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Objective: Identification of biomarkers
for cognitive dysfunction in schizophrenia
is a priority for psychiatry research. Func-
tional imaging studies suggest that intrinsic
“resting state” hippocampal hyperactivity
is a characteristic feature of schizophrenia.
The relationships between this phenotype
and symptoms of the illness, however, are
largely unexplored. The authors examined
resting hippocampal activity in schizo-
phrenia patients and healthy comparison
subjects and analyzed the relationship be-
tween intrinsic hippocampal activity and
cognitive function in patients as measured
by the MATRICS Consensus Cognitive Battery
(MCCB).

Method: Twenty-eight schizophrenia pa-
tients and 28 age-matched healthy compar-
ison subjects underwent functional “resting
state” 3-T MR scanning. Hippocampal activity
was extracted by group independent com-
ponent analysis. Correlation analyses were
used to examine the relationship between

hippocampal activity and MCCB composite
and domain scores in patients, as well as
between hippocampal activity and positive
and negative symptoms.

Results: Greater activity of the right hip-
pocampus at rest was observed in patients
relative to comparison subjects. In patients,
a significant negative correlation was ob-
served between right hippocampal activity
and composite MCCB T-score. The correla-
tion was driven by the MCCB domains of
attention/vigilance, working memory, and
visual learning. Hippocampal activity was
positively correlated with negative symp-
toms. MCCB scores were inversely corre-
lated with negative symptoms.

Conclusions: These findings suggest that
greater intrinsic hippocampal activity is
a characteristic feature of schizophrenia
that is broadly associated with cognitive
dysfunction, and they support hippocam-
pal activity as a candidate biomarker for
therapeutic development.

(Am J Psychiatry 2014; 171:549-556)

Despite being the best predictor of functional outcome
and quality of life in schizophrenia (1), cognitive dysfunc-
tion remains the most poorly treated symptom. The illness
is associated with deficits in multiple cognitive domains,
including selective and sustained attention, working mem-
ory, episodic memory, processing speed, executive func-
tion, and social cognition (2). Because of the lack of effective
treatments for these deficits, schizophrenia often continues
to exact a devastating toll, with 80% of patients remaining
unemployed and less than 30% living independently (3).

In order for therapeutic development for cognitive deficits
in schizophrenia to move forward, biomarkers must be iden-
tified that can be used to determine whether therapeutic
candidates elicit the targeted biological effects. In neuro-
psychiatric research, a biomarker is an indicator of neuronal
function, hypothesized to be related to disease mechanisms,
that can serve as an immediate and objective measure of the
biological effects of therapeutic candidates. An effective
biomarker should also be related to clinical symptoms of the
illness, such that it can be used to track illness severity as
a new treatment is evaluated.

Hippocampal pathology in schizophrenia has emerged
as a potential biomarker for therapeutic development. Struc-
tural imaging meta-analyses have shown that hippocampal

volume is lower in schizophrenia and is correlated with
positive, negative, and cognitive symptoms (4-8). Greater
hippocampal resting metabolism is also observed in schizo-
phrenia, as evidenced by findings of abnormally high resting
blood flow (9-11) and blood volume (12, 13) in the region.

Functional MRI (fMRI) and positron emission tomogra-
phy studies have demonstrated abnormalities in hippo-
campal response in patients compared with healthy
subjects. A prevailing theme of these findings is hyperac-
tivity during tasks that require minimal or no cognitive
load, such as fixation on a point (14), smooth-pursuit eye
movements (15), passive viewing of fearful faces (16), and
passive listening to noise (17, 18). Intrinsic hyperactivity
may contribute to the inability of the region to be recruited
during cognitive tasks in which it is thought to be required,
such as image encoding (19) and verbal encoding (20).
Thus, it is possible that intrinsic hyperactivity contributes
to cognitive dysfunction by decreasing the dynamic range
over which activity in the region can be modified ac-
cording to task demands.

Despite the hypothesized role of hippocampal activity
in cognitive dysfunction, no study has yet examined the
relationship between intrinsic hippocampal activity and cog-
nition in schizophrenia using a comprehensive cognitive
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battery. The MATRICS (Measurement and Treatment
Research to Improve Cognition in Schizophrenia) Consen-
sus Cognitive Battery (MCCB) was created under an
initiative from the National Institute of Mental Health
(NIMH) to “support the development of pharmacological
agents for improving the neurocognitive impairments that
are a core feature of schizophrenia” by providing a “reliable
and valid assessment of cognition at the level of all cognitive
domains” (2, 21). The MCCB includes seven cognitive do-
mains: speed of processing; attention and vigilance; work-
ing memory; verbal learning; visual learning; reasoning and
problem solving; and social cognition. In addition to do-
main index scores, a composite score is calculated based on
the index scores for all domains. Despite the battery’s com-
prehensive nature, high test-retest reliability, predictive
value, relationship to functional outcome, and utility in
clinical trials (2, 21, 22), to our knowledge no study has
reported an association between MCCB scores and brain
function in schizophrenia. Our goals in the present study
were to test the hypotheses that 1) relative to healthy
subjects, patients with schizophrenia have greater in-
trinsic “resting state” hippocampal activity, and 2) this
activity is inversely related to cognitive ability as assessed
by the MCCB. Findings in support of these hypotheses
would suggest that hippocampal activity may be useful
as a biomarker for therapeutic development.

Method

The study was approved by the Colorado Multiple Institutional
Review Board. Among schizophrenia patients, only decisionally
capable individuals were eligible for study participation.

Participants

Demographic data for the study participants are provided in
Table S1 in the data supplement that accompanies the online
edition of this article. Patients and comparison subjects did not
significantly differ in age or gender distribution. Two additional
subjects were excluded because of excessive movement (>1.5
mm) during scanning. Patients were recruited by referral from
a psychiatrist involved in the study (A.O.) and by other local
clinicians and mental health professionals. Exclusion criteria
were a current diagnosis of substance abuse, neurological dis-
orders, or head trauma, as well as MRI exclusion factors
(claustrophobia, weight >300 lb, metal in the body). Clinical
assessment was performed at the time of screening, using the
Brief Psychiatric Rating Scale (BPRS) (23) and a modified Scale
for the Assessment of Negative Symptoms (SANS) (24). The mod-
ified SANS used the four domains most closely associated with
core negative symptoms: affective flatness, alogia, anhedonia, and
apathy (25). The mean total BPRS score was 33.7 (SD=7.5), and the
mean total SANS score (sum of the global ratings for each domain)
was 4.2 (SD=3.1). All patients were being treated with antipsy-
chotics at the time of the study. All participants provided written
informed consent after receiving a complete description of the
study, and they received compensation for their participation.

fMRI Parameters

Images were acquired on a 3-T scanner (General Electric,
Milwaukee) using a standard quadrature head coil. An inversion-
recovery echo planar image (IR-EPI; TI=505 ms) was collected to
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improve coregistration of functional images. Functional scans
were acquired with the following parameters: TR=2,000 ms, TE=30
ms, field of view=240 mm?, matrix=64x64, voxel size=3.75x3.75
mm?, slice thickness=2.6 mm, gap=1.4 mm, interleaved, flip
angle=70°. These parameters were used to minimize signal loss in
the medial temporal lobes associated with magnetic susceptibility
artifact. Resting fMRI scan duration was 10 minutes. Participants

were instructed to rest with their eyes open.

JFMRI Data Analysis

MRI data were preprocessed using SPM8 (www.fil.ion.ucl.ac.uk/
spm/software/spm8) in MATLAB, release 2012a (www.mathworks.
com/products/matlab/). The first four images were excluded for
saturation effects. Echo planar images from each subject were
realigned to the first volume. The realigned images were then nor-
malized to the Montreal Neurological Institute template using the
unified segmentation algorithm (26) on the IR-EPI image and ap-
plying the estimated warp parameters to the coregistered EPI data.
During normalization, data were resliced to a 3-mm? voxel size.
Finally, functional images were smoothed with an 8-mm full width
at half maximum Gaussian kernel.

Group spatial independent component analysis was perfor-
med using GIFT, version 1.3g (http://icatb.sourceforge.net).
Independent component analysis is a data-driven technique
that separates a set of signals into statistically independent com-
ponents. The advantages of this technique are that it separates
signals due to noise (e.g., CSF perturbations) and does not re-
quire prespecification of anatomically based seeds of unknown
reliability and validity (27). Data were intensity-normalized to
improve the accuracy and test-retest reliability of the indepen-
dent component analysis output (28). The dimensionality of the
data from each subject was reduced using principal-component
analysis and concatenated into an aggregate data set. Twenty
independent sources were estimated in each group with an
independent component analysis using the Infomax algorithm
(29). Recent methodological studies have reported good re-
producibility and correspondence with other analytical methods
with this component number (30). Individual subject data sets
were then back-reconstructed. Given hippocampal involvement
in the default network (31), the component containing hippo-
campal activity was identified by selecting the component from
each group with the highest spatial correlation to a default net-
work mask. The mask contained the posterior parietal cortex,
frontal pole, occipitoparietal junction, posterior cingulate, pre-
cuneus, and hippocampus, as defined by the Wake Forest
University PickAtlas (32, 33). The selected component, averaged
across all subjects, is shown in Figure S1 in the online data sup-
plement. Other components were not examined. The hippocampal
signal (Figure 1A,B) was extracted as the first eigenvariate from an
anatomically defined region of interest (Figure 1C) generated from
the PickAtlas. Both right and left hippocampi were examined. The
term “activity” as used here reflects the average amplitude of
signal intensity fluctuations identified by independent component
analysis (34) and spatial template matching. In the context of the
present study, these signals are likely dominated by the low-
frequency spontaneous oscillations that characterize neuronal
activity in the functionally connected default network (35).

The MCCB

The MCCB has been described in detail elsewhere (21). A brief
description of each measure is provided in the online data sup-
plement. The individual tests were administered in the following
order: Trail Making Test, part A; Brief Assessment of Cognition in
Schizophrenia, symbol coding subtest; Hopkins Verbal Learning
Test-Revised; Wechsler Memory Scale-III, spatial span and letter-
number span subtests; Neuropsychological Assessment Battery,
mazes subtest; Brief Visuospatial Memory Test-Revised; category
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FIGURE 1. Hippocampal Activity in Patients With Schizophrenia and Healthy Comparison Subjects?

@ Intrinsic resting hippocampal activity is shown in healthy subjects (panel A) and in patients with schizophrenia (panel B), with the statistical
parametric map thresholded at p<<0.001. Panel C shows the hippocampal region of interest used. Activity and region of interest are overlaid

on a group average anatomical scan for visualization.

fluency test; Mayer-Salovey-Caruso Emotional Intelligence
Test, managing emotions subtest; and Continuous Performance
Test-Identical Pairs Version. Raw scores were converted to nor-
malized T-scores, and seven domain T-scores (speed of pro-
cessing; attention and vigilance; working memory; verbal learning;
visual learning; reasoning and problem solving; social cognition) as
well as a composite T-score were derived using the MCCB scoring
program. The MCCB and fMRI scans were administered on the
same day.

Correlation Analyses

Correlation analyses tested for significant associations be-
tween intrinsic hippocampal activity and MCCB T-scores (overall
and specific domains) and BPRS and SANS scores. T-scores are
normalized scores that have been adjusted for the effects of age,
gender, and education.

Results

Hippocampal Activity

Intrinsic activity was greater in the right hippocampus in
schizophrenia patients relative to age- and gender-matched
healthy comparison subjects (t=4.81, p<<0.001) (Figure 2). No
group differences were observed in the left hippocampus.

MCCB Assessment

MCCB summary results are presented in Table S2 in the
online data supplement. Overall, patients had average
T-scores within one standard deviation of the average
T-score for a healthy population (a score of 50, with a
standard deviation of 10) for the verbal learning, working
memory, visual learning, and reasoning/problem solving
cognitive domains. Patients scored more than one standard
deviation below the healthy population mean for overall
composite score, processing speed, attention/vigilance, and
social cognition.

MCCB Associations With Hippocampal Activity

A significant negative correlation was observed between
MCCB composite score and right hippocampal activity (R=
—0.53, p=0.004) (Figure 3). Exploratory correlation analyses
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FIGURE 2. Intrinsic Resting Hippocampal Activity in Patients
With Schizophrenia (N=28) and Healthy Comparison Sub-
jects (N=28)2
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@ Error bars indicate standard deviation.

revealed that the effect was driven by negative associations
between activity and the MCCB domains attention/
vigilance, working memory, and visual learning (Table 1).
No associations were observed with speed of processing,
verbal learning, reasoning/problem solving, and social
cognition. No significant associations were observed with
the left hippocampus. No significant difference between
right and left hippocampal activity was observed. Because no
significant associations were observed between right hippo-
campal activity and age or gender, values were not adjusted
for these factors.

Clinical Correlates

A significant positive correlation was observed between
total SANS score and right hippocampal response (R=0.42,
p=0.028) (Figure 4). This relationship was driven by a
significant positive correlation with SANS avolition sub-
score (R=0.46, p=0.013). No significant associations with
BPRS scores were observed. Left hippocampal response
was not significantly associated with SANS or BPRS scores.
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FIGURE 3. Associations Between Cognition Measures and Intrinsic Hippocampal Activity in Schizophrenia Patients (N=28)?
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@ Panel A shows a significant association between cognition, as measured by the composite score on the MATRICS Consensus Cognitive Battery
(MCCB) and intrinsic hippocampal activity in patients. Panel B shows results of an exploratory analysis of the relationships between MCCB

domains and hippocampal activity.

Significant negative correlations were observed be-
tween total SANS score and the MCCB working memory
subscale (R=—0.45, p=0.016) and verbal learning sub-
scale (R=—0.45, p=0.017). A negative correlation with
composite MCCB score fell short of statistical signifi-
cance (R=—0.37, p=0.053).

To ensure that the results were not affected by motion
artifacts, the data were reanalyzed using a stringent move-
ment scrubbing routine (36) whereby all volumes that
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shifted 0.5 mm or more from the previous volume were
removed prior to independent component analysis. After
this strict criterion was applied, the main findings persisted,
with patients showing greater hippocampal response relative
to comparison subjects (T=4.51, p<0.001). The inverse cor-
relation between hippocampal activity and composite
MCCB score remained significant (R=—0.46, p=0.014), as
did the positive correlation between activity and total
SANS score (R=0.42, p=0.028).
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TABLE 1. Relationships Between Right Hippocampal Activity
and MCCB Composite Score, MCCB Domains, and Symptoms?

Measure R p
MCCB
Composite score -0.53 0.004
Domains
Processing speed -0.26 0.181
Attention/vigilance -0.41 0.031
Working memory -0.41 0.031
Verbal learning -0.34 0.078
Visual learning -0.41 0.032
Reasoning/problem solving -0.25 0.190
Social cognition -0.37 0.054
SANS 0.42 0.028
BPRS 0.02 0.910

@ BPRS=Brief Psychiatric Rating Scale; MCCB=MATRICS Consensus
Cognitive Battery; SANS=Scale for the Assessment of Negative
Symptoms.

Discussion

Both study hypotheses—that patients would show greater
intrinsic hippocampal activity than healthy subjects and that
this activity would be inversely related to cognitive function—
were supported. The finding of greater resting hippocampal
response is consistent with results of previous studies that
have used different but conceptually related techniques,
including resting cerebral blood flow and volume (9-13).
The present findings may also be consistent with studies
showing elevated hippocampal responses in patients during
simple or entirely passive sensory processing (14-18). The
observed hyperactivity both supports models of hippocam-
pal dysfunction in schizophrenia (37) and increases the
appeal of this measure as a potential biomarker.

To our knowledge, this is the first study to report a sig-
nificant association between intrinsic hippocampal activity
and a broad-spectrum measure of cognition in schizophre-
nia. Beginning with postmortem studies in the 1970s (e.g.,
reference 38), investigators have repeatedly observed ab-
normalities in hippocampal structure and function in
schizophrenia, with the most recent studies reporting in-
creased general metabolism or activity in the region (9, 12,
13, 39). The cognitive implications of hippocampal dys-
function have largely remained unknown, however, likely
because of the lack of standardized methods for examining
cognitive function in schizophrenia.

The MCCB was developed in accordance with an NIMH
initiative to provide a standardized comprehensive battery of
cognitive tests for use in therapeutic development. However,
few studies have found associations between neuroimaging-
based measures of hippocampal function and global
cognition in schizophrenia, although studies have re-
ported correlations with specific cognitive tests (e.g.,
reference 40). Perhaps the most comparable recent study
was by Toulopoulou et al. (41), who reported an asso-
ciation between IQ and right hippocampal volume across
a large sample of schizophrenia patients and first-degree
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FIGURE 4. Associations Between Negative Symptoms and
Intrinsic Hippocampal Activity in Schizophrenia Patients
(N=28)2
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@ Negative symptoms are assessed with the Scale for the Assessment
of Negative Symptoms (SANS).

relatives. The results of the present study suggest that a
therapeutic treatment that reduces intrinsic hippocampal
activity may improve cognition in schizophrenia. Indeed, the
a7 receptor partial agonists tropisetron and DMXB-A (3-[2,4-
dimethoxybenzylidine] anabaseine), which have shown pro-
mising effects on cognition in early trials (42, 43), are proposed
to modulate inhibitory neurotransmission through activation
of nicotinic receptors on GABA-ergic interneurons in the
hippocampus (44).

The relationship we observed between high activity and
low composite MCCB score was driven by negative corre-
lations between activity and visual learning, attention/
vigilance, and working memory, which suggests that these
cognitive processes may be particularly affected by hippo-
campal dysfunction. Although the mechanisms involved
are not clear, it is possible that increased activity at “rest”
reduces the region’s ability to be recruited according to task
demands, resulting in impaired performance.

Multiple lines of evidence suggest that the hippocampus
plays an important role in the MCCB domains driving the
observed effect. For visual learning, studies have demon-
strated recruitment of the right hippocampus in spatial
and visual learning tasks (e.g., reference 45). In the context
of attention/vigilance, the cholinergic projection from the
septal area to the hippocampus is essential for selective
attention (46). Furthermore, the hippocampus exhibits
sensory information processing properties, in which it is
involved in the suppression of responses to repetitive stim-
ulation (47). As a result, it may contribute to selective
attention by filtering out irrelevant information. This process
is altered in schizophrenia, leading to hyperactivity in the
region during the presence of distracting or unimportant
noise (17). This hippocampal hyperresponsiveness to dis-
tracting noise has been shown to be related to patients’
inability to appropriately engage cortical networks subserving
selective attention (48). In regard to working memory,
hippocampal recruitment has been proposed as a second-
ary mechanism by which information can be actively
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maintained in the brain, specifically when working memory
capacity in other areas (e.g., the prefrontal cortex) is
exceeded (49). A previous working memory study (50)
found increased hippocampal activity in patients relative
to controls under conditions of moderate load as well as
impaired performance, suggesting that functional pathol-
ogy of the area may contribute to impairment of working
memory in schizophrenia.

Both intrinsic hippocampal activity and MCCB scores
were associated with negative symptoms. The observed
relationship between cognitive dysfunction and negative
symptoms is conceptually in agreement with numerous
studies demonstrating stronger relationships between cog-
nition and negative symptoms compared with cognition and
positive symptoms (see reference 51). Relative to positive
symptoms, cognitive and negative symptoms are more
stable over time, are a better predictor of functional
outcomes, and are less responsive to medication (1, 51).
Given that hippocampal dysfunction, cognitive impair-
ment, and negative symptoms are often present before the
first episode of psychosis (12, 52), it is possible to speculate
that these phenotypes may constitute core traits of the
disorder that may reflect neuropathological status more
accurately than do positive symptoms.

Our findings in this study were lateralized to the right.
The neurobiological basis for this finding is unclear, as there
is no strong evidence to suggest that hippocampal pathology
is specific to either hemisphere in schizophrenia. It is un-
likely that the lateralized effects were due to a floor or ceiling
effect only in the left hippocampus, as no significant dif-
ference in activity was observed between the left and right
hippocampi. It is possible that the lateralization we
observed is a reflection of the type of MCCB tasks with
which significant associations were demonstrated. For ex-
ample, previous studies have found preferential involve-
ment of the right hippocampus in visual learning and
memory tasks (45, 53). Patients with schizophrenia also
demonstrate a loss of functional connectivity between the
right hippocampus and the left prefrontal cortex during
working memory (54). Given that factor analyses suggest
that the processing speed, attention/vigilance, working
memory, and visual learning domains most strongly
predict composite MCCB score (55), the relationships
between lateralized hippocampal activity and cognitive
function in these domains in schizophrenia require further
investigation.

Our findings should be considered in the context of the
study’s limitations. In order to fully evaluate intrinsic
hippocampal activity as a biomarker, its reliability must be
established by studying subjects at additional time points,
which ideally would be spaced sufficiently far apart for the
tracking of changes in symptoms during disease pro-
gression. Another limitation is that the sample patient pop-
ulation in this study exhibited less impairment on the
MCCB than did samples in other studies (e.g., reference 56).
Additional research is needed to determine whether the
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observed differences in hippocampal activity and associa-
tions with MCCB scores hold true for populations with
greater cognitive impairment. Finally, it is unclear whether
hippocampal hyperactivity and its association with cogni-
tive function are specific to schizophrenia. Studies exam-
ining MCCB performance and hippocampal activity in
healthy subjects and other patient populations (e.g., pa-
tients with bipolar disorder) are needed to examine this
possibility. Indeed, previous work has demonstrated that
patients with poor working memory performance exhibit
reduced right hippocampal gray matter volume compared
with healthy subjects, whereas intact performers do not
(57), which is suggestive of a complex interaction between
cognitive performance, hippocampal pathology, and dis-
ease state in schizophrenia.

Conclusions

This study is the first to observe significant inverse cor-
relations between intrinsic hippocampal activity and a
broad-based measure of cognition in schizophrenia. Asso-
ciations were also observed between activity and negative
symptoms. Our results suggest that intrinsic hippocampal
activity may be a useful biomarker for therapeutic de-
velopment for cognitive dysfunction in schizophrenia.
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