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Structural brain abnormalities have been amply demonstrated in schizophrenia. These include volume decrements
in the perirhinal/entorhinal regions of the ventromedial
temporal lobe, which comprise the primary olfactory
cortex. Olfactory impairments, which are a hallmark of
schizophrenia, precede the onset of illness, distinguish adolescents experiencing prodromal symptoms from healthy
youths, and may predict the transition from the prodrome
to frank psychosis. We therefore examined temporal lobe
regional volumes in a large adolescent sample to determine
if structural deficits in ventromedial temporal lobe areas
were associated, not only with schizophrenia, but also with a
heightened risk for psychosis. Seven temporal lobe regional
volumes (amygdala [AM], hippocampus, inferior temporal
gyrus, parahippocampal gyrus, superior temporal gyrus,
temporal pole, and entorhinal cortex [EC]) were measured
in 386 psychosis spectrum adolescents, 521 adolescents
with other types of psychopathology, and 359 healthy adolescents from the Philadelphia Neurodevelopment Cohort.
Total intracranial and left EC volumes, which were both
smallest among the psychosis spectrum, were the only
measures that distinguished all 3 groups. Left AM was
also smaller in psychosis spectrum compared with healthy
subjects. EC volume decrement was strongly correlated
with impaired cognition and less robustly associated with
heightened negative/disorganized symptoms. AM volume
decrement correlated with positive symptoms (persecution/
special abilities). Temporal lobe volumes classified psychosis spectrum youths with very high specificity but relatively
low sensitivity. These MRI measures may therefore serve as
important confirmatory biomarkers denoting a worrisome
preclinical trajectory among at-risk youths, and the specific
pattern of deficits may predict specific symptom profiles.
Key words: psychosis risk/MRI/neurodevelopment/
negative symptoms/olfaction

Introduction
Early identification of schizophrenia is crucial for effective treatment.1 Reliable measures that denote psychosis
vulnerability prior to the emergence of symptoms are
therefore of significant interest.2 One promising domain,
in this regard, is olfaction. Olfactory deficits are a hallmark of schizophrenia.3 These are evident prior to the
onset of illness and may be predictive, among clinical
high-risk (prodromal) individuals, of poor functional
outcome, including frank psychosis.4–9
Importantly, olfactory deficits are not simply exemplars of diffuse cognitive impairment. They reflect fundamental abnormalities of the primary olfactory sensory
apparatus. Structural anomalies are observed in the posterior nasal cavities,10 olfactory bulbs,11,12 and perirhinal
and entorhinal cortices, which together comprise the
primary olfactory cortex.13–15 Volume reductions in this
olfactory cortical region correlate directly with patients’
impairments in odor detection.13 Otherwise healthy individuals with hyposmia similarly exhibit reduced olfactory
cortical volumes, further supporting a structural–functional causal linkage.16
Although schizophrenia volume decrements appear
diffusely throughout the temporal lobe,17 primary olfactory cortex volume decrements are relatively specific.
Anatomically, the perirhinal and entorhinal cortices
(often aggregated into “entorhinal” region in MRI studies) sit behind the temporal pole (TP). Comparing these
contiguous regions, we observed volume reductions in
schizophrenia in perirhinal and entorhinal cortices, but
not TP.13 While schizophrenia imaging studies have not
focused extensively on these temporal lobe subregions,
reports support our finding—entorhinal cortical gray
matter volume is consistently reduced,13–15 while the adjacent TP typically,13,18,19 but not always,20 remains intact.
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Methods

the psychosis spectrum screen, regardless of the presence
or absence of other psychopathology. Subjects were classified as “other psychopathology” (OP) if they did not meet
PS criteria, but exceeded threshold for another psychopathology domain. Subjects were classified as “healthy controls” (HC) if they did not meet criteria for either PS or OP.
Subjects were further screened and excluded for significant comorbid medical conditions.31
Of 1601 subjects with neuroimaging data, 190 were
excluded based on medical history. Another 145 were
excluded for poor MR image quality (supplementary
methods). This yielded a final sample of 1266 subjects: 386
PS, 521 OP, and 359 HC (table 1). Excluded subjects were
indistinguishable based on clinical or demographic features. Notably, 336 of 386 PS subjects exceeded threshold
criteria for at least one OP domain in addition to psychosis
spectrum (table 2). A subset of PS (17%) and OP (11%) subjects were taking psychoactive medications, most commonly stimulants (supplementary table S1).
Clinical Psychopathology Factor Analysis
To parse this heterogeneous and overlapping psychopathology into orthogonal dimensions to relate to imaging
measures, bifactor modeling was applied to the item-level
clinical psychopathology measures, across the entire PNC
cohort (n = 9498)30 (supplementary methods). The bifactor
modeling approach32 effectively models highly correlated
data sets that have a strong underlying factor plus various individual factors. As detailed in Calkins et al,30 this
yielded an overall psychopathology factor and 4 orthogonal symptom clusters: “anxious-misery” (mood and anxiety disorders), “behavior” (attention deficit/hyperactivity
disorder, conduct disorder, and oppositional-defiant disorder), “fear” (phobias), and psychosis spectrum. The psychosis factor was further parsed into 3 specific subfactors:
“special abilities/persecution,” “unusual thoughts/perceptions,” and “negative/disorganized” symptoms. Thus, 8
psychopathology scores were generated for each subject.

Participants

Cognitive Assessment

Participants
were
part
of
the
Philadelphia
Neurodevelopmental Cohort (PNC),29,30 a communitybased sample of 9,498 youths, aged 8–21 years, who
underwent comprehensive clinical and cognitive evaluations. A subset (1601) received multimodal neuroimaging.31 Participants provided informed consent or assent
plus parental consent, and procedures were approved by
University of Pennsylvania and Children’s Hospital of
Philadelphia Institutional Review Boards.
Clinical assessment included 3 structured screening
tools to assess a broad spectrum of psychosis-relevant
experiences and other psychopathology. See Calkins
et al29,30 and supplementary material for descriptions and
threshold classification criteria. Subjects were classified as
“psychosis spectrum” (PS) if they exceeded threshold on

A computerized neurocognitive battery was administered to all participants.33 This included 14 tests covering
a broad range of cognitive domains including executive
control, episodic memory, complex cognition, social cognition, and sensorimotor and motor speed. A global cognition measure was calculated by averaging age-normed
accuracy z-scores (based on the full sample of 9498 subjects) across all domains.
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Neuroimaging Acquisition and Image Processing
MRI scans were acquired on one 3T Siemens Tim Trio
whole-body scanner and 32-channel head coil, in a
1-hour session that included both structural and functional scans. Cortical reconstruction and measurement
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We have hypothesized that this dissociation reflects the
fact that these 2 regions are developmentally distinct.13
The entorhinal cortex (EC) is part of the phylogenetically
older allocortex,21 which develops early embryologically
(late first/early second trimester).22,23 During this critical
risk period, developmental insults heighten the subsequent risk for schizophrenia.24 The TP, a neocortical structure that is clearly identifiable only in primates,25 emerges
as a distinct substructure in the latter half of pregnancy.26
Consequently, developmental insults during the early
critical risk period would likely disrupt the emerging EC,
but have little impact on the prenascent TP. This selective
regional anomaly may therefore reflect early embryonic
perturbations that increase the risk for future psychosis.
Thus, reduced temporal lobe volume should also be
apparent, prior to the emergence of overt illness, in younger
individuals at risk for developing schizophrenia. Indeed,
there is a growing4–9 but imperfect27 body of evidence that
prodromal adolescents are impaired in their sense of smell,
and this deficit may predict which vulnerable youths will
progress to frank psychosis5,6 or otherwise have poor functional outcomes.9,28 These behavioral findings highlight the
potential sensitivity of olfactory system impairment as a
predictive vulnerability marker among at-risk individuals.
To determine whether a specific EC volume decrement,
similar to that observed in schizophrenia, is also present in
at-risk youths prior to illness onset, we examined temporal
lobe MRI measures in psychosis spectrum youths, healthy
youths, and youths with other notable psychopathology. If
confirmed, this would support the connection between this
structural abnormality and the developmental pathoetiology of schizophrenia. It could also provide a simple neuroanatomic biomarker to facilitate early identification of
those at risk for schizophrenia prior to the emergence of
clinically significant symptomatology. This is the first study
to examine medial temporal lobe structures in a young
community-based, non-help seeking, high-risk cohort.

Temporal Lobe Volumes in the Psychosis Spectrum

Table 1. Demographic Characteristics
Healthy Controls (n = 359)

Other Psychopathology (n = 521)

49.2
15.8 ± 3.0
8.1 ± 2.7

51.5
15.0 ± 3.9
7.9 ± 3.8

42.2
14.9 ± 3.5
7.9 ± 3.4

31.3
55.7
13.0
13.8 ± 2.2
−0.02 ± 0.56
1491 ± 187

55.7
32.3
12.0
14.7 ± 2.6
0.14 ± 0.61
1556 ± 166

43.6
44.7
11.7
14.2 ± 2.5
0.08 ± 0.56
1513 ± 171

0.53 ± 0.44
−0.05 ± 0.38
0.19 ± 1.27
0.09 ± 0.70
1.18 ± 0.84
0.95 ± 1.04
0.97 ± 0.99

−0.36 ± 0.43
−0.05 ± 0.33
−0.47 ± 0.93
−0.13 ± 0.52
−0.59 ± 0.68
−0.44 ± 0.73
−0.61 ± 0.71

0.08 ± 0.44
−0.03 ± 0.34
0.20 ± 1.28
0.06 ± 0.62
−0.24 ± 0.73
−0.19 ± 0.80
−0.16 ± 0.78

Note: Significant group differences.
a
Other psychopathology vs healthy controls.
b
Psychosis spectrum vs other psychopathology.
c
Psychosis spectrum vs healthy controls.
Table 2. Frequency Distributions of Subjects Meeting Clinical Inclusion Criteria
Psychosis Spectrum
(n = 386)
Psychosis spectrum criteria
PRIME score > 2 SD for age
 Scale of Prodromal Symptoms neg/disorg Score > 2 SD
for age
 Kiddie Schedule for Affective Disorders and
Schizophrenia: Hallucinations or delusions
 Individual PRIME item ratings (3 items rated 5 or 1 item
rated 6)
Other psychopathology criteria
Mood disorders
Anxiety disorders
Eating disorders
 Behavioral disorders (attention deficit/hyperactivity,
oppositional-defiant, conduct disorder)

Healthy Controls
(n = 359)

Other Psychopathology
(n = 521)

a

117
87

0
0

0
0

176

0

0

230

0

0

0
0
0
0

87
387
10
284

b

100
266
11
246

c

Note: aIncludes 147 PS subjects who met more than one “psychosis spectrum” inclusion criterion.
b
Includes 215 PS who met more than one “Other Psychopathology” inclusion criterion.
c
Includes 208 OP subjects who met more than one “Other Psychopathology” inclusion criterion.

of T1-weighted structural images was performed using
FreeSurfer 5.3 (http://surfer.nmr.mgh.harvard.edu/).
Using the FreeSurfer image analysis suite, regions of
interest were automatically segmented from each subject’s
MPRAGE.34 Intracranial volume (ICV) was obtained
using FreeSurfer’s process of estimation based on linear
transformation to MNI305 space.35 Automated quality
assurance procedures and visual inspection of the resulting gray–white matter segmentation were performed on
all images.36 As noted, 145 subjects were excluded due

to poor image quality. (See supplementary methods for
acquisition parameters and quality assurance procedures.)
Measures of cortical gray matter volume were extracted
for 7 regions in both left and right temporal lobes. EC
(which, as delineated in Freesurfer, also incorporates the
perirhinal cortex) and adjacent TP were the 2 regions
previously contrasted in our schizophrenia study.11 To
further test the specificity of a hypothesized EC volume
decrement, we also examined hippocampus, amygdala
(AM), inferior temporal gyrus, superior temporal gyrus
Page 3 of 10
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Sex (% male)a,b
Age (years ± SD)b,c
Education (years ± SD)
Race (%)a,b,c
Caucasian
African American
Other
Maternal education (years ± SD)a,b,c
Global cognition score (z ± SD)b,c
Intracranial volume (cm3 ± SD)a,c
Clinical factor scores (mean ± SD)
Global psychopathologya,b,c
Anxiety-misery
Behaviora,c
Feara,c
Unusual thoughts/perceptionsa,b,c
Special abilities/persecutiona,b,c
Negative/disorganizeda,b,c

Psychosis Spectrum (n = 386)
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(STG), and parahippocampal gyrus. These are all regions
reported as compromised in schizophrenia imaging studies, but their status in high-risk samples is unclear.37–40
Statistical Analyses

Results
The 3 groups were comparable in education, but differed
in age [F(2,1263) = 8.56, p = .0002], sex [χ2(2) = 8.49,
p = .014], and racial composition [χ2(4) = 48.66, p < .0001]
(table 1). The PS sample was ~1 year older with proportionally more African American subjects, while the HC
sample included more Caucasians. The OP group contained relatively more females. The groups also differed
in maternal education [F(2,1246) = 12.13, p < .0001],
global cognition [F(2,1261) = 7.76, p = .0004], and ICV
[F(2,1263) = 13.25, p < .0001]. ICV and cognitive differences persisted after controlling for age and sex and, in
paired contrasts, distinguished the PS group from both
HC and OP [ICV: PS vs HC F(1,1259) = 29.10, p < .0001;
PS vs OP F(1,1259) = 9.86, p = .002] [Cognition: PS vs HC
F(1,1257) = 35.91, p < .0001; PS vs OP F(1,1257) = 27.75,
Page 4 of 10

ROI Volumetric Analysis
There were significant main effects, across all regions, of
group [F(2,1258) = 3.60, p = .028], sex [F(1,1258) = 52.69,
p < .0001], age [F(1,1258) = 35.11, p < .0001], and total
ICV [F(1,1258) = 998.64, p < .0001]. There were, in addition, significant 2-way and 3-way interactions of Sex ×
Region [F(6,7548) = 5.71, p < .0001] and Sex × Region ×
Hemisphere [F(6,7548) = 5.12, p = .0001]. Most importantly, given our overarching hypothesis, there was a
significant 3-way interaction of Group × Region ×
Hemisphere [F(12,7548) = 1.92, p = .028]. However, there
were no significant interactions of group with sex [Group
× Sex: F(2,1258) = 0.65, p = .52; Group × Sex × Region:
F(12,7548) = 0.50, p = .92; Group × Sex × Region ×
Hemisphere: F(12,7548) = 0.71, p = .74]. Excluding PS
and OP subjects taking psychoactive medications did not
alter these results—the Group × Region × Hemisphere
interaction was unchanged [F(12, 6768) = 1.90, p = .029].
Given the differences in racial stratification across
the groups, we repeated the analysis with race included
as a between-subjects factor. Although there was a
main effect of race [F(2,1255) = 40.53, p < .0001] and
interactions of race with region [F(12,7530) = 6.67,
p < .0001] and Region × Hemisphere [F(12,7530) = 4.37,
p < .0001], there were no interactions between race and
clinical group. Moreover, the inclusion of race in the
model enhanced, rather than attenuated, the significance
of the clinical Group × Region × Hemisphere interaction
[F(12,7530) = 2.47, p = .003]. Univariate contrasts delineating the effects of sex and race within each region of
interest are presented in supplementary tables S2 and S3.
Table 3 presents the univariate analyses to parse the
Group × Region × Hemisphere interaction. In contrast
to sex effects, which were evident for every ROI in at least
1 hemisphere, there was only a single region that exhibited
a significant difference across the 3 clinical groups. This
was the left EC [F(2,1258) = 4.73, p = .009]. However,
in separate paired contrasts of each clinical group with
HC, PS differed significantly from HC in both the left EC
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Demographic, clinical, and cognitive differences were
examined with analyses of variance or chi-square tests, as
indicated. The initial volumetric analysis applied a general linear model implemented in Statistica 12 (Dell Inc.,
2015), with 7 regions of interest (ROIs) and hemisphere
(left and right) as within-subject factors, group (PS, OP,
HC) and sex as between-subject categorical factors, and
age and ICV as continuous covariates. To meaningfully
compare regions with intrinsically different volumes, all
brain measures were converted to standardized z-scores,
with HC subjects having mean = 0 and SD = 1. Significant
(p < .05) main effects or interactions observed in this
omnibus model were followed by appropriate withinregion contrasts.
Relationships between brain abnormalities and clinical
phenomenology were examined using a single general linear model applied to all subjects, with age, sex, ICV, and
all abnormal brain regions included as independent predictors, and clinical factor scores and cognitive index as
multivariate dependent measures. Univariate effects with
p < .05 were considered significant.
The predictive utility of these MRI measures as
“real-world” biomarkers for the psychosis spectrum
was explored by fitting a multinomial logistic regression
model, with group as the categorical dependent measure
and all abnormal MRI measures as predictors. The logistic regression model computes a probability between 0
and 1, representing the best fit estimate of inclusion for
each specific category. Each case was assigned to the category with highest probability. A comparison of actual
and assigned categories allowed the calculation of MRI
sensitivity and specificity for predicting PS status.

p < .0001]. OP subjects also had lower ICV than HC
[F(1,1259) = 7.09, p = .008], but did not differ in cognitive
ability [F(1,1257) = 1.44, p = .23].
As expected, there were robust group differences on each
of the clinical factor scores (all p < .0001) with the exception of anxious-misery (p = .51). PS subjects had greater
levels of overall psychopathology than OP subjects and,
consistent with the method by which they were classified,
higher scores on each of the psychosis spectrum subfactors.
However, there were no differences between these 2 clinical
groups on any of the specific psychopathology subfactors
(ie, anxious-misery, behavior, and fear; all p > .40). The OP
group, therefore, represented a clinical control sample that
was otherwise quite similar to PS except for the added presence of psychosis spectrum symptoms in the PS sample.

Temporal Lobe Volumes in the Psychosis Spectrum

Table 3. Region-Of-Interest Analyses: Diagnostic Group Effects
Least Squares Meana (mm3 ± SE)
Region

PS (n = 386)

OP (n = 521)

HC (n = 359)

(df 2,1258)

P Value

1421 ± 8.76
1440 ± 8.75

1441 ± 7.57
1449 ± 7.56

1447 ± 9.04
1454 ± 9.03

2.32
0.64

.10
.53

4082 ± 19.63
4230 ± 19.81

4118 ± 16.97
4276 ± 17.12

4116 ± 20.26
4256 ± 20.45

1.11
1.50

.33
.22

11 751 ± 78.26
11 438 ± 75.19

11 821 ± 67.64
11 544 ± 64.98

11 957 ± 80.77
11 569 ± 77.60

1.70
0.85

.18
.43

2382 ± 18.34
2207 ± 16.21

2412 ± 15.86
2213 ± 14.01

2399 ± 18.93
2251 ± 16.73

0.73
2.09

.48
.12

13 530 ± 66.90
13 116 ± 65.54

13 718 ± 57.82
13 236 ± 56.65

13 621 ± 69.05
13 169 ± 67.65

2.26
0.99

.10
.37

2635 ± 21.79
2439 ± 18.34

2601 ± 18.84
2462 ± 15.85

2669 ± 22.49
2446 ± 18.93

2.75
0.45

.06
.64

1761 ± 17.69
1642 ± 17.15

1804 ± 15.29
1669 ± 14.82

1839 ± 18.26
1656 ± 17.70

4.73
0.69

.009
.50

Note: HC, healthy controls; OP, other psychopathology; PS, psychosis spectrum.
Controlling for effects of age, sex, and total intracranial volume.

a

[F(1,1258) = 9.40, p = .002] and, marginally, in the left
AM [F(1,1258) = 4.12, p = .04]. The OP sample was indistinguishable from HC in both regions, but instead differed
in the left TP [F(1,1258) = 5.44, p = .02]. But, in direct
PS–OP comparisons, the only region that emerged as significantly different was the left STG [F(1,1258) = 4.48,
p = .035], a region where neither group differed from
controls. Figure 1 presents the regional gray matter volumes, separately for PS and OP, as standardized residual
z-scores relative to HC.
Relationship to Clinical Symptomatology and Cognition
We applied a general linear model to the entire sample,
with age, sex, ICV, and the 4 MRI regions that distinguished any of the groups from each other (left AM, left
STG, left TP, and left EC) as predictors and the clinical
factor scores and cognition index as dependent measures.
As indicated (table 4), age and/or sex were significant predictors of every clinical measure. ICV predicted overall
psychopathology and cognitive ability, as well as the positive psychosis spectrum factor “special abilities/persecution,”’ but was not a significant predictor of negative/
disorganized symptoms. None of the 4 ROIs predicted
any of the primary psychopathology factors. However,
reduced left AM volume was selectively associated with
the positive psychosis subfactor “special abilities/persecution” and lower EC volume was a significant predictor
of both negative/disorganized symptoms and cognitive

performance. Restricting the sample to PS subjects, we
continued to observe significant differential effects of
the AM and EC regions despite the reduced sample size
and the more restricted ranges of clinical measures. Left
AM remained uniquely associated with the “special abilities/persecution” factor [F(1,360) = 7.18, p = .008], while
left EC was a unique predictor of cognitive impairment
[F(1,360) = 7.20, p = .007]. However, the association with
negative/disorganized symptoms, which had an especially
narrow within-group distribution, was no longer significant. Although not statistically significant, it is worth noting that subjects who met the negative symptom criteria
for inclusion as PS (n = 87) tended to have smaller left EC
volumes than the PS subjects (n = 299) who did not meet
these criteria (z = −0.30 ± 0.09 SE vs z=−0.18 ± 0.05 SE).
Classification Sensitivity and Specificity
To assess the ability of these temporal lobe measures to
correctly classify individuals as PS, we conducted multinomial logit regression analyses, with group as the categorical dependent measure and the 4 ROI measures as
predictors. Correct classification of PS subjects (sensitivity) was 0.18, while correct exclusion as not PS (specificity)
was 0.91 for HC and 0.93 for OP. Conducting the analysis separately in males and females, which eliminated the
confounding effects of nonspecific sex-related variability,
improved PS sensitivity to 0.31 without reducing specificity. The classification sensitivity of ICV was only 0.02,
Page 5 of 10

Downloaded from http://schizophreniabulletin.oxfordjournals.org/ at University of Pennsylvania Library on August 30, 2016

Amygdala
Left
Right
Hippocampus
Left
Right
Inferior temporal gyrus
Left
Right
Parahippocampal gyrus
Left
Right
Superior temporal gyrus
Left
Right
Temporal pole
Left
Right
Entorhinal cortex
Left
Right

F Statistic

D. R. Roalf et al

and the addition of this measure did not further increase
either sensitivity or specificity. Subjects correctly classified as PS were older [t(384) = 3.32, p = .001] than other
PS subjects, but did not differ in cognitive status or clinical symptom severity.
Discussion
This study was motivated by evidence that olfactory deficits are core to schizophrenia and an observed dissociation, in schizophrenia patients, of 2 adjacent temporal
lobe regions, the TP and the perirhinal/entorhinal cortices.
Reduced perirhinal/entorhinal cortical volumes hinted at
a selective abnormality that might be a developmentally
mediated risk marker for psychosis.13 The current study
expanded upon this observation by (1) prospectively
examining a large sample of psychosis spectrum adolescents from the community; (2) including both a healthy
comparison sample and a sample with clinical psychopathology, but without psychosis spectrum symptoms;
and (3) examining the remaining cortical and subcortical
temporal lobe regions. We found evidence for a diffuse
structural abnormality, as indicated by reduced ICV, in
both PS and OP subjects, which was more severe in the
PS cohort. Left EC emerged as the only region exhibiting
a significant difference across the 3 groups, independent
of ICV. Like ICV, it was largest in HC and smallest in
PS. Additionally, PS had reductions in left AM compared
with HC and left superior temporal gyrus compared with
OP, though neither clinical group differed from HC in the
Page 6 of 10

latter. Finally OP, but not PS, had reduced left TP volumes compared with HC.
Only ICV, EC, and AM—the 3 measures that distinguished PS from HC—were related to clinical features.
Across the entire sample, reduced ICV was associated with
greater overall psychopathology, reduced cognitive ability, and greater psychotic-like ideation related to special
abilities (grandiosity, future prediction, and mind reading),
thought control, audible thoughts, superstitiousness, and
persecution. Reduced left EC volume was also associated
with impaired cognition, but it was also selectively associated with increased negative/disorganized symptoms.
Reduced left AM was associated only with increased psychotic-like ideation. There was thus a clinical dissociation
of the 2 regions that distinguished PS subjects from HC,
one tied to cognition and negative/disorganized symptoms, and the other to positive symptoms. Within the
PS sample, with its associated restricted range of clinical
measures, the differential association of the AM with delusional symptoms and the EC with cognitive impairment
remained quite strong.
There are only a few studies of the EC in patients with
psychotic illnesses. While virtually all of these have had
positive findings, they have been inconsistent in their
regional and clinical specificity. We previously observed
selective volume decrements in chronic schizophrenia
patients, but these were bilateral and did not correlate
with negative symptoms.13 Others have reported deficits that were either left lateralized,14 right lateralized,41
or bilateral but indistinguishable from other medial
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Fig. 1. Gray matter volume measurements for PS and OP youths. Mean residual z-scores (±SE) controlling for age, sex, and total
intracranial volume are plotted relative to HC who have mean z = 0 ± 1 SD. AM, amygdala; EC, entorhinal cortex; HC, healthy controls;
HP, hippocampus; ITG, inferior temporal gyrus; OP, other psychopathology; PHG, parahippocampal gyrus; PS, psychosis spectrum;
STG, superior temporal gyrus; TP, temporal pole.

2.08 (.15)
1.58 (.21)
5.01 (.025)
14.57 (.0001)
0.64 (.42)
0.17 (.68)
0.05 (.83)
3.77 (.06)
0.06 (.81)
0.25 (.62)
0.20 (.65)
2.87 (.09)
2.46 (.12)
8.85 (.003)
1.56 (.21)
20.79 (<.0001)
8.17 (.004)
14.85 (.0001)
18.28 (<.0001)
13.07 (.0003)

3.26 (.07)
4.97 (.026)
3.52 (.06)
1.24 (.26)

0.42 (.52)
0.04 (.85)
0.01 (.91)
2.47 (.12)
1.10 (.29)
1.42 (.23)
2.04 (.15)
0.009 (.93)
2.10 (.15)
0.19 (.67)
0.95 (.33)
0.47 (.49)
0.02 (.89)
0.09 (.76)
0.001 (.97)
3.31 (.07)
2.41 (.12)
2.98 (.08)
0.42 (.52)
2.90 (.09)
3.94 (.047)
1.16 (.28)
0.19 (.67)
2.22 (.14)
1.19 (.28)
0.42 (.52)
20.15 (<.0001)
14.20 (.0002)
8.35 (.004)
11.57 (.0006)

Global psychopathology
6.01 (.014)
Anxious-misery
8.59 (.003)
Behavioral disturbance
9.03 (.003)
Fear
40.53 (<.0001)
Psychosis
34.57 (<.0001)
Psychosis subfactors
Unusual thoughts/perceptions
6.80 (.009)
Special abilities/persecution
16.83 (<.0001)
 Negative/disorganized Symptoms 0.001 (.97)
Cognition
106.56 (< .0001)

Left Amygdala
Total ICV
Sex
Age
Clinical Index

Table 4. Predictors of Clinical Psychopathology F Statistic (P Value)

temporal lobe regions.15 However, a recent large study
from the B-SNIP consortium42 reported volume reductions in the left (but not in the right) EC in schizophrenia
and schizoaffective, but not in bipolar, patients. This clinical specificity distinguished it from hippocampal volume
decrements, which were evident in both clinical groups.
Associations of this measure with symptomatology were
not reported.
In contrast, there have been many studies of the AM in
schizophrenia. The recent ENIGMA consortium metaanalysis confirmed robust bilateral AM reductions in
schizophrenia, but with no associations to specific clinical symptomatology.43 Studies in patients are difficult to
interpret, given the confounding effects of medications
and illness sequelae. While there is a growing literature
reporting MRI anomalies during the psychosis prodrome
(eg, Cannon et al44 and Satterthwaite et al45), the data
on specific abnormalities in these medial temporal lobe
regions are still limited. There are no specific findings
for the EC, and findings for the AM, based on relatively
small samples, have been inconsistent.46–48
The present study addresses this shortcoming by
assessing multiple medial temporal lobe regional volumes
in a large at-risk sample. Since abnormalities in nearly
all of these regions exist in diagnosed psychosis patients,
the presence of selective decrements in this preclinical
sample implies distinct time courses of disease-related
volumetric changes. In particular, we observed no differences between PS and HC in either the hippocampus or
the superior temporal gyrus, 2 regions that are perhaps
most closely linked to schizophrenia pathology. There
is evidence to suggest that cortical thinning in the superior temporal gyrus (as well as parahippocampal gyrus)
progresses rapidly during the transition from the at-risk
state to overt psychosis.44 There is also evidence that hippocampal shape and volume are abnormal in those at
ultra-high risk for psychosis, with hippocampal shape disturbance predicting symptom progression over the next
12 months.49 In this context, our failure to observe robust
deficits in these regions could, at least in part, reflect the
uniqueness of the PNC sample. As a community ascertained rather than help-seeking cohort, it is on average
younger and psychiatrically healthier than typical ultrahigh risk samples. We might expect that greater deficits will
emerge in at least a subset of subjects, as they approach
the point of transition to overt psychosis. It should be
noted, in this regard, that PS subjects did exhibit nonsignificant volume reductions across all temporal lobe
regions, even after correcting for ICV. However, we also
cannot rule out a methodological contribution to the failure to observe significant regional differences. Automated
MRI segmentation algorithms like Freesurfer invariably
produce results that are discrepant from those obtained
with either manual tracings or alternate algorithms.50,51
As a surface-based approach, Freesurfer is especially sensitive to measurement variations in subcortical regions.52
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early psychosis spectrum sample in this study was defined
differently than typical prodromal samples. Subjects were
not classified as PS based on a clinical assessment of help
seekers, but rather on responses to a structured screening interview in a broad community-based sample. Such
instruments can be overinclusive in labeling individuals
who are not “true positives” (ie, low specificity).65 In the
PNC sample, approximately 20% of all subjects were
classified as PS,28 which exceeds the number in whom psychosis spectrum symptoms persist or worsen as we conduct comprehensive follow-up evaluations (~50% of PS
subjects) and certainly exceeds the number who will eventually manifest psychotic symptoms. Given such overinclusiveness, the high specificity of these MRI measures,
which would help to exclude false-positive cases, is probably more important than their low sensitivity. While they
are unlikely to be useful during the initial phase of an
evaluation, they may serve as a potential second tier (ie,
confirmatory) classification tool to be applied following
initial clinical screening.66 The delineation of a PS subset of 31% who fit this at-risk MRI profile would reduce
the sample of interest from 20% to ~6% of the general
population, a number that is much closer to the expected
epidemiological incidence of psychosis.
Of course, the extent to which such a prospectively
identified subgroup overlaps with the subgroup that ultimately transitions to psychosis still needs to be determined
through longitudinal follow-up. However we are hopeful
that, by identifying objective neurobiological markers that
are present prior to the emergence of diagnosable clinical symptoms, we can enhance our predictive power and,
thereby, facilitate earlier identification and intervention.
Supplementary Material
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