6 subjects did not have complete 
BPRS scores and were excluded from this analysis. Groups: C-SCZ, chronic schizophrenia; EC-SCZ, early-course schizophrenia.
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�.17) were attenuated at trend level when controlling for 
outlier effects. Together, �ndings 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 signi�-
cant relationship between severity of all other (nonschizo-
phrenia related) BPRS symptoms and amygdala-OFC 
connectivity. Also, post hoc exploratory positive symptom 
analyses revealed signi�cant 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 �nding 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 re�ect 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 signi�cantly 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 signi�cant relationship between age and reported connectivity 
effects for the OFC region (OFC: r�=�.07, P�=�.37, n.s., nonsigni�cant). However, across all subjects (N�=�165), there was a modest, but 
signi�cant 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 speci�cally 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 �gure�6 ). Groups: C-SCZ, chronic schizophrenia; EC-SCZ, early-course 
schizophrenia; HCS, healthy comparison subjects; HR, high risk.
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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 �ndings are 
correlational, and thus it is unclear whether changes in 
connectivity re�ect the cause or the consequence of the 
illness. This relates to the prior point: We did not �nd 
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 dif�cult to determine whether the OFC 
�nding 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 �ner-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 �eld 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 
speci�c for the clinical groups. Nonetheless, future stud-
ies with optimized imaging protocols should replicate 
these effects. Finally, we brie�y acknowledge above that 
GMS removal is an ongoing issue in functional connec-
tivity studies. We opted for GMS removal, given evidence 
that it optimizes speci�city of �ndings. 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 �rst cross-sectional study to 
characterize whole-brain amygdala connectivity across 
schizophrenia stages and subjects at risk. Present �ndings 
revealed robust alterations in the amygdala-OFC network 
in schizophrenia, but not for HR subjects, possibly re�ecting 

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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