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Patients with psychosis exhibit a reduced susceptibility to depth inversion illusions (DII) in which a physically
concave surface is perceived as convex (e.g., the hollow mask illusion). Here, we examined the extent to which
lessened susceptibility to DII characterized youth at ultra high risk (UHR) for psychosis. In this study, 44UHR par-
ticipants and 29 healthy controls judged the apparent convexity of face-like human masks, two of which were
concave and the other convex. One of the concave masks was painted with realistic texture to enhance the illu-
sion; the other was shown without such texture. Networks involved with top-down and bottom-up processing
were evaluatedwith resting state functional connectivitymagnetic resonance imaging (fcMRI).We examined re-
gions associatedwith the fronto-parietal network and the visual system and their relations with susceptibility to
DII. Consistentwith prior studies, the UHR groupwas less susceptible to DII (i.e., theywere characterized bymore
veridical perception of the stimuli) than the healthy control group. Veridical responses were related to weaker
connectivity within the fronto-parietal network, and this relationshipwas stronger in the UHR group, suggesting
possible abnormalities of top-downmodulation of sensory signals. This could serve as a vulnerabilitymarker and
a further clue to the pathogenesis of psychosis.

© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Accumulating evidence indicates that patients with schizophrenia
experience abnormalities in visual perceptual processing (Silverstein,
2016). Some of this evidence suggests that the neurobiological mecha-
nisms involved in these impairments are similar to those involved in
some cognitive deficits and symptoms, suggesting that clarifying the al-
tered neural circuitry involved in visual processing impairments could
serve as a window for understanding diverse disease mechanisms in
schizophrenia (Dima et al., 2009; Kantrowitz et al., 2009; Keane et al.,
2013; Mittal et al., 2015; Phillips and Silverstein, 2003; Silverstein et
al., 2015; Yoon et al., 2013). A relatively unanswered question, however,
is the degree to which perceptual impairments occur in people at ultra
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high risk (UHR) for psychosis; that is, amongpeople characterized by at-
tenuated psychotic symptoms and a decline in socio-occupational func-
tioning (Cannon et al., 2008; Haroun et al., 2006). The UHR period is
critical for understanding important pathogenic processes and serves
as a window of opportunity for early intervention before the onset of
formal psychosis. Current research suggests that about 15%–35% of
UHR individuals develop a psychotic disorder within 3 years of their
baseline interview (Cannon et al., 2008; Fusar-Poli et al., 2013;
Fusar-Poli et al., 2012). Additionally, individuals in this period tend to
have fewer confounds that are often common in schizophrenia patients
such as widely prescribed antipsychotic medications and substance
abuse and dependence (Haroun et al., 2006; McGlashan et al., 2007;
Mittal et al., 2010). If UHR individuals demonstrate some of the same
perceptual changes that are observed in fully developed schizophrenia,
this would provide important insights into the nature of psychosis, and
could help to highlight novel biomarkers as well.

A small number of studies aimed at understanding perceptual pro-
cessing during the psychosis risk period have focused on visual illusions
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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(Koethe et al., 2009; Mittal et al., 2015; Parnas et al., 2001). Cross sec-
tional studies of individuals at risk for psychosis and of schizophrenia
patients report that both of these groups are less susceptible to visual il-
lusions compared to patients with depression, bipolar disorder, and
healthy controls (Koethe et al., 2009). Our group looked at visual con-
text processing using the Ebbinghaus illusion task and found UHR
youth to be less susceptible to this size-constancy-based illusion com-
pared to healthy controls (Mittal et al., 2015). Other paradigms such
as tasks using depth inversion illusions (DIIs), in which concave objects
appear convex (to individuals with healthy visual processing), have
demonstrated that patients with schizophrenia are less susceptible to
these visual illusions as well (Dima et al., 2009; Keane et al., 2013;
Schneider et al., 2002). However, limited work has been done looking
at the DII paradigm with UHR individuals. Illusion paradigms provide
critical information in understanding perceptual processing in schizo-
phrenia because they reveal, among other things, the degree to which
processing of feed-forward sensory signals is modulated in a “top-
down” fashion by stimulus context, prior knowledge, and/or expecta-
tions (Bar, 2003; Cauller, 1995; Gilbert and Sigman, 2007; Schneider
et al., 2002; Silverstein and Keane, 2011): when top-down signals over-
ride sensory input, illusions can result.

In the case of DII in healthy samples, top-down expectations signal-
ing the likelihood that a facial stimulus will be convex suppress sensory
signals indicating that the stimulus is concave (Dimaet al., 2009; Koethe
et al., 2009). DII studies of schizophrenia have found that there is less
fronto-parietal top-down modulation of earlier visual cortex informa-
tion, aswell as stronger bottom-up feed-forward signals from the occip-
ital lobe, resulting in more veridical stimulus perception during DII
tasks, compared to healthy controls (Dima et al., 2009). This finding is
important because evidence suggests that the fronto-parietal network
is an important network for bottom-up and top-down processing of
perceptual information (Corbetta and Shulman, 2002; Dima et al.,
2009), and there is reduced connectivity in this network in people
with schizophrenia (Poppe et al., 2016; Repovs et al., 2011). The pur-
pose of this study was, therefore, to determine if DII and this network
are impaired in UHR subjects.

The “dysconnectivity hypothesis” is of particular relevance in both
schizophrenia and UHR research (Pettersson-Yeo et al., 2011). This hy-
pothesis suggests that there are aberrant connections between net-
works that may be contributing to symptom formation and cognitive
decline in schizophrenia patients and in UHR youth during the adoles-
cent period (Mamah et al., 2013; Pettersson-Yeo et al., 2011). A recent
review conducted by Schmidt et al. (2015) examined the fronto-parietal
network, a network showing aberrant connectivity at rest in individuals
along the psychosis spectrum, and findings suggest reductions in net-
work connectivity which may contribute to the onset of psychosis
(Schmidt et al., 2015). Other networks have been examined using rest-
ing state functional connectivity magnetic resonance imaging (fcMRI)
inmental health populations aswell. For example, investigations exam-
ining the salience network and the default mode network suggest ab-
normalities may be associated with increased symptoms and impaired
processes in patients with schizophrenia and UHR populations
(Mamah et al., 2013; Palaniyappan and Liddle, 2012; Pelletier-Baldelli
et al., 2015; White et al., 2010; Whitfield-Gabrieli and Ford, 2012;
Whitfield-Gabrieli et al., 2009).

There has been promise in using fcMRI as it has been found to pro-
vide critical information regarding the organization of connectivity pat-
terns (Satterthwaite and Baker, 2015). Further, fcMRI has been shown
to be advantageous because the task is simply to rest as opposed to com-
pleting a task in the MRI scanner, which is an important draw with pa-
tients that have impairing symptoms that hinder their ability to
complete highly demanding and lengthy tasks inside the scanner (Fox
et al., 2005;Mamah et al., 2013). Also, fcMRI allows for the identification
of specific intrinsic functional networks without the potential con-
founds of introducing functional tasks (Whitfield-Gabrieli and Ford,
2012). The use of fcMRI as a tool to understand neural mechanisms
related to disease has been a growingmethod and several studies exam-
ining populations such schizophrenia, aging, and autism have provided
important insight into how the brainmight be engaged during task per-
formance outside the scanner (Bernard et al., 2013; Plitt et al., 2015;
Sheffield and Barch, 2016). Further, fcMRI data sheds light on the intrin-
sic organization of the brain, and many of the patterns seen at rest are
often quite similar to those seen during task performance (Biswal and
Hyde, 1998). It is important to note though that with fcMRI, we are un-
able tomake inferences and drawconclusions about causality and direc-
tionality. However, patterns of connectivity at rest measured during
fcMRI do lend themselves to speculation about potential mechanisms
involved in behavioral performance. Taken together, examining net-
works and associations with behavioral data at rest can provide a
deeper understanding of underlyingmechanisms fostering the etiology
of disease and may have potential clinical utility.

Here, we investigated the susceptibility of UHR individuals to DIIs
with respect to fcMRI and in comparison with healthy control subjects.
We targeted the fronto-parietal network to test the hypothesis that ab-
normalities in illusion perception similar to those found in people with
schizophrenia are present in UHR populations, and are related to dys-
function in networks implicated in top-down processing. Other studies
have used similar approaches using seeds within the prefrontal cortex
to reveal the fronto-parietal network. For example, one study used
fcMRI and a behavioral performance task to examine associations be-
tween information processing and the fronto-parietal network, focusing
on the dorsal lateral prefrontal cortex and intraparietal sulcus (IPS) to
examine this network (Dosenbach et al., 2007). Further, Mamah et al.
(2013) also used the noted regions to examine fronto-parietal network
connectivity patterns using fcMRI to examine dysconnectivity in schizo-
phrenia and bipolar disorder patients. Dima et al. (2009) examined top-
down and bottom-up processes using seeds within the prefrontal
regions.

In the present study, UHR and healthy control participants complet-
ed structured clinical interviews, a DII task, and a fcMRI scan. Based on
findings frompreviouswork in patientswith schizophrenia,we predict-
ed that the UHR youth would be less susceptible to the visual illusion
compared to healthy controls. Specifically, we predicted that the UHR
group would report more veridical responses (i.e., perceptions of con-
cavity when viewing concave mask stimuli) compared to healthy con-
trols, which would suggest a deficit in top-down modulation and
potentially an excessive reliance on sensory (bottom-up) information.
Similarly, we predicted that abnormalities in top-down modulation
would be related to weaker functional connectivity in the fronto-parie-
tal network compared to healthy controls.
2. Materials and method

2.1. Participants

A total of 73 adolescents and young adults (44UHR and29Controls),
aged 15–23 (UHR: mean = 19.09, SD = 1.51; Control: mean = 19.62,
SD = 1.68) were recruited through the Adolescent Development and
Preventive Treatment (ADAPT) program as a part of a larger, ongoing
study. Participants were recruited using email, newspaper and media
announcements, Craigslist, and flyers.

The exclusion criteria for all participants included history of signifi-
cant head injury or other physical disorder affecting brain functioning,
contraindication to themagnetic imaging environment,mental retarda-
tion (defined by an IQ of less than 70), or history of a substance depen-
dence disorder in the prior 6 months. UHR exclusion criteria included a
DSM-IV Axis I psychotic disorder diagnosis (e.g. schizophrenia,
schizoaffective, bipolar disorderwith psychotic features). Control exclu-
sion criteria included any Axis I diagnosis or a first-degree relative with
psychosis. UHR inclusion criteria included the presence of Attenuated
Positive Symptoms (APS; 37 participants), and/or Genetic Risk and
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Deterioration (GRD; 5 participants) (Miller et al., 1999). A total of 2 par-
ticipants were included based of off both APS and GRD.

2.2. Clinical interviews

The Structured Interview for Prodromal Syndromes (SIPS; (Miller et
al., 1999) was used to assess for positive, negative, disorganized, and
general symptoms and to diagnose UHR syndromes. Additional inclu-
sion for UHR participants included a decline in global functioning ac-
companying the presence of schizotypal personality disorder and/or a
family history of psychosis (Miller et al., 1999). The Structured Clinical
Interview for the DSM-IV (SCID, research version) (First et al., 1995),
was used to rule out Axis I psychotic disorders and substance depen-
dence. Training of interviewers (advanced doctoral students) was con-
ducted over a 2-month period, and inter-rater reliabilities exceeded
the minimum study criterion of Kappa ≥0.80.

2.3. Depth inversion illusion

Similar to methods from recent studies in patients with schizophre-
nia (Keane et al., 2016; Keane et al., 2013), a DII task was administered
to all 73 participants. The task consisted of three mask conditions and
the order of masks presented to the participants was counterbalanced.
One condition included a concave, texture (painted) mask, and the
other condition included a concave, no texture (unpainted) mask.
There was also an unpainted, convex mask to ensure participants prop-
erly understood the task. Of note, the present study uses face stimuli,
and research suggests that schizophrenia patients have impairments
in facial recognition and processing, which has been attributed to re-
gions such as the occipital and fusiform face areas (OFA and FFA, respec-
tively) (Addington and Addington, 1998; Spilka et al., 2015; Walther et
al., 2009). However, this is not expected to serve as a confound in the
present study since: 1) no facial emotion processing or face recognition
is involved in the DII paradigm, as in most studies of face processing in
schizophrenia: only the more basic visual function of stereopsis is
assessed; 2) we used extended viewing durations, which can compen-
sate for basic visual processing impairments; 3) the DII paradigm has
been used successfully in many past studies of schizophrenia (Dima et
al., 2010; Dima et al., 2009; Keane et al., 2013; Koethe et al., 2009;
Schneider et al., 2002; Silverstein and Keane, 2011) and it has generated
a large body of evidence that has been consistent in itsfindings, and that
motivated the present study; and 4) there is no basis for assuming that
UHR participants have OFA and FFA impairments that are more severe
than in schizophrenia and that should confound our study of top-
down modulation during a DII task (Keane et al., 2016; Keane et al.,
2013).

Participants were first given two miniature sample bistable stimuli
(i.e., stimuli that could be perceived as concave or convex) – one hollow
shell painted beige and one realistic painted scene, both with a fixation
point in the center – and instructed that they would be seeing similar
objects and to focus on the fixation points in the center. Further, partic-
ipants were shown stimuli for 120 s each and told they would be asked
every 12 s if they saw the 3-dimensional masks as “popping out” or
“caving in” (10 responses per stimulus presentation). Subjects provided
verbal responses, which was recorded by the instructor. Participants
also viewed a convex, no texture catch mask to ensure that subjects
properly understood the task and that they did not have a bias to re-
spond “concave.” Participants were asked tomake convexity judgments
on each of thesemask conditions using their dominant eye. After a stim-
ulus was displayed, participants were asked to close both eyes while a
new stimulus was put up. This inter-stimulus interval was standardized
to 1 min in all cases. Participants were then told by the research assis-
tant to open his/her eyes. Front views of each of the three stimuli are
presented in Fig. 1. These faces were two geometrically identical plastic
facial masks with maximum height, width, and depth measuring 21.45,
13.10, and 5.97 cm, respectively.
A small green fixation mark (size = 5mm)was placed at the center
of each object. This center was locally concave for all objects, except for
the catch trial. Objects were mounted on a uniformmatte black surface
at eye level about 200 cm away from each participant. Overhead lights
were turned off and the mask was only lit by two pairs of floodlights
(75 W) positioned symmetrically on either side so as to minimize
shadows on the mask. The presentation order of masks was
counterbalanced.
2.4. Image acquisition and preprocessing

All individuals completed a brain imaging session that included a
structural scan, resting state functional connectivity MRI (fcMRI), and
DTI scans. For our purposes here, we focused on the fcMRI data. All of
the scans were acquired using a 3-Tesla Siemens Tim Trio MRI scanner
(Siemens AG, Munich, Germany) using a standard 12-channel head
coil. Structural images were acquired with a T1-weighted 3D magneti-
zation prepared rapid gradient multi-echo sequence (MPRAGE; sagittal
plane; repetition time [TR] = 2530 ms; echo times [TE] = 1.64 ms,
3.5 ms, 5.36 ms, 7.22 ms, 9.08 ms; GRAPPA parallel imaging factor of
2; 1 mm3 isomorphic voxels, 192 interleaved slices; FOV = 256 mm;
flip angle = 7°; time = 6:03 min). A 5-minute 34 s resting state
blood-oxygen-level dependent (BOLD) scan was acquired with a T2-
weighted echo-planar functional protocol (number of volumes = 165;
TR = 2000 ms; TE = 29 ms; matrix size = 64 × 64 × 33; FA = 75°;
3.8 × 3.8 × 3.5mm3 voxels; 33 slices; FOV=240mm). A 5-minute rest-
ing-state scan has been shown to have the same robust correlations as
longer scans (Van Dijk et al., 2010). Participants were instructed to
relax with their eyes closed during this time. A turbo spin echo proton
density (PD)/T2-weighted acquisition (TSE; axial oblique aligned with
anterior commissure-posterior commissure line; TR = 3720 ms; TE =
89 ms; GRAPPA parallel imaging factor of 2; FOV = 240 mm; flip
angle: 120°; 0.9 × 0.9 mm2 voxels; 77 interleaved 1.5 mm slices;
time = 5:14 min) was generated to investigate incidental pathology.
Studies indicate that the functional connectivity fcMRI duration utilized
in the present study provides comparable power to longer scan times
(Van Dijk et al., 2010). Furthermore, shorter scan durations may be op-
timal in developmental and clinical populations so as to minimize sub-
ject motion in the scanner.

Data were preprocessed in FSL (v. 5; http://fsl.fmrib.ox.ac.uk/fsl),
which involved motion correction, brain extraction, high-pass filtering
(100 s), and spatial smoothing (6 mm FWHM). Next, functional images
were aligned to the MNI 2-mm brain template with a two-step proce-
dure. First, the resting state scan was aligned to the high-resolution
MPRAGE using a linear boundary-based registration method, which re-
lies onwhite matter boundaries (Greve and Fischl, 2009; Jenkinson and
Smith, 2001; Jenkinson et al., 2002). Second, the MPRAGE was
nonlinearly aligned to the template and the two registrations were
then combined to align the functional resting state scan to the template.

Recent papers have demonstrated the importance of properly
correcting for motion by not only regressing out motion parameters,
but also regressing out or eliminating specific frames with motion out-
liers (Power et al., 2012). To accomplish this, we used the Artifact Rejec-
tion Toolbox (ART; http://www.nitrc.org/projects/artifact_detect/) to
create confound regressors for motion parameters (3 translation and 3
rotation parameters), and additional confound regressors for specific
image frames with outliers based on brain activation and head move-
ment. In order to identify outliers in brain activation, the mean global
brain activity (i.e., the mean signal across all voxels) was calculated as
a function of time, and was then Z normalized. Activation outliers
were defined as any frames where the global mean signal exceeded 3
SD. Similarly, frame-wise measures of motion (composite measure of
total motion across translation and rotation) were used to identify any
motion outliers (i.e., motion spikes). Motion outliers were defined as
any frame where the motion exceeded 1 mm.

http://fsl.fmrib.ox.ac.uk/fsl
http://www.nitrc.org/projects/artifact_detect/


Fig. 1. Stimuli: Subjects observed concave faces that were shownwith (left) or without (middle) misleading texture. Because of the concavity, the green fixation points were further from
the observer than the surrounding regions (cheeks). A beige convex face (right) served as a catch.
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Anatomical images were segmented into gray matter, white matter,
and CSF with SPM8 in order to create masks for signal extraction. The
CONN toolbox (Whitfield-Gabrieli and Ford, 2012) uses principal com-
ponent analysis (PCA) to extract 5 temporal components from the seg-
mented CSF and white matter, which were entered as confound
regressors in the subject-level GLM. This approach corrects for con-
founds of motion and physiological noise without regressing out global
signal, which has been shown to introduce spurious anticorrelations
(Chai et al., 2011; Murphy et al., 2009). Motion from the ART toolbox
was included as a confound regressor. From the motion translation pa-
rameters, the ART toolbox calculates mean displacement, and we used
this measure as well as the number of motion and mean signal outliers
in order to compare the degree of headmovement between the groups.
Further preprocessing included a band-pass filter (0.008 to 0.09 Hz),
detrending, and despiking, in accordancewithprocedures used to target
resting state data. The mean time-series, averaged across all voxels
within each seed was used as a regression parameter, and correlated
with all other voxels in the brain in seed-to-voxel connectivity analyses.

2.5. Behavioral analyses

SPSS Statistics 23was used to conduct behavioral analyses. Indepen-
dent t-tests and chi-square tests were employed to examine differences
between groups in demographic and clinical status variables. We
employed two-tailed tests for exploratory analyses (e.g., demographic
analyses, fcMRI) and directional hypotheses (e.g., group comparisons
on the DII task involving the no texture and texture conditions).
Group differences in susceptibility to the depth inversion illusion were
examined with a 2 × 2 repeated measures ANOVA (control/UHR × no
texture/texture mask condition). Planned contrasts, examining group
differences on specific conditions, employed independent t-tests. An in-
dependent t-test was used to compare group differences on the catch
condition (i.e., control condition).

2.6. Imaging analyses

Functional connectivity analysis and corrections was performed
using data from 37 UHR and 24 healthy control participants (7 UHR
and 5 healthy control participants did not complete the scanning por-
tion of the study) in the CONN toolbox 14.p (Whitfield-Gabrieli and
Ford, 2012), with SPM8 (Wellcome Department of Imaging Neurosci-
ence, London, UK; www.fil.ion.ucl.ac.uk/spm) using a voxel-level
cluster forming threshold of puncorrected b 0.001 and then corrected at
the cluster-level using a false-discovery rate (FDR) of p b 0.01
(Chumbley and Friston, 2009). A priori seeds for these networks were
masked based on established literature identifying regions involved in
top-down and bottom-up processing during performance of a DII task
(Dima et al., 2009). Seeds were generated using the Wake Forest Uni-
versity Pick-Atlas with a 7 mm radius, consistent with the current liter-
ature (Dosenbach et al., 2007; Mamah et al., 2013). We investigated
group comparisons in seed connectivity, aswell as interactions between
resting state connectivity and performance between groups. To appro-
priately account for false positives in multiple comparisons, results are
thresholded at the voxel-level at puncorrected b 0.001 for cluster forma-
tion, and then corrected at the cluster-level using a false-discovery
rate (FDR) of p b 0.01 (Chumbley and Friston, 2009). The inferior frontal
gyrus (IFG), supramarginal gyrus (SMG), IPS, and lateral occipital cortex
(LOC) were evaluated with fcMRI using seed-to-voxel connectivity
across the whole brain and these data were correlated with DII task re-
sponses. The IFG, SMG, and IPS are regions within the fronto-parietal
network thought to be related to top-down modulation processes. The
LOC was used as a possible source of feed-forward (i.e., bottom-up) vi-
sual information about mask objects, where modulation by the fronto-
partial network can occur (Dima et al., 2009). Limited ROI to ROI analy-
ses were conducted in order to further unpack significant interactions.
See Fig. 2 for ROI seeds.

3. Results

3.1. Demographic and symptom characteristics

Therewere no significant between-groupdifferences in demograph-
ic characteristics including age, t(71) =−1.41, p = 0.16, parental edu-
cation, t(69) = −0.73, p = 0.47, however gender, χ2(1) = 4.24, p =
0.04, differed significantly (UHR group had more males than females
and the control group had more females than males). As expected, the
UHR group showed significantly more positive symptoms, t(1,71) =
14.90, p ≤ 0.001, d = 3.20, negative symptoms t(1,71) = 7.28,
p ≤ 0.001, d = 1.57 and disorganized symptoms t(1,71) = 8.45,
p ≤ 0.001, d = 1.80 when compared with controls. There were no con-
trols on medications. In the UHR group, the most frequently prescribed
medications were antipsychotics (8%) and SSRI's (14%), consistent with
the current literature (Simon and Umbricht, 2010; Ziermans et al.,
2011). Further, no controls used tobacco and 6.9% of controls used

http://www.fil.ion.ucl.ac.uk/spm


Fig. 2. Seed ROIs used. A.) IFG (green; MNI coordinates 46, 8, 9), B.) IPS (red; MNI coordinates 22, −73, 52) and C.) SMG (yellow; MNI coordinates 28, −31, 33). D.) LOC (violet; MNI
coordinates−34, −90, 6). Results are thresholded at the voxel-level at puncorrected b 0.001 and then corrected at the cluster-level using a false-discovery rate (FDR) of p b 0.01.
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cannabis. In the UHR group, 4.5% used tobacco and 20.4% used cannabis.
Each group was performing near ceiling and were undifferentiated on
catch trial performance t(71) = −0.21, p = 0.84, indicating that both
groups (UHR: mean veridical perception = 9.39, SD = 1.26; Control:
mean veridical perception=9.45, SD=1.27)were paying adequate at-
tention to, and were engaged in, the task. See Table 1 for means, stan-
dard deviations, and percentages.

3.2. Group differences in DII susceptibility

There was no significant interaction between group and condition
across the 2 conditions, F(1,71) = 0.006, p = 0.94 consistent with
Keane et al., 2013, 2016. Therewas a significantmain effect of condition,
F(1,71) = 5.78, p = 0.02, ηp

2 = 0.08. There was also a significant main
effect of group, F(1,71) = 6.37, p = 0.01, ηp

2 = 0.08, indicating that
UHR individuals experienced DIIs less frequently than healthy controls.
In follow-up independent two-tailed t-tests, the UHR group exhibited
more veridical responding (i.e., less susceptibility to DIIs) when com-
pared to matched healthy controls in the texture condition t(71) =
2.26, p=0.03. Group differences in the samedirectionwere also detect-
ed for the no texture condition at a trend level of significance, t(71) =
1.97, p = 0.053. Thus, while the UHR and control groups were near
Table 1
Sample demographics. Note: All demographic statistics are from all participants (N= 73).
Positive, negative, and disorganized symptoms reflect total sums of domains from the
Structured Interview for Prodromal Syndromes (SIPS). Parent education is the average
of mother and father education.

UHR Control Total Statistic p

Age
Mean (SD) 19.09

(1.51)
19.62
(1.68)

19.30
(1.59)

t(71) = −1.41 0.16

Gender
Male 26 10 36 χ2(1) = 4.24 0.04
Female 18 19 37
Total 44 29 73

Parent education
(years)
Mean (SD) 15.30

(3.13)
15.81
(2.55)

15.51
(2.90)

t(69) = −0.73 0.47

Symptoms domains
Mean (SD)
Positive 11.80

(5.02)
0.34
(0.72)

7.25
(6.86)

t(1,71) =
14.90

≤0.001

Negative 8.80
(7.41)

0.45
(1.38)

5.48
(7.10)

t(1,71) = 7.28 ≤0.001

Disorganized 4.80
(3.60)

0.17
(0.38)

2.96
(3.60)

t(1,71) = 8.45 ≤0.001
ceiling on the catch (control trial condition), and verged on demonstrat-
ing a between-group difference on the no texture mask stimulus, there
was a clear difference on the texture (painted) mask (see Fig. 3). These
data suggest that the UHR groupmay be less susceptible, on average, to
depth inversion illusions compared to controls.

3.3. Group differences in IFG, IPS, SMG, LOC

Independent t-testswere performed to investigate groupdifferences
in total outliers and motion. Results show no significant group differ-
ences in the number of signal outliers, t(59) = 0.55, p = 0.58 and mo-
tion, t(59) = 1.21 p = 0.23. In contrast to expectations, there were no
group connectivity differences when using the IFG, IPS, and SMG as
seed regions. There were significant group differences in connectivity
between the LOC and the right planum temporale revealed by whole
brain seed-to-voxel analyses (see Fig. 4, Table 2).

3.4. Connectivity patterns and DII veridical perception

Connectivity analyses were conducted using the texture mask con-
dition. Interactionswere examined to investigatewhether relationships
between connectivity and behavioral performance (DII susceptibility)
outside the scanner differed between the UHR and control groups.
There was a significant interaction whereby lower connectivity be-
tween the IFG (within the fronto-parietal network) and the right lingual
gyrus (LG) and right precentral gyrus was associatedwith veridical per-
ception, and these correlations were stronger in the UHR group relative
to the controls, signaling an aberrant interaction between sensory-per-
ceptual and higher-cognitive regions in the UHR group (see Fig. 5). That
is, individuals with less connectivity between these regions were less
likely to perceive the DII illusion, and this was especially notable in
the UHR group, who exhibited more veridical perception.

To further unpack this interaction, analyses were conducted within
the UHR group alone. Interestingly, there was a negative association be-
tween IFG connectivity with the left and right LG and veridical percep-
tion in UHR youth, which may suggest impairments in top-down
suppression of sensory signals when viewing a stimulus where there
is a conflict between stimulus characteristics on the one hand, and ex-
pectations and prior experience on the other (see Fig. 6). There were
similar negative correlations in ROI to ROI analyses with the UHR
group alone in that lower connectivity levels between the IFG and the
left LG (t(59) = −3.52, p ≤ 0.001) and right LG (t(59) = −3.92
p ≤ 0.001) were associated with greater veridical perception. Patterns
within the UHR group suggest that the interaction is being driven by
this group, and that decreased connectivity between prefrontal to visual
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regions is related to susceptibility to the visual illusion during DII task
performance outside the scanner.

4. Discussion

To our knowledge, the present study is the first to explore the neural
underpinnings of DIIs using the hollowmask illusion in UHR youth. We
observed that UHR youth reported perceiving hollow faces more accu-
rately compared to healthy controls. Additionally, we found lower con-
nectivity between prefrontal regionswithin the fronto-parietal network
and regions related to early visual processing in the UHR group. When
viewed within the context of prior DII studies of schizophrenia, the
present study indicates that DII reductions occur across the continuum
Table 2
Connectivity results. Findings show positive connectivity between the LOC and the right
planum temporale and this was greater in the UHR group. Group interactions suggest
therewas an inverse relationship in connectivity between the IFG and the right lingual gy-
rus and veridical perception and this was higher in the UHR group compared to controls.
Lastly,within theUHR group, therewas a negative association in connectivity between the
IFG andboth the left and right lingual gyrus and veridical perception. Results of all analyses
were thresholded at the voxel level at puncorrected b 0.001 and then corrected at the cluster-
level using a false-discovery rate (FDR) of p b 0.01. * denotes an inverse relationship.

Group differences in seed to voxel connectivity from the LOC

MNI Coordinates

Region BA Cluster Size X Y Z t-Value

Right Plaum Temporale 42 277 62 −30 18 5.30

Associations between seed to voxel connectivity from the IFG and veridical
perception

MNI Coordinates

Region BA Cluster Size X Y Z t-Value

*Right Lingual Gyrus 19 627 −26 −72 −10 4.31

Associations between seed to voxel connectivity from the IFG and veridical
perception within UHR group

MNI Coordinates

Region BA Cluster Size X Y Z t-Value

*Right Lingual Gyrus 19 166 26 −54 −02 4.20
*Left Lingual Gyrus 19 497 −20 −56 −06 5.63
of psychosis vulnerability (i.e., that they are not trait markers of schizo-
phrenia), setting the stage for future biomarker research. An additional
novel finding from this study was that abnormal DII performance was
linked to aberrant connectivity in brain networks relevant to DII pro-
cessing in our UHR group. As a result, this networkmetric and/or the be-
havioral DII task could be used as markers of network integrity during
perceptual tasks requiring strong integration of feed-forward and mod-
ulatory processes in studies of UHR subjects.

The differences in the magnitude of between-group differences in
the two concave mask conditions suggests a dose-dependent relation-
ship. Specifically, in the condition with more stimulus details (e.g., tex-
ture, color), the difference between groups was larger. However, there
Fig. 4. Group differences in seed to voxel connectivity. Note: Results show greater
connectivity between the LOC and the right planum temporale in the UHR youth
relative to controls. Results are thresholded at the voxel-level at puncorrected b 0.001 and
then corrected at the cluster-level using a false-discovery rate (FDR) of p b 0.01.
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was a trend towards a between-group difference for the no texture
stimuli as well, and with more statistical power we may have detected
group differences here. It is important to note that some controls exhib-
ited weak DII susceptibility, however, the UHR group showed far re-
duced DII susceptibility, on average, compared to the control group.
Taken together, these results may indicate that the UHR youth are char-
acterized by a reduced ability tomodulate the representation of sensory
input. Interestingly, a reduced ability to modulate the perception of
stimulus size based on past experience was observed among UHR
youth on the Ebbinghaus task (Mittal et al., 2015), replicating earlier re-
sults with schizophrenia patients (Horton and Silverstein, 2011;
Silverstein et al., 2013; Uhlhaas et al., 2006).
Our findings are consistent with those from past studies of DII and
other illusions in patients with schizophrenia. For example, just as
these studies (Dima et al., 2010; Dima et al., 2009) demonstrated that
disruptions in top-down processing are contributing to decreased illu-
sion susceptibility, our study involving resting state functional connec-
tivity suggests that a similar impairment is characteristic of a UHR
sample. Specifically, findings from the present study strongly parallel
the results of Dima et al. (2009, 2010)who, using a similar DII paradigm,
found decreased connectivity from the IPS to LOC. Although our regions
are not identical, our findings do also show abnormal and decreased
prefrontal to visual region connectivity patterns that are associated
with veridical perception when viewing stimuli that normally produce



Fig. 6. Associations between connectivity and DII responses within the UHR group alone.
Lower connectivity between IFG and the left and right lingual gyrus is associated with
DII in UHR youth. Connectivity involving the fronto-parietal network was represented
by analyzing seed to voxel connectivity among regions (IFG, IPS, SMG) within this
network and part of the early visual system (LOC). There was an inverse relationship in
connectivity between the IFG and the left and right lingual gyrus and veridical
perception. Results of all analyses were thresholded at the voxel-level at
puncorrected b 0.001 and then corrected at the cluster-level using a false-discovery rate
(FDR) of p b 0.01.
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illusions. According to a prior study, schizophrenia patients showed en-
tirely normal reduction DII when the texture was removed from the
concave stimulus; this result was replicated here (Keane et al., 2013).
The data presented in the current study is consistent with that finding
since both patients and controls benefitted to an equal extent (in
terms of perceiving the stimulus veridically) by a removal of misleading
surface texture. Further, another study examining the at risk period and
DIIs usingmethodologies that differed from the current study (different
measures of identifying at risk and perceptual paradigms) but that was
similar in targeting top-down modulation found parallel behavioral re-
sults suggesting impairments in top-down modulatory control that oc-
curs prior to the onset of psychosis. (Koethe et al., 2006). However, not
all of our data are consistent with past studies of schizophrenia. In par-
ticular, our finding of decreased connectivity between the IFG and the
precentral gyrus, suggesting reduced engagement of the primary
motor cortex are difficult to interpret and additional studies are needed
to better understand these results.

UHR youthmay experience dysfunction in perception because visual
information is lessmodulated by knowledge and experience than in the
normal mental state. While this is advantageous during a DII task, it can
be expected to lead to slowness in understanding the significance of vi-
sual stimuli in real-world settings, and to excessive modulation of sen-
sory information by internally-generated mental activity that does not
correspond to the current stimulus context, leading to misperceptions
and to inappropriate behavioral reactions. This potential dysfunction
in top-down modulation during visual perception in UHR youth may
represent a vulnerability marker for schizophrenia risk. It is also possi-
ble that a reduced ability to integrate top-down and bottom-up infor-
mation could contribute to other cognitive (e.g., context processing
deficits inworkingmemory; thought disorder) and social cognitive def-
icits (e.g., facial emotion perceptionmisinterpretation), aswell as symp-
toms (e.g., delusions, disorganization) (Clark, 2013; Phillips et al., 2015)
experienced during the UHR period. Future modeling and experimental
work is needed to determine the pervasiveness of this mechanism dur-
ing the UHR period.

Broadly speaking, fcMRI has been a useful tool for studying UHR and
schizophrenia populations and has provided important insights into the
fronto-parietal network and visual systems. In the present imaging
analyses, a more stringent cluster forming threshold (p b 0.001) and
an additional conservative FDR correction (p b 0.01) was used to
minimize false positives, which has been a concern within current neu-
roimaging research (Eklund et al., 2016). Here, we have further ex-
plored resting state patterns and have extended the literature to look
at the LOC. Although we did not find group differences in resting state
patterns of the IFG, IPS, and SMG, which has been suggested in previous
literature (Repovs et al., 2011), these resultsmay be related to the lower
symptom severity of the UHR group compared to patients with schizo-
phrenia (Mamah et al., 2013). Results showing greater connectivity
within the UHR group relative to controls between the LOC and the
right planum temporale contribute to our growing understanding of
connectivity before the onset of psychosis. The current framework of
connectivity between visual regions, and between visual and prefrontal
regions, is not fully understood within the UHR group. However, it is
known that the LOC is related to object recognition in healthy individ-
uals and studies suggest schizophrenia patients may show impairment
in these processes (Doniger et al., 2002; Grill-Spector et al., 2001;
Harvey et al., 2011). Further, the LOC has been implicated in visual
shape completion and visual backward masking (Altmann et al., 2003;
Green et al., 2005; Wokke et al., 2013) both of which are disturbed in
schizophrenia (Green et al., 2011; Keane et al., 2014). Future work is
needed to further clarify the role of the LOC in abnormal network activ-
ity involving processing of visual stimuli.

Although our findings show promise in understanding DII suscepti-
bility in UHR youth, there are still limitations. The current sample size is
comparable to previous work in UHR and schizophrenia samples; how-
ever, future studies with larger samples are warranted. The current
findings provide an important perspective on functional connectivity
in a cross-section of UHR individuals. Follow-up studies are necessary
to determine if susceptibility to themask illusion continues as psychosis
develops using longitudinal data. Future work including multiple time
points will be necessary for examining the time course of visual infor-
mation processing changes relative to other changes in the progression
to psychosis. Further, it is important to note that fcMRI procedures in-
volve examining correlations and do not provide any information re-
garding causation. Future task-based functional magnetic resonance
imaging studies could help clarify the nature of disturbed bottom-up
and top-down interactions and provide further evidence in understand-
ing the neural patterns driving these perceptual dysfunctions. Although
we chose our seeds based on previous studies, there may be variability
in the exact location and size of these regions in individual brains and
there is a possibility that important and relevant connectivity patterns
were overlooked. This is an important limitation to acknowledge and
it impacts all seed-based approaches.

Additional future directions include implementing a task-based ap-
proach using a computerized version of theDII paradigm, examining re-
action times to understand timing of perceptual processing, assessing
cannabis use and perceptual processing given the high percentage of
users in the present sample and prior associations of cannabis use
with reduced DII (Emrich et al., 1991), investigating further variability
in symptoms, and using longitudinal data to map clinical course.
Taken together, these findings suggest that impairments in visual pro-
cessing among UHR youth provide important information regarding
the nature of early neurobiological changes in people at high risk for de-
veloping a psychotic disorder.
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