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Abstract
Background—Neural habituation, the decrease in brain response to repeated stimulation, is a
basic form of learning. There is strong evidence for behavioral and physiological habituation
deficits in schizophrenia, and one previous study found reduced neural habituation within the
hippocampus. However, it is unknown whether neural habituation deficits are specific to faces and
limited to the hippocampus. Here we studied habituation of several brain regions in schizophrenia,
using both face and object stimuli. Post-scan memory measures were administered to test for a
link between hippocampal habituation and memory performance.

Methods—During an fMRI scan, 23 patients with schizophrenia and 21 control subjects viewed
blocks of a repeated neutral face or neutral object, and blocks of different neutral faces and neutral
objects. Habituation in the hippocampus, primary visual cortex and fusiform face area (FFA) was
compared between groups. Memory for faces, words, and word pairs was assessed after the scan.

Results—Patients showed reduced habituation to faces in the hippocampus and primary visual
cortex, but not the FFA. Healthy control subjects exhibited a pattern of hippocampal
discrimination that distinguished between repeated and different images for both faces and objects,
and schizophrenia patients did not. Hippocampal discrimination was positively correlated with
memory for word pairs.
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Conclusion—Patients with schizophrenia showed reduced habituation of the hippocampus and
visual cortex, and a lack of neural discrimination between old and new images in the
hippocampus. Hippocampal discrimination correlated with memory performance, suggesting
reduced habituation may contribute to the memory deficits commonly observed in schizophrenia.
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1. Introduction
Habituation, the decrease in response to a stimulus following repeated exposure with no
meaningful consequence, is a basic form of learning (Rankin et al., 2009). Habituation is
adaptive because it allows for the allocation of limited cognitive resources towards novel
events in the environment. Neural habituation can be measured with functional magnetic
resonance imaging (fMRI) as a decrease in blood-oxygen level dependent (BOLD) response
to repeated stimulation. Distributed brain areas exhibit habituation to visual cues, including
visual processing areas (Summerfield et al., 2008; Weigelt et al., 2008), the prefrontal cortex
(Wright et al., 2001; Yamaguchi et al., 2004), and the hippocampus and amygdala
(Blackford et al., 2013; Blackford et al., 2010; Breiter et al., 1996; Fischer et al., 2003;
Wright et al., 2001). In many previous studies, fMRI habituation (also called fMRI
adaptation or repetition suppression) has been used to localize feature-specific processing in
the brain (e.g. Grill-Spector et al., 2006). However, more recent investigations have linked
habituation in the hippocampal formation with cognitive performance, finding that
habituation in the parahippocampus is related to successful memory retrieval (Turk-Browne
et al., 2006), and that patients with mild cognitive impairment, characterized by memory
deficits, show reduced hippocampal habituation (Johnson et al., 2004).

Habituation deficits have been consistently observed in patients with schizophrenia, using
both behavioral and electrophysiological measures. For example, patients with
schizophrenia show reduced habituation of eye-blink startle to auditory or tactile cues
(Bolino et al., 1994; Bolino et al., 1992; Braff et al., 1992b; Geyer and Braff, 1982), as well
as reduced habituation of early evoked auditory responses (Olincy et al., 2010). Despite this
wealth of evidence for disrupted habituation in schizophrenia, only one study has
investigated fMRI habituation, finding reduced habituation in the right anterior hippocampus
in response to repeated fearful faces (Holt et al., 2005). Many important questions remain
regarding the integrity of fMRI habituation in schizophrenia, specifically whether
habituation deficits are 1) present outside the hippocampus, 2) specific to social stimuli such
as faces, or 3) related to memory impairments in schizophrenia. Considering the large body
of previous research on sensory gating deficits (e.g. reduced pre-pulse inhibition and
reduced mismatch negativity) (Braff et al., 1992a; Light and Braff, 2005), and specific
disruptions in early visual processing in schizophrenia (Javitt, 2009), it is possible that
habituation in sensory cortex is also reduced.

Here we extend studies of habituation in schizophrenia to test for reduced fMRI habituation
in the hippocampus, early visual cortex (BA 17/18) and the fusiform face area, (FFA,
Kanwisher et al., 1997), a major node in the face processing network found to be hypoactive
in schizophrenia patients (Habel et al., 2010; Pinkham et al., 2008; Quintana et al., 2003;
Seiferth et al., 2009). Hippocampal volumes were compared between groups to investigate
whether reduced hippocampal habituation occurs in the context of hippocampal volume loss,
a prominent finding in schizophrenia (Nelson et al., 1998; Velakoulis et al., 2006; Wright et
al., 2000). We assessed habituation to both neutral faces and objects to probe whether
reduced habituation is specific to social stimuli. Finally, post-scan memory measures were
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collected to test whether greater hippocampal habituation predicts better memory
performance. We hypothesized that patients with schizophrenia would exhibit reduced
habituation in the hippocampus and visual cortex for face and object stimuli, and that
hippocampal habituation would be positively correlated with memory ability.

2. Methods and Materials
2.1 Subjects

Participants included 25 patients with schizophrenia (n=18) or schizoaffective disorder
(n=7) and 23 healthy controls. Psychotic patients were recruited from the psychiatric
inpatient unit and outpatient clinics of Vanderbilt University Medical Center. Healthy
controls were recruited from the surrounding community via advertisements. The study
protocol was approved by the Vanderbilt University Institutional Review Board, Nashville,
TN, and written informed consent was obtained from all subjects.

All participants were administered the Structured Clinical Interview for DSM-IV (American
Psychiatric, 2000) and the National Adult Reading Test as a measure of premorbid IQ
(NART, Nelson, 1982). Psychotic patients were assessed with the Hamilton Depression
Rating Scale (Hamilton, 1960), the Young Mania Rating Scale (Young et al., 1978), and the
Positive and Negative Syndrome Scale (Kay et al., 1987). When available, research
assessments were supplemented with clinical information from treating physicians. All
patients with schizoaffective disorder met criteria A, B, and C for schizophrenia (i.e.,
symptoms lasted > 6 months and led to functional impairment) (American Psychiatric, 2000)
and clinical variables did not differ between patients with schizophrenia and schizoaffective
disorder. Participants were excluded for: significant medical or neurological illness, head
injury, history of drug or alcohol dependence, substance abuse within the last 6 months, and/
or uncorrected vision deficits. Prior to fMRI analysis 2 schizophrenia and 2 control
participants were excluded for poor fMRI task performance (Supplementary Materials,
section S1.2). The final sample included 23 schizophrenia patients and 21 controls who did
not differ with respect to age, race, gender, premorbid IQ, or parental education, though
control subjects had higher levels of education (Table 1). Chlorpromazine equivalent doses
were calculated for patients taking antipsychotics (n=22) (Gardner et al., 2010) (Table 1).

2.2 Experimental Paradigm
Participants completed an fMRI scan that assessed habituation to faces, habituation to
objects, and a functional localizer for the FFA. Briefly, participants viewed eight 2-minute
runs of images. Images were neutral faces (first 4 runs) or neutral objects (second 4 runs)
and were presented for 500-ms followed by a 500-ms blank screen. On half the runs, the
same image was presented (Repeated condition) and on half the runs a series of different
images was presented (Different condition). To promote and quantify attention during the
task, small versions of the face or object images (25% of original size, similar to
Summerfield et al., 2008) were presented on 10% of trials, and detected by subjects with a
button press (Figure 1). More details of the task, FFA localizer, and MRI parameters are in
Supplementary Materials (sections S1, S2). Analyses were restricted to the first run of each
condition because habituation was much reduced in the second run (Williams et al., In
preparation).

2.3 Post-scan Memory Tests
After the scan participants completed three subscales of the Wechsler Memory Scale-III
(Wechsler, 1997). They were tested on 1) memory for faces because the fMRI task used face
images, 2) memory for word pairs (Verbal Paired Associates) because pair learning is
impaired in schizophrenia (Achim and Lepage, 2003) and supported by the hippocampus,
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and 3) memory for single words (Word List) because verbal memory deficits are common in
schizophrenia (Aleman et al., 1999; Fioravanti et al., 2005). One participant with
schizophrenia did not complete memory tasks due to time constraints.

2.4 Data analysis
2.4.1 Target Detection and Memory Tests—Hit rate on the target detection task and
all memory measures was compared between groups using 2-tailed, independent samples t-
tests.

2.4.2 Structural Neuroimaging Data—Hippocampal segmentation used a previously
established protocol (Pruessner et al., 2000) in the 3DSlicer program (version 3.4) (Pieper et
al., 2004) by a single rater (AL) who was blind to diagnostic group. Reliability statistics
were computed by segmenting 8 randomly selected subjects (4/group) at two different time
points to determine Intraclass Correlation Coefficients for right (ICC=0.93) and left
(ICC=0.93) hippocampi. Volumes were compared with a 2-tailed independent samples t-
test.

2.4.3 Functional Neuroimaging Data—Analyses were performed in SPM8 (Wellcome
Department of Cognitive Neurology, London, UK). Functional data were corrected for head
motion, normalized to Montreal Neurological Institute template space (EPI template in
SPM) and smoothed (5-mm full-width/half maximum kernel). Runs with >3mm of motion
in any direction were excluded from analysis (one run excluded:1 control, 2 schizophrenia
participants; two runs excluded: 1 control, 2 schizophrenia participants). First-level analyses
modeled regressors for response to habituation images and small image targets. Habituation
was modeled with a symmetrical linear regressor with a slope of −1 to capture voxels with
gradual signal decrease across the run. Small images were modeled as separate events of 0
duration and included as regressors of no interest. The inverse of the habituation regressor
(slope of 1) was modeled to isolate regions that show enhancement of BOLD response
throughout the run. Fixation periods were implicitly modeled as the baseline. No temporal
filter was applied because it is confounded with the linear decrease in BOLD that represents
habituation. For the second-level analyses, 2 sample t-tests tested for between-group
differences in habituation by comparing the beta weights associated with the habituation
regressor within regions of interest (ROIs) selected a priori based on previous studies and
hypotheses: the hippocampus, BA17/18 (primary visual cortex), and the FFA.

Habituation was assessed relative to the fixation baseline, consistent with previous studies
(Fischer et al., 2003; Holt et al., 2005; Wright et al., 2001), and considered to be present in
an ROI if a significant cluster was found at p < .05 corrected. A cluster-based threshold
adjustment method based on Monte-Carlo simulations (AlphaSim, http://afni.nimh.gov/pub/
dist/doc/manual/AlphaSim.pdf) was used to protect against Type I errors within ROIs.
Percent signal change was extracted from significant clusters using Marsbar (Brett et al.,
2002). To test the relation between hippocampal signal and memory performance we
performed regression analyses using memory test score as a predictor, covarying for
diagnosis.

2.4.4 Regions of Interest (ROIs)—Because hippocampal volume is often reduced in
schizophrenia patients, we constructed a study-specific hippocampal ROI using
hippocampal tracings (average of all subjects, 50% overlap across sample). Reductions in
visual cortex volume in schizophrenia is not a consistent finding (though see (Donohoe et
al., 2010); and visual cortex (BA17/18) ROIs were taken from a standard atlas (Maldjian et
al., 2003). A functional localizer defined the FFA, which cannot be reliably isolated using
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purely anatomical landmarks. More ROI details are in Supplementary Materials (section
S4).

3. Results
3.1 Target Detection

Performance on the target detection task was high (> 85% correct for all conditions) and did
not differ between groups, indicating both groups were monitoring the stimuli (mean percent
correct ± SD for Repeated faces, Different faces, Repeated objects, and Different objects in
controls: 98±4, 96±4, 97±4, 87±10 and schizophrenia patients: 96±6, 92±9, 96±7, 86±10; all
p>.17).

3.2 Habituation to Repeated Images
3.2.1 Hippocampus—In both groups the hippocampus was activated in response to the
initial presentation of Repeated faces (Supplementary Figure S1). Consistent with
habituation, hippocampal response declined over time in the healthy control group. In
contrast, patients with schizophrenia failed to show habituation (Figure 2). There were no
differences between groups in response to Repeated objects, within the context of overall
weaker habituation for objects relative to faces (Supplementary Figure S2).

3.2.2 Visual Cortex—Primary visual cortex responded to the initial presentation of faces
in both groups (Supplementary Figure S1). Similar to the hippocampus, controls showed
habituation while schizophrenia patients did not (Figure 2). In contrast, within the FFA both
schizophrenia patients and controls exhibited robust habituation to faces (non-significant
group × time interaction, Right FFA F =.57, p=.53; Left FFA F=.70 p=.73) (Figure 2).

3.3 Response to Different Images
3.3.1 Hippocampus—The inclusion of Different images allowed us to quantify responses
to novelty, and to control for non-specific factors such as visual processing or neural fatigue.
Within the hippocampus there was little habituation to Different faces for either group.
Rather, hippocampal response to Different images was enhanced (e.g. increased) throughout
the run for controls (Figure 3). Patients with schizophrenia did not show either pattern in
response to Different images.

3.3.2 Visual Cortex—In contrast, in the primary visual cortex habituation was observed to
Different faces, consistent with habituation to faces as a category. Similar to the Repeated
condition, schizophrenia patients showed reduced habituation to Different faces in the visual
cortex, but groups did not differ in the FFA (Right FFA F=.81, p=.56; Left FFA F=1.1 p=.
38) (Figure 3).

3.4 Hippocampal Discrimination
Given the somewhat unexpected pattern of enhancement, rather than habituation, of neural
signal in the hippocampus in response to Different faces, we tested the interaction between
Repeated and Different faces within the hippocampus. Healthy subjects showed
hippocampal habituation to Repeated images and enhancement to Different images,
consistent with comparator models of hippocampal function (see Discussion). This pattern
of hippocampal discrimination, which appears to distinguish between Repeated and
Different images, was not observed in schizophrenia patients (Figure 4), who showed
relatively stable responses to both face types.
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3.5 Memory Correlations
Controls performed better than schizophrenia patients on all memory measures (Table 2). To
test the relationship between hippocampal habituation and memory performance, memory
scores were used as a predictor variable within the hippocampal ROI, covarying for group.
We found a positive correlation between hippocampal discrimination of face stimuli and
memory for verbal paired associates (total recall) (Figure 4).

3.6 Confounding variables
Hippocampal volume did not differ between groups, indicating that reduced hippocampal
habituation in schizophrenia patients is not explained by smaller hippocampal volume (mean
volume ± SD in mm3 for the left and right hippocampus in control subjects: 3235±436,
3337±474 and schizophrenia patients: 3336±406, 3551±435; all p > .12). Antipsychotic dose
did not correlate with any habituation measure (all p > .23). Finally, reduced habituation in
the visual cortex did not account for abnormalities in the hippocampus, as the strength of
habituation was not correlated across ROIs.

4. Discussion
Here we used fMRI habituation to evaluate neural responses to repeated visual images in
patients with schizophrenia, finding reduced habituation to repeated faces in the
hippocampus and primary visual cortex. Including Different images allowed us to identify
an additional deficit in schizophrenia. Healthy controls showed a pattern of hippocampal
discrimination - habituation to Repeated images and enhancement to Different images - that
was absent in schizophrenia patients. Hippocampal discrimination was correlated with
relational memory, suggesting that disrupted hippocampal response to old and new images
may relate to the well-documented relational memory deficits in schizophrenia (Armstrong
et al., 2012a; Armstrong et al., 2012b; Coleman et al., 2010; Ragland et al., 2012; Titone et
al., 2004; Williams et al., 2010). Crucially, schizophrenia patients showed neither
habituation to Repeated faces nor enhancement to Different faces (Figure 4), and exhibited
significantly reduced habituation relative to controls (Figure 2), indicating that detection of
both item familiarity and item novelty are impaired in schizophrenia. It should be noted that
initial response to faces in the hippocampus is reduced in schizophrenia patients (Figure 2).
However, because this difference does not represent a floor effect, it does not preclude the
interpretation of habituation differences between groups. Habituation to Repeated and
Different faces was also reduced in the primary visual cortex of schizophrenia patients.
However, both patients and controls showed robust habituation in the FFA, showing that not
all visual areas are affected. The magnitude of habituation was not correlated across ROIs
for individual subjects, which may suggest that separate habituation processes occurred
within different brain regions, and that schizophrenia patients have habituation deficits in
some (hippocampus, primary visual) but not other (FFA) systems.

Our findings for hippocampal response to Different images were unexpected, as we
anticipated there would be habituation to faces as a category (Gauthier et al., 2000) or to
novelty itself (Murty et al., 2013). However, the presence of hippocampal discrimination is
consistent with the comparator model of hippocampal function (Hasselmo and Wyble, 1997;
Lisman and Grace, 2005). According to this model, the CA1 region compares predictions
based on previous experience, generated by dentate gyrus /CA3, with incoming sensory
information from cortex. When predictions and sensory information are the same, a match
signal is generated and stimuli are recognized as familiar. When sensory information does
not match the prediction, a mismatch signal is generated and a stimulus is coded as novel.
According to this model, in our control participants match signals in the Repeated blocks
lead to decreasing hippocampal activation with repeated stimulation, whereas mismatch
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signals in the Different condition drove signal increase. The presence of distinct signals
coding for different types of images (Repeated, Different) within the hippocampus likely
contributes to its role in memory function, which requires the discrimination of familiar (e.g.
remembered) and novel information. The absence of this mechanism in schizophrenia
patients may contribute to memory deficits (Lisman et al., 2008), which is supported the
observed correlation between hippocampal discrimination and relational memory
performance (Figure 4). Habituation deficits across multiple brain regions are consistent
with widespread neurotransmitter dysfunction in schizophrenia. Possible mechanisms
include NMDA-receptor hypofunction (Javitt, 2009; Lisman et al., 2008; Tamminga et al.,
2012; Tamminga et al., 2010) and reduced function of inhibitory GABAergic neurons
(Heckers and Konradi, 2010) (Stephenson et al., 2003; Thiel et al., 2001).

Limitations include the study of a group of chronic, medicated schizophrenia patients.
Future studies with patients in an early stage of their illness would help to elucidate the
impact of antipsychotic treatment on habituation; however, habituation deficits were not
global (normal habituation in FFA) and antipsychotic dose was not correlated with any
habituation measure. Our study design did not counterbalance the order of face and object
stimuli, nor the order of Repeated and Different images. Faces were always presented first to
equate our design with previous studies using only face images, which may have contributed
to overall weaker habituation to objects. Similarly, the first run always presented Repeated
images, followed by Different images, leaving open the possibility that increased attention
to Different images contributed to the hippocampal “enhancement” pattern observed in
controls. However, similar habituation responses to Repeated and Different images in visual
cortex and the FFA, which are subject to the same possible variations in attention, does not
support the notion that attentional changes drove fundamentally different brain responses
across all ROIs. Additional studies should counterbalance to address these limitations for
interpretation.

fMRI habituation is a simple paradigm with low cognitive demands that elicits deficits in
schizophrenia patients, some of which relate to memory performance. Future studies may
test for links between habituation to faces and social/emotional deficits in schizophrenia, as
inaccurate coding of face familiarity and novelty could impair emotion processing, disrupt
social cognition, and contribute to social anxiety. In addition, previous work has shown that
neural habituation is affected by serotonergic drugs (Stephenson et al., 2003; Thiel et al.,
2001), indicating that in the future habituation may serve as a novel target for therapeutics.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Task design – participants viewed alternating runs of Repeated and Novel images, 4 runs of
face images followed by 4 object runs. During stimulus presentation participants pressed a
button to detect rare (10% of trials) small images, which were excluded from habituation
analyses.
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Figure 2.
Patients with schizophrenia showed reduced habituation to Repeated faces in the left (k =
34; − 21, −22, −23) and right (k = 13; 18, −37, 4) hippocampus (cluster corrected p-value < .
05). Extracting the percent signal change from these clusters shows that while control
participants show decreasing hippocampal activity across the run, activity is more sustained
for schizophrenia patients. A similar pattern was found in three clusters in the bilateral
visual cortex (k = 111, −18, −79, 10; k = 22, 12, −76, 22; k = 19, 24, −97, 7, cluster-
corrected p < .05). Percent signal change showed for a representative cluster. In contrast,
both controls and schizophrenia patients show robust habituation to Repeated faces within
the FFA (a representative single-subject FFA region of interest shown in green).
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Figure 3.
In response to Different Images, control subjects showed increasing signal in the bilateral
hippocampus (left k = 56, −27, −40, 1, k = 14, −24, −19, −26; right k = 27, 33, −37, −8, k =
17, 27, −22. −26 cluster-corrected p < .05); schizophrenia patients did not show significant
hippocampal changes throughout the run. In the visual cortex, patients with schizophrenia
showed reduced habituation to Different faces, relative to control participants (k = 53, −21,
−88, 16 cluster-corrected p < .05). FFA habituation to Different faces was present for both
groups.
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Figure 4.
In response to both Face and Object images, significant clusters in the bilateral hippocampus
of healthy control subjects showed a pattern of hippocampal discrimination, exhibiting
habituation in response to Repeated images and enhancement in response to Different
images (Faces: left k = 20, −30, −28, −17; k = 18, −24, −40, −2 right k = 53; 21, −37, 4.
Objects: left k = 33, −27, −25, −17; right k = 85, 33, −16, −32). The pattern was absent
schizophrenia patients, who had similar responses to both stimulus types in these
hippocampal regions. There was a positive correlation between hippocampal discrimination
and verbal paired associate memory (total recall score) in the left (k = 24; −27, −34, −14)
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and right (k = 10; 21, 19, −20) hippocampus, such that greater hippocampal habituation was
correlated with paired associate memory.
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Table 1

Demographic and Clinical Characteristics of Participants

Schizophrenia
n = 23

Control
n = 21

Sex (male/female) 12/11 11/10

Race (black/white/other) 10/13/0 7/13/1

Age, Years 43.35 (11.8) 42.38 (10.0)

Participant’s Education, Years* 13.70 (2.5) 15.76 (2.3)

Parental Education, Years 13.18 (2.7) 13.40 (2.4)

IQ, NART 106.17 (8.5) 109.29 (8.3)

Ham-D 3.44 (3.5) -

YMRS .97 (2.3) -

PANSS- Total 51.35 (13.0) -

PANSS- Positive 13.22 (5.6) -

PANSS- Negative 14.13 (6.7) -

PANSS- General 24.0 (5.5) -

CPZ 521.13 (261.8) -

Duration of Illness, Years 20.09 (10.8) -

Number of Hospitalizations 4.87 (4.3) -

CPZ, chlorpromazine equivalent doses; HAM-D, Hamilton Depression Rating Scale; NART, North American Adult Reading Test; PANSS,
Positive and Negative Syndrome Scale; YMRS, Young Mania Rating Scale.

*
Control > Schizophrenia, p < .05
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Table 2

Performance on Post-Scan Memory Wechsler Memory Scales

Schizophrenia
n = 22

Normal Control
n = 21 t and p values

Verbal Paired Associates

Recall Total (sum 4 blocks) 18.41 (8.47) 22.86 (7.7) t = 1.80, p = .08

Recall Delayed (single block) 6.0 (2.0) 7.24 (1.6) t = 2.18, p = .035

Word List

Recall Total (sum 4 blocks) 28.64 (8.8) 36.95 (6.3) t = 3.54, p < .001

Short Delay Recall (single block) 5.82 (3.8) 8.67 (2.4) t = 2.92, p = .006

Long Delay Recall (single block) 5.45 (3.9) 8.19 (2.5) t = 2.70, p = .01

Faces

Immediate Recognition 36.50 (4.1) 39.14 (4.1) t = 2.10, p = .042

Delayed Recognition 36.68 (3.4) 40.10 (3.1) t = 3.44, p < .001
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