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Patients with schizophrenia exhibit cognitive and sensory impair-
ment, and object recognition deficits have been linked to sensory
deficits. The “frame and fill” model of object recognition posits that
low spatial frequency (LSF) information rapidly reaches the prefron-
tal cortex (PFC) and creates a general shape of an object that
feeds back to the ventral temporal cortex to assist object recog-
nition. Visual dysfunction findings in schizophrenia suggest a prefer-
ential loss of LSF information. This study used functional magnetic
resonance imaging (fMRI) and resting state functional connectivity
(RSFC) to investigate the contribution of visual deficits to impaired
object “framing” circuitry in schizophrenia. Participants were
shown object stimuli that were intact or contained only LSF or high
spatial frequency (HSF) information. For controls, fMRI revealed
preferential activation to LSF information in precuneus, superior
temporal, and medial and dorsolateral PFC areas, whereas patients
showed a preference for HSF information or no preference. RSFC
revealed a lack of connectivity between early visual areas and PFC
for patients. These results demonstrate impaired processing of LSF
information during object recognition in schizophrenia, with
patients instead displaying increased processing of HSF infor-
mation. This is consistent with findings of a preference for local
over global visual information in schizophrenia.
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Introduction

Cognitive dysfunction in schizophrenia is well documented
(Carter et al. 2008) and is related to functional outcome
(Green 2006). A growing literature including steady-state and
transient event-related potential, psychophysical, and func-
tional magnetic resonance imaging (fMRI) studies provides
evidence that sensory impairment is also a core feature of
schizophrenia (Slaghuis 1998; Foxe et al. 2001; Braus et al.
2002; Ardekani et al. 2003; Brenner et al. 2003; Butler et al.
2005; Kim et al. 2005; Schechter et al. 2005; Butler et al. 2006;
Yeap et al. 2006; Butler et al. 2008; Martinez et al. 2008; Sil-
verstein et al. 2010b; Chen 2011), and this impairment may
propagate to higher cognitive processes such as motion pro-
cessing (Kim et al. 2006), perceptual grouping and organiz-
ation (Kurylo et al. 2007; Silverstein and Keane 2011), reading
(Revheim et al. 2006), and emotion recognition (Leitman
et al. 2005; Turetsky et al. 2007; Butler et al. 2009; Leitman
et al. 2011). Further, recent findings indicate that the bottom-
up propagation of deficits from sensory to higher level

processes in schizophrenia occur even when top-down pro-
cesses are intact (Dias et al. 2011). However, the specific con-
tributions of visual deficits to higher cognitive dysfunction
have yet to be fully elucidated. The present study utilized
functional magnetic resonance imaging (fMRI) to investigate
object recognition in schizophrenia, a task which links visual
input to higher cognitive functioning.

Object recognition occurs in the ventral temporal cortex
(VTC) (Hubel and Wiesel 1962; Tanaka 1993; Pasupathy and
Connor 1999; Vogels et al. 2001) and depends on converging
visual processing input. The VTC receives input from the
magnocellular and parvocellular subcortical visual pathways
(Kaplan and Shapley 1982, 1986; Wurtz and Kandel 2000).
The magnocellular pathway responds rapidly and is biased
toward responding to low spatial frequency (LSF) (i.e., low
resolution) information, which it preferentially relays to cor-
tical dorsal stream areas (Ungerleider and Mishkin 1982;
Shapley 1990; Merigan and Maunsell 1993). The dorsal
stream, in turn, projects to the prefrontal cortex (Wise et al.
1997; Endo et al. 1999; Petrides and Pandya 1999; Saron
et al. 2001). One theory of object processing is that a general
shape of an object stimulus is activated in the PFC, and this
“frame” of the object is fed back to the VTC (Ullman 1995;
Bar 2003; Bar et al. 2006; Kveraga et al. 2007; Sehatpour
et al. 2010). The parvocellular pathway, on the other hand,
responds more slowly and is biased toward responding to
high spatial frequency (HSF) (i.e., fine detail) information,
which it preferentially relays to cortical ventral stream areas
including the VTC (Ungerleider and Mishkin 1982; Shapley
1990; Merigan and Maunsell 1993). The VTC thus receives
both dorsal and ventral stream inputs, which interact during
object recognition. Due to the different speeds of the 2 path-
ways, the input from the PFC arrives in the VTC in time to
provide a frame of an object which is then “filled” by fine
detail information arriving later from the parvocellular
pathway (Ullman 1995; Schmolesky et al. 1998; Schroeder
et al. 1998; Lamme and Roelfsema 2000; Bar 2003; Bar et al.
2006; Kveraga et al. 2007; Sehatpour et al. 2010; Tapia and
Breitmeyer 2011). Under the frame and fill model, object rec-
ognition is achieved by gradually integrating fine details of
an object into a coherent whole in the VTC (Tanaka 1993,
1996; Bar et al. 2001; Grill-Spector et al. 2001; Malach et al.
2002; Brincat and Connor 2006), and the PFC frame facili-
tates this process by constraining it to a limited number of
possible objects (Bar 2003; Bar et al. 2006; Kveraga et al.
2007).
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Other recent findings support the idea that low resolution
global information is processed prior to fine detail infor-
mation in object recognition (Chen 2005; Conci et al. 2011; de
la Rosa et al. 2011). However, it is unclear which cortical
areas process this information. Some evidence indicates that
global information is represented as early as primary visual
cortex and transmitted directly to the VTC (Altmann et al.
2003; Kourtzi et al. 2003; Ban et al. 2006; Mannion et al.
2010), while other findings suggest that primary visual cortex
represents only fine detail information, and only higher areas
process global information (Kourtzi and Huberle 2005; Swet-
tenham et al. 2010). The frame and fill model suggests that
the VTC receives global information from higher areas such as
the PFC and fine detail information from primary visual
cortex. Indeed, the laminar profile of the earliest responses of
VTC neurons in the macaque monkey was consistent with
initial input from the dorsal stream and/or higher cortical
areas, rather than with initial afferent input from occipital
visual areas (Chen et al. 2007). In addition, connections
between the frontal cortex and temporal cortex in the
macaque were found to be crucial for object recognition
(Parker and Gaffan 1998).

Bar and colleagues have studied visual pathway contri-
butions to human object recognition utilizing MEG and fMRI.
They found that stimuli biased toward the magnocellular
pathway by using LSF or low contrast increased PFC activity,
whereas stimuli biased toward the parvocellular pathway by
using HSF or isoluminant chromatic contrast produced less
PFC activity and more ventral stream activity (Bar et al. 2006;
Kveraga et al. 2007). In addition, PFC activity was related to a
performance advantage for magnocellular-biased stimuli in an
object recognition task (Kveraga et al. 2007). Effective con-
nectivity analysis of MEG time courses revealed interactions
between occipital visual areas and PFC, followed by later
interactions between PFC and VTC. These interactions took
place only for magnocellular-biased and -unbiased stimuli,
and not for parvocellular-biased stimuli (Bar et al. 2006).
Taken together, these results suggest that during object recog-
nition, the PFC rapidly receives low-resolution magnocellular
pathway information via the dorsal stream, which in turn
feeds back to the VTC. This feedback provides the frame of
the object, which is then filled by the fine detail parvocellular
pathway information.

Object recognition deficits have been found in schizo-
phrenia with behavioral studies in which patients failed to in-
tegrate fine details into whole object representations (Doniger
et al. 2002; Sehatpour et al. 2010). Early-stage visual deficits
in schizophrenia preferentially involving the magnocellular
pathway (Butler et al. 2001; Schechter et al. 2003; Butler et al.
2005; Kéri et al. 2005; Kim et al. 2005; Schechter et al. 2005;
Butler et al. 2008; Martinez et al. 2008; Butler et al. 2009;
Green et al. 2009) suggest that the framing function of the
PFC may be impaired, though parvocellular deficits (Slaghuis
1998; Brittain et al. 2010) and increased magnocellular
responses (Green et al. 1994; Kiss et al. 2010) have also been
found. The preferential magnocellular deficit in schizophrenia
is thought to arise as a result of impaired nonlinear gain (i.e.,
signal amplification) (Butler et al. 2005; Kim et al. 2005;
Butler et al. 2008; Green et al. 2009) mediated by N-Methyl-
D-aspartate (NMDA) glutamate receptors as this mecha-
nism is used by magnocellular neurons far more than by

parvocellular neurons (Fox et al. 1990; Kwon et al. 1992; Daw
et al. 1993; Zemon and Gordon 2006; Lisman et al. 2008) and
appears to be impaired in schizophrenia (Goff and Coyle
2001; Javitt 2004; Krystal et al. 2005; Javitt 2009; Kantrowitz
and Javitt 2010a, 2010b). Findings of parvocellular dysfunc-
tion may occur under conditions that drive that pathway to
utilize this nonlinear gain mechanism normally favored by the
magnocellular pathway (Butler et al. 2005). However, strong
evidence in favor of a preferential magnocellular deficit in
schizophrenia suggests a specific bottom-up deficit in the
propagation of magnocellular-biased information to the
dorsal stream and PFC during object recognition.

Evidence for this pattern of dysfunction has been found in
studies of perceptual closure, a task in which participants are
asked to recognize fragmented objects. For instance, impair-
ments in perceptual closure, as well as impairments in
event-related potential (ERP) components associated with
perceptual closure and dorsal stream activity, were found in
schizophrenia patients, while a ventral stream ERP com-
ponent remained intact (Doniger et al. 2002). These ERP find-
ings were recently replicated and, using fMRI an impaired
network of dorsal stream, ventral stream, PFC, and hippocam-
pal activity related to perceptual closure was found (Sehat-
pour et al. 2010). Path analysis suggested that dorsal stream
deficits led to PFC deficits, which in turn led to ventral stream
and hippocampal deficits. These studies support the findings
of a dorsal stream–PFC–VTC circuit in object recognition, and
its impairment in schizophrenia.

The current study sought to further clarify the link between
early-stage visual deficits and impaired ability to frame
objects in schizophrenia by utilizing the same fMRI object rec-
ognition paradigm as Bar et al. (2006) and extending it to
schizophrenia. This paradigm biases object stimuli toward the
magnocellular or parvocellular pathway by filtering them to
contain LSF or HSF information, respectively. Using ERP and
fMRI, Martinez et al. (2012) recently demonstrated that schizo-
phrenia patients have impaired activity in extrastriate visual
areas in response to LSF, but not to HSF, grating stimuli. This
suggests that patients may display similar deficits to LSF
object stimuli, and that these deficits may propagate to the
PFC, resulting in impaired framing feedback to the VTC. In
addition to this fMRI paradigm, this study also utilized resting
state functional connectivity (RSFC) to examine the functional
networks underlying object recognition in both schizophrenia
patients and healthy control participants.

Methods

Participants
Twenty-four patients who met DSM-IV criteria for schizophrenia and
17 healthy volunteers participated. Patients were recruited through in-
patient and outpatient facilities associated with the Nathan Kline Insti-
tute for Psychiatric Research. Diagnoses were obtained using the
Structured Clinical Interview for DSM-IV (SCID) (First et al. 1997) and
available clinical information. Controls were recruited through the
Volunteer Recruitment Program at the Nathan Kline Institute. All par-
ticipants provided informed consent and received cash compensation
for their time. The study was approved by the Nathan Kline Insti-
tutional Review Board. Healthy volunteers with a history of SCID-
defined Axis I psychiatric disorders were excluded. Patients and
controls were excluded if they had any neurological or ophthalmo-
logical disorders, including glaucoma or cataracts, that might affect

1850 Contributions of low and high spatial frequency processing • Calderone et al.



performance or if they met criteria for alcohol or substance depen-
dence within the last 6 months or abuse within the last month. All
participants had normal or corrected-to-normal visual acuity of 20/32
or better on the Logarithmic Visual Acuity Chart (Precision Vision).
All patients were receiving antipsychotic medication at the time of
testing, except for 1 patient who had refused to continue haloperidol
decanoate. Chlorpromazine equivalents were calculated as previously
described (Woods 2003, 2005, 2011). All data reported below are
mean ± standard deviation.

Groups did not differ significantly in age (patients, 37.39 ± 9.67;
controls, 36.41 ± 7.65; P = 0.73) or gender (patients, 19 males, 5
females; controls, 13 males, 4 females; P = 0.83). Patients had signifi-
cantly lower socioeconomic status (SES) as measured by the 4-factor
Hollingshead Scale (patients, 23.67 ± 6.68; controls, 41.88 ± 10.13;
t(29) =− 5.86, P < 0.001), although parental SES did not significantly
differ between groups (patients, 32.82 ± 11.21; controls, 42.75 ±
14.19; P = 0.06). Patients also had significantly reduced IQ (patients,
92.53 ± 7.33; controls, 98.56 ± 6.79; t(29) =− 2.38, P = 0.02) and edu-
cation as measured by the highest grade achieved (patients, 11.25 ±
1.77; controls, 14.06 ± 1.53; t(30) =− 4.81, P < 0.001). Patients were ill
for an average of 14.22 ± 7.48 years, had an average Global Assess-
ment of Functioning (GAF) score of 38.52 ± 11.05, and were receiving
antipsychotic doses equivalent to an average of 938.41 ± 672.63 mg of
chlorpromazine per day. Although demographic data for some vari-
ables were unavailable for some patients, the overall sample charac-
teristics were similar to those in recent publications from our group
(Dias et al. 2011, Martinez et al. 2012).

Functional Magnetic Resonance Imaging
Apparatus. A 3T Siemens TIM Trio magnetic resonance scanner at
the Nathan Kline Institute was used for all functional and structural
scans. Functional scans contained 34 axial slices, with TR = 2000 ms,
TE = 30 ms, and voxel size = 2.5 × 2.5 × 2.8 mm, with a 0.7 mm
gap. High-resolution structural scans were performed with a 3D
magnetization prepared rapid acquisition gradient echo (MPRAGE)
sequence, having 192 sagittal slices with TR = 2500 ms, TE = 3.5 ms,
FA = 8°, and voxel size = 1 × 1 × 1 mm. Slice time correction, motion
correction, normalization to a value of 100, smoothing (8 mm FWHM
Gaussian kernel), skull stripping, deconvolution of relevant time
series, and first-order regression analyses were performed using AFNI
(http://afni.nimh.nih.gov/; Cox 1996). Functional and structural scans
were coregistered and transformed into a common Talairach space

using the Automatic Registration Toolbox (Ardekani et al. 2004; Klein
et al. 2009).

Stimuli and procedure. Grayscale images of ordinary objects and
abstract sculptures were filtered to contain only LSF (≈6 cycles per
image) or HSF (≈30 cycles per image) information, as reported by
Bar et al. (2006). All LSF, HSF, and unfiltered (Intact) images had an
identical root mean square contrast of 50.26%, which is often
reported for complex visual stimuli (Ojanpää and Näsänen 2003).
Two fMRI scanning blocks were performed, each consisting of 101
trials. In each block, 24 ordinary object images were each presented
in Intact, LSF, and HSF form (Fig. 1). Five abstract sculpture stimuli
were also presented in each block (Intact:LSF:HSF ratio of 1:2:2, 2:1:2,
or 2:2:1 randomly determined for each block). Abstract sculpture
stimuli were purposely chosen to not resemble ordinary objects. In
addition, 24 fixation trials were presented in each block to create
“jitter” in the image time series to better sample the hemodynamic
response function. Each trial consisted of 500 ms for image
presentation, followed by 1500 ms of fixation, except for fixation
trials which consisted solely of 2000 ms of fixation. Object image
trials, sculpture image trials, and fixation trials were presented in a
random order. In a forced choice task, participants indicated by
button press whether the stimulus depicted an ordinary object or an
abstract sculpture, with response time limited to 2000 ms after
stimulus onset. Responses and reaction times were recorded.

Analysis. First-order regression analyses for each participant
isolated fMRI activity related to correct Intact, LSF, and HSF ordinary
object trials, resulting in beta maps. These results were then used for
higher-order group analyses. A whole-brain mixed-effects 2-way
ANOVA with group and condition as factors was performed on the
beta maps to examine differences in activity between stimulus
conditions and between groups. Regions of interest (ROIs) were
determined based on the interaction of group and condition. Two a
priori ROIs were calculated from the Talairach Tournoux atlas, for
bilateral Brodmann area 17 (BA 17) and bilateral fusiform gyrus (FG).
These areas represent basic visual processing and VTC areas,
respectively. For each ROI, each participant’s average beta value for
each condition was calculated, and these were compared within and
across groups.

Resting State Functional Connectivity
Apparatus. Scans were performed with the same scanner described
above. Functional scans contained 34 axial slices, with TR = 2000 ms,
TE = 30 ms, and voxel size = 2.5 × 2.5 × 2.7 mm with a 0.8 mm skip.
Preprocessing was conducted using the 1000 Functional Connectomes
Project (Biswal et al. 2010) scripts, available at http://fcon_1000.
projects.nitrc.org/indi/pro/nki.html. The MPRAGE was segmented
using FSL’s (http://www.fmrib.ox.ac.uk/fsl/) FAST software to obtain
the masks for white matter (WM) and cerebrospinal fluid (CSF). The
WM and CSF time series were then spatially averaged for their
respective compartments. These time series, as well as those for the 6
motion parameters, were used as covariates of no interest in a general
linear model (GLM), and were regressed from the native-space EPI
time series.

Stimuli and procedure. Participants were instructed to keep their
eyes open and remain still and alert. A total of 180 functional scans
were performed, the first 5 of which were discarded prior to
preprocessing.

Analysis. Seven seed regions were defined as the 2 a priori ROIs
and 5 functionally derived ROIs as defined above. For each
participant, average time series data were extracted for each ROI and
correlated with the time series of all other ROIs. These correlations
were standardized using Fisher’s r-to-z transformation. Correlation
z-scores for each group were tested against zero in a 1-sample t-test to
determine which connections between ROIs were significant.

Figure 1. Object recognition task used during fMRI scanning. Ordinary object and
abstract sculpture stimuli were shown either in their Intact state or filtered to contain
only low spatial frequency (LSF) or high spatial frequency (HSF) information. A single
2000 ms stimulus trial consisted of stimulus presentation (500 ms) followed by
fixation (1500 ms) (left-hand side of Fig. 1). In addition, there were 24 “fixation
alone” trials consisting of 2000 ms of fixation that were randomly presented among
stimulus trials (right-hand side of Fig. 1). Participants pressed buttons on stimulus
trials to indicate whether the image depicted an ordinary object or an abstract
sculpture.
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Results

Behavioral Results
A main effect of stimulus condition (F(2,117) = 22.832, P <
0.001) showed that reaction time was faster for Intact stimuli
(controls: M = 694.29, SD = 176.52; patients: M = 730.77, SD =
170.20) than LSF stimuli (controls: M = 772.32, SD = 190.38;
patients: M = 818.14, SD = 177.57) (t(40) =− 7.961, P < 0.001)
and HSF stimuli (controls: M = 793.78, SD = 238.37; patients:
M = 827.32, SD = 187.94) (t(40) =− 4.898, P < 0.001). A main
effect of stimulus condition (F 2,117 = 29.598, P < 0.001) also
revealed that accuracy was higher for Intact stimuli (controls:
M = 76.34%, SD = 25.29%; patients: M = 81.23%, SD = 17.26%)
than LSF stimuli (controls: M = 55.53%, SD = 28.51%; patients:
M = 58.04%, SD = 21.82%) (t(40) = 6.493, P < 0.001) and HSF
stimuli (controls: M = 52.82%, SD = 32.15%; patients: M =
54.86%, SD = 26.46%) (t(40) = 7.383, P < 0.001). However, no
between-group differences in reaction time or accuracy were
found for any stimulus condition, and no interactions
between group and condition were found. The lack of
between-group differences indicates that the task was not
more difficult for patients or controls for any stimulus con-
dition. Only correct trials were used in the fMRI analyses.

Functional Magnetic Resonance Imaging
A whole-brain mixed-effects 2-way ANOVA revealed a signi-
ficant interaction between group and condition in 5 regions
(F = 4.09, cluster size = 48, corrected P = 0.001). These regions
were then defined as ROIs (Table 1), and post-hoc t-tests were
performed on average beta coefficients within these ROIs.
Similar t-tests were performed for average beta coefficients for
the 2 a priori ROIs (Table 2).

A bilateral precuneus ROI (pCun) demonstrated an inter-
action in which controls had more activity for LSF than HSF
stimuli (t(16) =− 2.313, P < 0.05), while patients had more
activity for HSF than LSF (t(23) = 3.233, P < 0.005) and Intact
stimuli (t(23) = 2.198, P < 0.05). Controls also had significantly
greater activity than patients for LSF stimuli (t(39) =−2.229,
P < 0.05) (Fig. 2A).

The right superior temporal gyrus ROI (STG) showed a
similar interaction pattern to the pCun ROI. Controls had
more activity for LSF than HSF (t(16) =−2.311, P < 0.05) and
Intact stimuli (t(16) =−2.621, P < 0.05), while patients had
less activity for LSF than HSF (t(23) = 3.570, P < 0.005) and
Intact stimuli (t(23) = 2.748, P < 0.05) (Fig. 2B).

The left caudate ROI (CD) again showed greater activity for
LSF than HSF (t(16) =−4.707, P < 0.001) and Intact stimuli
(t(16) =−2.506, P < 0.05) for controls, but no significant
differences between conditions in patients (Fig. 2C).

The left medial prefrontal ROI (MPFC) also showed greater
activity for LSF than HSF stimuli (t(16) = 3.381, P < 0.005)
for controls, and greater activity for HSF than Intact stimuli
(t(23) =−2.444, P < 0.05) for patients. In addition, patients
had significantly greater activity than controls for the HSF
condition (t(39) =−2.188, P < 0.05) (Fig. 2D).

The left dorsolateral prefrontal ROI (DLPFC) demonstrated
differences in activity between conditions for controls, but not
patients. For controls, activity for HSF stimuli differed signifi-
cantly from activity for LSF (t(16) =−3.632, P < 0.005) and
Intact stimuli (t(16) =−2.686, P < 0.05). In this case, HSF
related activity was negative compared with fixation, while
Intact and LSF-related activity was positive (Fig. 2E).

The a priori bilateral Brodmann area 17 ROI (BA 17) showed
no differences between conditions for controls. Patients had sig-
nificantly higher activity for Intact than LSF stimuli (t(23) =
2.517, P < 0.05) (Fig. 3A). The a priori bilateral fusiform gyrus
ROI (FG) also did not have differences between conditions for
controls. Patients had significantly higher activity for Intact than
LSF (t(23) = 3.165, P < 0.005) and HSF stimuli (t(23) = 3.227,
P < 0.005) (Fig. 3B). There were no significant between-group
differences for A17 or FG.

Resting State Functional Connectivity
Seeds for the RSFC data were defined as the fMRI ROIs de-
scribed above. Significant correlations between seeds (P <
0.05) revealed differing functional networks between controls
and patients (Fig. 4). Controls had 4 correlations that patients
lacked, which were BA 17 and DLPFC, BA 17 and MPFC,
DLPFC and MPFC, and BA 17 and STG. Patients had 3 corre-
lations that controls lacked, which were BA 17 and CD, pCun
and CD, and BA 17 and pCun. These resting state correlations
established functional networks for controls and patients.

Discussion

This study used an object recognition fMRI task that Bar et al.
(2006) had previously used to explore the theory that LSF
information projecting to the PFC creates a low resolution
frame of an object and that this information feeds back to the
VTC to facilitate object recognition in normal individuals. Like
the results of Bar et al. (2006), the present fMRI results for
healthy controls showed that the PFC responded differently
for stimuli containing LSF information than for stimuli con-
taining only HSF information. The present study extended the
paradigm to schizophrenia patients. Whereas previous studies
have shown impairments in perceptual closure involving im-
paired PFC activity in schizophrenia (Doniger et al. 2002;
Sehatpour et al. 2010), the current study used LSF and HSF
stimuli to examine the specific contributions of each type of
information to object recognition in patients.

Table 1
Functional ROIs based on the group-by-condition interaction

ROI Brodmann area Center of mass Number of voxels

pCun
Left 7, 31 6.9, 49.6, 36.6 178
Right 7, 31 −6.8, 59.0, 30.3 76

STG (right) 40 −56.6, 46.7, 19.5 96
CD (left) – 15.5, −16.2, −0.8 67
MPFC (left) 9 7.1, −47.9, 21.0 98
DLPFC (left) 46 41.7, −43.7, 5.6 88

Table 2
A priori ROIs based on the Talairach Tournoux atlas

ROI Number of voxels

BA 17 313
FG
Left 547
Right 546

1852 Contributions of low and high spatial frequency processing • Calderone et al.



Functional Magnetic Resonance Imaging
Reaction time for controls and patients did not differ signifi-
cantly for the object recognition task, indicating that patients
were able to perform the task as quickly as controls for all

stimulus conditions. This was perhaps not surprising given
that the task involved only a small number of “catch” trials,
and that these trials used abstract sculpture stimuli that were
purposely chosen not to resemble ordinary objects. The lack
of group differences in behavioral data indicated that
patients were able to recognize the objects in this task nor-
mally, whereas differences in fMRI results indicated that they
accomplished recognition using different patterns of cortical
activation, possibly reflecting a different strategy. Recent
findings indicate that even under conditions of approxi-
mately normal behavioral performance for visual tasks,
schizophrenia patients may show impaired patterns of corti-
cal activation (Spencer et al. 2003; Spencer et al. 2004; Silver-
stein et al. 2010b). The current results extend this idea to

Figure 2. ROIs showing an interaction between group and stimulus condition. For all ROIs, F=4.09, cluster size = 48, corrected P=0.001. For all bar graphs, *P< 0.05.

Figure 3. A priori ROIs defined by Talairach Tournoux atlas. For all bar graphs, *P<
0.05.

Figure 4. RSFC correlations. Seed regions consisted of the 5 functional and 2 a
priori fMRI ROIs applied to a resting state fMRI scan. pCun = bilateral precuneus,
STG = right superior temporal gyrus, CD = left caudate, MPFC= left medial
prefrontal, DLPFC = left dorsolateral prefrontal, BA 17= bilateral Brodmann area 17,
FG = bilateral fusiform gyrus.
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object recognition, with patients showing normal reaction
times but abnormal patterns of activity over a widespread
cortical network.

The 2 a priori ROIs examined were bilateral occipital area
17 and fusiform gyrus. In area 17, patients had decreased acti-
vation for LSF compared with Intact stimuli, whereas controls
showed no difference in activation between the different
types of stimuli. Previous research has found alterations in oc-
cipital cortex anatomy (Selemon et al. 1995; Dorph-Petersen
et al. 2007) in post-mortem studies of schizophrenia patients
as well as thinning of occipital cortex in an MRI study of un-
medicated first-episode patients (Narr et al. 2005). Decreased
fMRI activation has also been found in primary visual cortex
to LSF, but not HSF, grating stimuli in schizophrenia patients
compared with controls (Martinez et al. 2008). The current
result of an impaired pattern of response within the schizo-
phrenia group supports the idea that preferential magnocellu-
lar dysfunction in schizophrenia may result in a reduced
occipital cortical response to LSF information.

The fusiform gyrus was chosen as an a priori VTC ROI due
to its well-documented involvement in object recognition
(Gerlach et al. 2002; Simons et al. 2003; Hofer et al. 2007; Liu
et al. 2008; Haist et al. 2010; Konen et al. 2011). While the
lateral occipital complex (LOC) is also well known to be in-
volved in object recognition (Grill-Spector et al. 2001; Lerner
et al. 2002; Sehatpour et al. 2010), definitions of LOC bound-
aries often include posterior parts of the fusiform gyrus (Grill-
Spector et al. 1999; Malach et al. 2002). Bar et al. (2001, 2006)
have repeatedly observed activity throughout the fusiform
gyrus related to object recognition, particularly in studies of
the frame and fill model (Kveraga et al. 2007), and thus the
current study, which utilized one of their paradigms, also uti-
lized this area as an a priori ROI. In this fusiform gyrus ROI,
patients had decreased activation for LSF and HSF compared
with Intact stimuli, whereas controls showed no difference in
activation between stimulus types. Martinez et al. (2012) re-
cently found decreased fMRI activation in fusiform gyrus to
LSF, but not HSF, simple grating stimuli in schizophrenia
patients compared with controls, while Silverstein et al.
(2010a) found increased fusiform activity to LSF and HSF fil-
tered faces in schizophrenia. The current results, together
with these other recent findings, suggest that the fusiform
gyrus processes spatial frequencies abnormally in schizo-
phrenia, and differently for various types of stimuli. The
current results support findings of impaired transmission of
LSF object information to the fusiform gyrus, and suggest that
pure HSF processing of objects is also impaired in schizo-
phrenia. While the fusiform gyrus receives direct input from
primary visual areas, this project also sought to study dorsal
stream and PFC contributions to object recognition in
schizophrenia.

The 5 functionally derived ROIs show which cortical areas
process the spatial frequency of objects differently for controls
than patients. The precuneus and superior temporal gyrus
ROIs show similar patterns of response, with controls having
increased activity for LSF over HSF stimuli, and patients
having the opposite pattern. In addition, patients showed sig-
nificantly decreased responses to LSF stimuli compared with
controls in the precuneus. The caudate ROI shows the same
pattern of increased activity for LSF over HSF stimuli in con-
trols as the precuneus and superior temporal gyrus, but no
differential activations for stimulus type in patients. These

results suggest that patients with schizophrenia have a deficit
in these 3 areas for processing LSF information. The pattern
of deficits in the parietal and superior temporal areas in par-
ticular supports ERP and fMRI findings of dorsal stream defi-
cits in schizophrenia (Doniger et al. 2002; Sehatpour et al.
2010; Dias et al. 2011; Martinez et al. 2012), which are prefer-
entially seen to LSF information (Butler et al. 2007; Martinez
et al. 2012). In addition, the observed pattern of increased
HSF over LSF activation for patients fits with recent findings
showing an increase as well as persistence in sensory ERP
components in response to HSF over LSF gratings in schizo-
phrenia (Martinez et al. 2012). In the presence of deficits in
processing LSF information, the precuneus and superior tem-
poral gyrus may compensate with more active processing of
HSF information in schizophrenia. This is consistent with a
recent fMRI study that showed greater activity in early visual
areas for HSF rather than LSF face stimuli in schizophrenia
patients but the opposite pattern in controls (Silverstein et al.
2010a). The current result of increased response to HSF
stimuli may also be related to recent findings of greater inter-
ference of local on global processing for patients with schizo-
phrenia but the opposite pattern in controls (Coleman et al.
2009; Kemner et al. 2009).

With regard to frontal activity, the MPFC ROI showed in-
creased activity to LSF over HSF stimuli for controls, but in-
creased activity to HSF over Intact stimuli for patients, and a
significantly greater response to HSF stimuli for patients over
controls. For controls, this shows that the MPFC strongly acti-
vates to LSF information found in LSF and Intact stimuli, but
activates much less to pure HSF information. This is consistent
with previous findings that the PFC uses LSF information to
create a low resolution frame for an object stimulus (Bar et al.
2006; Chen et al. 2007; Kveraga et al. 2007; Sehatpour et al.
2010). For patients, this area has normal activity to LSF and
Intact stimuli, but significantly more activity to HSF stimuli.
Together with the findings in dorsal stream areas, this result
suggests that HSF information is transmitted by the dorsal
stream to the PFC in schizophrenia, possibly to compensate
for deficits in LSF information. Patients may preferentially
utilize HSF information, rather than LSF information, when
constructing a frame for an object stimulus.

For controls, the DLPFC ROI shows a striking pattern of
positive activity for Intact and LSF stimuli and negative
activity for purely HSF stimuli. Using the same fMRI para-
digm, Bar et al. (2006) found small negative activations to
Intact and LSF stimuli and a large negative activation to HSF
stimuli in the orbitofrontal cortex, which they replicated
with MEG. These previous findings, and the current results
for both the DLPFC and MPFC frontal areas, illustrate the se-
lectiveness of the PFC response to LSF information during
object recognition. Both Intact and LSF stimuli contain LSF
information, and have similar activations, whereas HSF
stimuli that lack LSF information have significantly different
activations. This is consistent with the PFC utilizing LSF
information to rapidly create a frame for an object in con-
trols. Patients, on the other hand, showed no differences in
activation between stimulus conditions in the DLPFC, indi-
cating that they are not preferentially processing any particu-
lar spatial frequency in this area. While patients may use the
MPFC to attempt object framing with compensatory HSF
information, the DLPFC may not be utilized for object recog-
nition in schizophrenia.
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These results extend and further clarify previous findings
regarding object recognition in both healthy individuals and
schizophrenia patients. This study used the same fMRI para-
digm previously used by Bar et al. (2006) to investigate the
cortical areas involved in object recognition. This previous
study used an a priori orbitofrontal ROI to represent PFC
based on anatomical evidence that orbitofrontal cortex has
connections with areas known to be involved in object recog-
nition. The current study, however, defined 2 PFC ROIs based
on the functional interaction of spatial frequency and group.
Thus, the PFC regions analyzed here show where spatial fre-
quency processing differs between healthy controls and
schizophrenia patients, and this knowledge extends the pre-
vious findings of Bar et al. (2006) by showing additional PFC
regions involved in object recognition. Further, recent ana-
tomical findings in humans have demonstrated relationships
between primary visual cortex and both MPFC and DLPFC
(Harvey et al. 2011; Song et al. 2011), as well as between
dorsal stream parietal areas and DLPFC (Catani et al. 2002),
suggesting direct involvement of these frontal regions in
visual processing. WM fiber tracts from DLPFC to the fusiform
gyrus and inferior occipital cortex have also been described
in humans (see Catani et al. 2002 for a review), indicating an
anatomical substrate for the feedback of framing information
from the DLPFC to the VTC.

A recent study of object recognition in schizophrenia using
a perceptual closure task revealed a network involving dorsal
stream areas and PFC that supported the frame and fill model
and its impairment in schizophrenia (Sehatpour et al. 2010).
This study provided evidence that early-stage visual dysfunc-
tion in schizophrenia propagates through the dorsal stream to
the PFC, leading to dysregulation of ventral object recognition
areas. This suggests that PFC involvement in object recog-
nition is directly tied to early-stage visual processing as well
as VTC object recognition function, supporting the framing
function of the PFC. By using spatial frequency filtered
stimuli, the current study expands this model of impaired
framing in schizophrenia by specifically demonstrating defi-
cits in LSF information processing and compensation with
HSF information. As LSF and HSF information are preferen-
tially transmitted by the magnocellular and parvocellular path-
ways, respectively, this provides further support for the idea
that preferential magnocellular deficits in schizophrenia
underlie impaired object framing.

An alternative model of object recognition holds that the
dorsal stream and PFC are not required to process global
information. Previous findings have demonstrated that
simple contour information in early visual areas is integrated
in progressively anterior regions of the ventral stream to
form general shape representations (Bar et al. 2001; Grill-
Spector et al. 2001; Brincat and Connor 2006; Bell et al.
2011), thus indicating that the ventral stream may carry
general shape information independent of dorsal stream or
PFC input. Feedback from the PFC or other areas may
provide a prediction signal that would either be consistent
or inconsistent with visual input emerging from the occipital
and temporal regions (Dima et al. 2009; Friston and Kiebel
2009; Silverstein et al. 2009). Under this model, the current
findings of impaired PFC activity in schizophrenia may
reflect a failure of ability to utilize predictions successfully.
Further work is necessary to disentangle this hypothesis
from the frame and fill hypothesis.

Resting State Functional Connectivity
In the RSFC analysis, controls had significant correlations
between early visual area 17 and the 2 frontal areas, MPFC
and DLPFC, whereas patients lacked this connectivity. For
controls, MPFC and DLPFC were functionally connected, as
might be expected from their mutual preference for LSF infor-
mation in the fMRI results. Together, these results indicate
that for controls, MPFC and DLPFC receive LSF information
directly related to early visual processing in area 17, and work
together to process this information. This pattern supports
previous findings with effective connectivity (Bar et al. 2006;
Sehatpour et al. 2010) and anatomical tracts (Catani et al.
2002; Song et al. 2011) that occipital visual and dorsal stream
areas are connected to MPFC and DLPFC, and that these
regions are in turn connected to the fusiform gyrus. This
study extended these prior results by utilizing a separate
resting state scan, together with functionally determined seed
regions, to analyze functional connectivity in this object rec-
ognition circuit.

For patients, the PFC areas are functionally disconnected
from each other and from area 17, and show either a prefer-
ence for HSF information or no spatial frequency preference.
Recent studies comparing patients with schizophrenia with
controls have shown a lack of connectivity between prefrontal
cortex and occipital visual areas during a visual attention task
(Harvey et al. 2011), as well as reduced functional connec-
tivity between DLPFC and both fusiform gyrus and primary
occipital visual areas during a spatial working memory task
(Kang et al. 2011). This study demonstrated that these areas
lack functional connectivity even during the resting state, in
the absence of a task.

The current functional connectivity results thus support the
role of the PFC in the normal object recognition circuit, and
the dysfunction of this PFC circuit in schizophrenia. In
addition, both groups have correlations between MPFC and
fusiform gyrus, as well as several indirect functional pathways
between frontal areas and fusiform gyrus. This supports the
feedback of PFC framing information to the VTC, and echoes
previous functional connectivity (Bar et al. 2006; Sehatpour
et al. 2010) and anatomical (Catani et al. 2002) findings
linking PFC and VTC.

Conclusions

Healthy controls demonstrated strong selectivity for LSF infor-
mation in both dorsal stream areas and frontal areas, consist-
ent with the framing function of the PFC during object
recognition (Schmolesky et al. 1998; Schroeder et al. 1998;
Lamme and Roelfsema 2000; Bar 2003; Bar et al. 2006; Chen
et al. 2007; Kveraga et al. 2007). The functional connections
between PFC and VTC indicated that the low resolution frame
derived in the PFC feeds back to object recognition processes
in the VTC. Schizophrenia patients, however, activated less se-
lectively to LSF information in basic visual, dorsal stream,
frontal, and VTC areas. Instead, dorsal stream and MPFC ROIs
showed a preference for HSF information, indicating that
object framing in schizophrenia may rely on HSF information
in the absence of strong LSF information. These results are
consistent with findings that preferential magnocellular and
dorsal stream deficits in schizophrenia lead to impaired
framing feedback to the VTC during object recognition
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(Doniger et al. 2002; Sehatpour et al. 2010), and generally
support the propagation of sensory deficits to higher cogni-
tive functions in schizophrenia (Leitman et al. 2005; Kim et al.
2006; Revheim et al. 2006; Kurylo et al. 2007; Butler et al.
2009; Leitman et al. 2011). While top-down processing is cer-
tainly deficient in schizophrenia, future investigations of
bottom-up dysfunction will further clarify the underlying
causes of cognitive deficits in this disorder.
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