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Behavioral/Cognitive

Structural Thalamofrontal Hypoconnectivity Is Related to
Oculomotor Corollary Discharge Dysfunction in Schizophrenia

Beier Yao,1 Sebastiaan F.W. Neggers,2 X Martin Rolfs,3 X Lara Rösler,2,4 Ilse A. Thompson,2,5 X Helene J. Hopman,2

Livon Ghermezi,1 René S. Kahn,2,6 and X Katharine N. Thakkar1,7

1Department of Psychology, Michigan State University, East Lansing, Michigan 48824, 2Department of Psychiatry, University Medical Center, 3584 CX,
Utrecht, The Netherlands, 3Department of Psychology and Bernstein Center for Computational Neuroscience, Humboldt-Universität zu Berlin, 10115
Berlin, Germany, 4Department of Psychology, Julius Maximilian University of Würzburg, 97070 Würzburg, Germany, 5Department of Biomedical Sciences
of Cells & Systems, Section of Cognitive Neurosciences, University of Groningen, University Medical Center Groningen, 9713 GZ, Groningen, The
Netherlands, 6Department of Psychiatry, Icahn School of Medicine at Mount Sinai, New York, New York 10029, and 7Division of Psychiatry and Behavioral
Medicine, Michigan State University, Grand Rapids, Michigan 49503

By predicting sensory consequences of actions, humans can distinguish self-generated sensory inputs from those that are elicited
externally. This is one mechanism by which we achieve a subjective sense of agency over our actions. Corollary discharge (CD) signals—
“copies” of motor signals sent to sensory areas—permit such predictions, and CD abnormalities are a hypothesized mechanism for the
agency disruptions in schizophrenia that characterize a subset of symptoms. Indeed, behavioral evidence of altered CD, including in the
oculomotor system, has been observed in schizophrenia patients. A pathway projecting from the superior colliculus to the frontal eye
fields (FEFs) via the mediodorsal thalamus (MD) conveys oculomotor CD associated with saccadic eye movements in nonhuman pri-
mates. This animal work provides a promising translational framework in which to investigate CD abnormalities in clinical populations.
In the current study, we examined whether structural connectivity of this MD–FEF pathway relates to oculomotor CD functioning in
schizophrenia. Twenty-two schizophrenia patients and 24 healthy control participants of both sexes underwent diffusion tensor imaging,
and a large subset performed a trans-saccadic perceptual task that yields measures of CD. Using probabilistic tractography, we identified
anatomical connections between FEF and MD and extracted indices of microstructural integrity. Patients exhibited compromised mi-
crostructural integrity in the MD–FEF pathway, which was correlated with greater oculomotor CD abnormalities and more severe
psychotic symptoms. These data reinforce the role of the MD–FEF pathway in transmitting oculomotor CD signals and suggest that
disturbances in this pathway may relate to psychotic symptom manifestation in patients.

Key words: corollary discharge; DTI; eye movements; predictive coding; probabilistic tractography; psychosis

Introduction
Agency disturbance is a defining feature of schizophrenia. It is
obvious in passivity delusions—the belief that one is controlled

by outside forces— but may also underlie psychotic symptoms
broadly (Feinberg and Guazzelli, 1999). A sensorimotor account
of agency disturbances posits a key role of altered corollary dis-
charge (CD) signals—“copies” of motor signals sent to sensory
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Significance Statement

People with schizophrenia sometimes experience abnormalities in a sense of agency, which may stem from abnormal sensory
predictions about their own actions. Consistent with this notion, the current study found reduced structural connectivity in
patients with schizophrenia in a specific brain pathway found to transmit such sensorimotor prediction signals in nonhuman
primates. Reduced structural connectivity was correlated with behavioral evidence for impaired sensorimotor predictions and
psychotic symptoms.
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areas to predict the impending sensory inputs (Feinberg, 1978). A
mismatch between predicted and actual sensory inputs arguably
leads to misattributing self-generated actions to external forces.

There is strong behavioral evidence supporting the involve-
ment of CD in the generation of eye movements, and primate
neurophysiology studies have provided direct evidence for a
pathway from motor neurons in the superior colliculus to sen-
sory neurons in the frontal eye fields (FEFs) via the mediodorsal
thalamus (MD) that conveys CD signals (Sommer and Wurtz,
2008). Consequently, the oculomotor system becomes an ideal
framework in which to develop a mechanistic understanding of
the faulty sensorimotor predictions that may underlie agency
disturbances. Indeed, there is a considerable body of behavioral
evidence suggesting oculomotor CD abnormalities in psychosis
(for reviews see Thakkar et al., 2017; Bansal et al., 2018b). Fur-
thermore, there is growing evidence for thalamocortical dyscon-
nectivity in schizophrenia that relates to symptomatology and
functioning (for reviews see Pergola et al., 2015; Canu et al.,
2015), of which altered CD signaling may be a downstream con-
sequence. In this study, we relate, for the first time, measures of
oculomotor CD and thalamocortical connectivity in schizophre-
nia patients.

One important function served by CD signals in oculomotor
processes is to maintain the perception of a continuous world
despite eye movements causing displacement of images across
the retina (Cavanagh et al., 2010). One commonly used task to
assess this so-called visual stability is the blanking task (Fig. 1A;
Deubel et al., 1996), where a target disappears briefly upon
saccade initiation and reappears at a displaced location upon
landing. Participants indicate the perceived direction of the dis-
placement relative to its original (presaccadic) location. Because
saccadic eye movements are often imprecise, participants cannot
rely on the position of gaze following the eye movement (saccade

landing site) to inform them of the presaccadic target location
and the displacement direction. Indeed, in healthy observers,
perceptual judgments are independent of where the saccade
landed, suggesting that observers did not use saccade landing site
as a proxy for the presaccadic target location (Collins et al., 2009).
Rather, they appeared to use a CD signal associated with the
saccade to correctly represent the presaccadic target location and
localize the postsaccadic target. If CD signals are compromised,
however, participants may not have information on the spatial
accuracy of their saccade and can only use the saccade landing site
to make the judgment. Accurate performance on this task, there-
fore, requires an intact CD signal (Fig. 1B). We and others re-
cently found impaired performance in the blanking task in
patients with schizophrenia, who showed greater reliance on
saccade landing site than the presaccadic location when mak-
ing perceptual judgements (Rösler et al., 2015; Bansal et al.,
2018a). Such reliance was bigger in patients with more severe
positive symptoms, supporting the theory that abnormal CD
is a key mechanism of psychosis (Feinberg and Guazzelli,
1999). The blanking task has also been used in primate studies
(Joiner et al., 2013). Consistent with the posited role of MD in
relaying oculomotor CD signals, performance is disturbed by
MD inactivation (Cavanaugh et al., 2016).

The current study used diffusion tensor imaging (DTI) to
explore the relationships among oculomotor CD, psychotic
symptoms, and structural integrity of a probabilistically defined
MD–FEF pathway. We expected reduced structural connectivity
in this pathway in patients with schizophrenia relative to healthy
control participants which would relate to CD signal integrity
and psychotic symptom severity. Results from this study will add
to our understanding of both the neural pathways involved in
oculomotor CD signaling in the human brain and their putative
involvement in the self-related symptoms of schizophrenia.

Figure 1. A, Blanking task. Dotted circles represent gaze positions. B, Perceptual judgements in the blanking task. Top, After the stimulus appears at the presaccadic location (black dot), the
motor command to execute a saccade toward this location is generated and a CD vector associated with this motor command can be computed. In this example, the predicted saccade landing site
(gray cross) based on the CD signal associated with the saccade motor command will fall short of the target. Bottom, Upon saccade initiation, the stimulus will disappear and reappear (black target)
to the left or right of the presaccadic location (empty dot). If the participant can use CD to represent the presaccadic location correctly relative to the new gaze position, then vector a should match
the actual stimulus displacement. In this example, the postsaccadic target location is to the left of the presaccadic location, so the participant should judge the displacement as backward. However,
if the participant does not have access to complete CD information, saccade landing site may be used as a proxy of the presaccadic location. In this case, the participant will perceive vector b as the
target displacement and indicate a forward response instead. See Materials and Methods section for more task details.
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Materials and Methods
Overview
Individuals with schizophrenia and healthy control participants un-
derwent DTI; a large subset also performed the blanking task during a
separate session. Detailed results of blanking task performance were
reported in the study by Rösler et al. (2015). Putative white matter
tracts connecting the FEFs and MD were computed using probabilis-
tic tractography (Behrens et al., 2003b, 2007). Mean microstructural
integrity measures were calculated for each participant. These indices
of microstructural integrity of white matter tracts were used for fur-
ther group comparisons and correlation analyses with behavioral in-
dices of CD obtained from the blanking task, as well as symptom
scores within the patient group.

Participants
Twenty-two antipsychotic-medicated patients with schizophrenia of ei-
ther sex were recruited from a longitudinal study [Genetic Risk and
Outcome in Psychosis (GROUP) Investigators, 2011] and an outpatient
psychiatric facility in The Netherlands. Schizophrenia or schizoaffective
disorder diagnoses were based on Diagnostic and Statistical Manual of
Mental Disorders, fourth edition (DSM-IV) criteria and verified with
the Comprehensive Assessment of Symptoms and History interview
(Andreasen et al., 1992) or Schedules for Clinical Assessment for Neuro-
psychiatry, version 2.1 (Wing et al., 1990). Chlorpromazine (CPZ)
equivalent antipsychotic dosages were calculated for each patient
(Woods, 2003). Clinical symptoms were assessed with the Positive and
Negative Syndrome Scale (PANSS; Kay et al., 1987). IQ was assessed with
the Nederlandse Leestest voor Volwassenen (Mulder et al., 2012).
Twenty-four control participants of either sex without a personal history
of DSM-IV Axis I diagnosis or family history of schizophrenia spectrum
disorders were recruited via community advertisements. Participants
were excluded if they had a history of head trauma or neurological illness,
or recent substance abuse or dependence. The patients and control par-
ticipants were matched for sex, age, IQ, and handedness (Table 1, de-
tailed participant characteristics). Nineteen patients and 17 control
participants had both DTI data and usable data on the blanking task; this
subset was used for correlational analyses between blanking task perfor-
mance and diffusivity measures. Control participants and patients in this
subset also did not differ on sex, age, IQ, and handedness (Table 1-1, avail-
able at https://doi.org/10.1523/JNEUROSCI.1473-18.2019.t1-1).

All participants gave written informed consent and were reimbursed
for participation. The study was approved by the Human Ethics Com-
mittee of the University Medical Center, Utrecht, The Netherlands.

DTI
The following gives a broad overview of the DTI acquisition and analysis
steps, which are detailed in subsequent sections.

● Image acquisition. All DTI data were acquired on a 3 T scanner with
30 different gradient directions to allow for computation of principal
fiber orientations within the brain.

● Preprocessing. All scan images were corrected for spatial distortions
and eddy current distortions. Images were spatially aligned with one
another, and then fit to a tensor model to derive the diffusivity measures
that served as an index of microstructural integrity. Finally, spatial nor-
malization parameters were obtained, which allowed for the transforma-
tion of regions of interest (ROIs) and tractography results between each
participant’s individual (i.e., native) space and a standard template.

● Regions of interest. FEF was functionally defined, using functional
MRI (fMRI) data obtained from the same participants while they made
saccades. MD was defined anatomically using a probabilistic atlas. Cor-
pus callosum was included as a control tract and was also anatomically
defined using a probabilistic atlas.

● Probabilistic tractography. Putative white matter tracts connecting
the FEFs and MD were computed using probabilistic tractography, an
analysis technique that reconstructs anatomical pathways (presumably
white matter tracts) between brain regions based on a distribution profile
of probable fiber orientations in each voxel (Behrens et al., 2003b, 2007).
Participants’ individual probabilistic tracts were transformed into a stan-
dard space, and the results were averaged within each group. Then, a
statistical threshold was applied to these group-averaged tracts. These
thresholded tracts were binarized and constituted the final tracts for each
group. As part of the tractography analysis, a seed-to-target image was
computed for each individual, indicating the level of connectivity to FEFs
within each voxel of MD. These images were normalized and averaged to
locate the part of MD that has the highest connectivity with FEFs.

● Diffusivity measures of microstructural integrity. Within each group-
averaged MD–FEF tract as well as the control corpus callosum tract,
mean diffusivity measures were calculated for each participant. These
diffusivity measures served as indices of microstructural integrity. Mul-
tiple measures of diffusivity within each tract were calculated because
these different measures have different physiological correlates and thus
provide slightly different information about structural integrity.

Image acquisition. All DTI data were acquired at the University Medi-
cal Center Utrecht on a an Achieva 3 T scanner (Philips Medical Systems)
equipped with an eight-channel head coil allowing parallel imaging. Two
diffusion images were acquired using single-shot echoplanar imaging
sequences, consisting of 30 diffusion-weighted scans (b � 1000 s/mm 2)
with noncollinear gradient directions and one image without diffusion
weighting (b � 0 s/mm 2), covering the entire brain [repetition time
(TR) � 7057 ms; echo time (TE) � 68 ms; field of view � 240 � 240 �
150 mm; in-plane resolution � 1.875 � 1.875 mm; slice thickness � 2
mm; no slice gap; 75 axial slices; matrix size, 128 � 99 mm]. The
diffusion-weighted scans were measured twice, once with phase-
encoding direction reversed (first scan, posterior—anterior; second scan,
anterior–posterior), to correct for susceptibility-induced spatial distor-
tions (Andersson and Skare, 2002). For registration purposes, a whole-
brain three-dimensional T1-weighted scan (200 slices; TR � 10 ms;
TE � 4.6 ms; flip angle � 8°; field of view, 240 � 240 � 160 mm; voxel
size: 0.75 � 0.8 � 0.75 mm) was acquired.

Preprocessing. The diffusion-weighted scans were preprocessed and
analyzed using FSL 5.0 (FMRIB Software Library; www.fmrib.ox.ac.uk/
fsl). As DTI scans suffer from spatial distortions along the phase-
encoding direction, two diffusion-weighted scans were acquired with
reversed phase-encoding blips, resulting in pairs of images with distor-
tions going in opposite directions. From these two images, the off-
resonance field was estimated using a method similar to that described by
Andersson and Skare (2002) as implemented in FSL (Smith et al., 2004).
Next, the 30 diffusion-weighted images from each phase-encoding direc-
tion were realigned to the b0 image using affine registration, and eddy
current correction was applied. The eddy-corrected scans with opposite
phase-encoding blips were then combined into a single corrected image
using the previously estimated off-resonance field. A brain mask was

Table 1. Demographic information (see Table 1-1, available at https://doi.org/
10.1523/JNEUROSCI.1473-18.2019.t1-1, for the demographic information of the
smaller subsample with both DTI data and usable data on the blanking task)

Healthy control
participants
(n � 24)

Patients with
schizophrenia
(n � 22) Statistic p value

Age (years) 34.9 (8.1) 37.4 (7.8) t � �1.1 0.29
Sex (female/male) 11/13 5/17 �2 � 2.7 0.13
IQa 100.4 (13.8) 96.0 (12.8) t � 1.1 0.29
Educationb 7.2 (1.3) 4.8 (1.7) t � 5.2 �0.001
Handednessc 0.89 (0.41) 0.85 (0.45) t � 0.35 0.73
Illness duration (years) 14.2 (5.2)
PANSS positive 11.6 (5.2)
PANSS negative 13.1 (6.3)
PANSS general 25.0 (7.9)
CPZ equivalent (mg) 269.6 (247.9)

Values are reported as mean (SD), unless otherwise indicated.
aBased on the Nederlandse Leestest voor Volwassenen.
bEducation category: 0 � �6 years of primary education; 1 � finished 6 years of primary education; 2 � 6 years
of primary education and low-level secondary education; 3 � 4 years of low-level secondary education; 4 � 4
years of average-level secondary education; 5 � 5 years of average-level secondary education; 6 � 4 years of
secondary vocational training; 7 � 4 years of high-level professional education; 8 � university degree.
cBased on the Edinburgh Handedness Inventory; scores range from 0 indicating complete left-handedness to 1
indicating complete right-handedness.
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created for the mean b0 image and applied to all diffusion-weighted
images.

Diffusion data were then fit to a tensor model using the DTIFIT com-
mand in the FMRIB library, resulting in the calculation of three principal
eigenvalues (�1, �2, �3) at each voxel. These eigenvalues were used to
calculate, at each voxel, the following four diffusivity measures of inter-
est: fractional anisotropy (FA), mean diffusivity, radial diffusivity (RD),
and axial diffusivity (AD). FA is scaled from 0 (completely isotropic) to 1
(completely anisotropic) and is calculated using the following formula
(Basser and Pierpaoli, 1996):

FA � �1

2

���1 � �2�
2 � ��2 � �3�

2 � ��3 � �1�
2

��1
2 � �2

2 � �3
2

.

Mean diffusivity is the average of the eigenvalues: mean diffusivity �
(�1 � �2 � �3)/3. Axial diffusivity refers to the amplitude of the eigen-
value along the principal (axial) tensor direction (AD � �1), while radial
diffusivity refers to the average amplitude of the eigenvalues perpendic-
ular to the principal tensor direction [RD � (�2 � �3)/2].

DTI analyses must be performed in native space as diffusion gradients
are specified in this space. Thus, as a final step, we performed spatial
normalization in order for ROIs to be transformed from a standard
[Montreal Neurological Institute (MNI)] space into each individual’s
native space, and for probabilistic tracts in native space to be compared
across individuals. Accordingly, each subject’s anatomical T1-weighted
volume was realigned to their mean b0-weighted image, and subse-
quently segmented into gray matter, white matter, and CSF, and normal-
ized to MNI space using the unified segmentation algorithm as
implemented in SPM8 (Ashburner and Friston, 2005). Individual white
matter masks were created for each subject based on the segmentation
procedure described above, which creates tissue probability maps for
gray matter, white matter, and CSF. Binary white matter masks com-
prised those voxels that had a higher probability of being identified as
white matter than as gray matter or CSF.

Regions of interest. We included two ROIs in each hemisphere: FEF and
MD (Fig. 2, top, illustration of the FEF and MD masks). Because FEF
does not have clear anatomical boundaries, it was defined based on
group-level fMRI maps derived from the same participants performing a
different saccadic eye movement task in the scanner (Thakkar et al.,
2014) during the same session as the DTI data were acquired. More
specifically, FEFs were created based on areas that showed greater activa-
tion on trials during which participants were making saccades versus
where they were fixating (threshold, p � 0.001 uncorrected), including
both medial and lateral parts of FEFs (Neggers et al., 2012). The thalamus
was localized using the Harvard-Oxford thalamic connectivity atlas,

which is a probabilistic atlas of seven subthalamic regions segmented
according to their white matter connectivity to cortical areas (Behrens et
al., 2003a). Within these seven thalamic subdivisions, each voxel repre-
sents the proportion of individuals for whom that voxel had a probability
of at least 0.25 of being connected to the relevant cortical region. MD was
operationally defined as the region of the thalamus at which at least 25%
of individuals showed a probability of at least 0.25 with the prefrontal
cortex. Using the 25% threshold has been shown to result in thalamic
subdivisions that map well onto findings from cytoarchitectonic data
(Johansen-Berg et al., 2005). To examine whether the tract– behavior
correlations were unique to MD–FEF pathway, we also included corpus
callosum as a control ROI, localized using the Hammers adult maximum
probability atlas (Hammers et al., 2003; thresholded at 3; www.
brain-development.org). All ROIs (i.e., FEFs, MD, and corpus callosum)
were defined in MNI space and transformed into each individual’s native
space using the inverse warping parameters defined during spatial nor-
malization. They were then masked by white matter, defined individually
as described in the previous section.

Probabilistic tractography. We performed probabilistic tractography
between MD and FEF in both hemispheres from both directions (i.e.,
MD to FEF and FEF to MD), each serving as both a seed (start point) and
a target (end point), since diffusion MRI cannot distinguish between
afferent and efferent axonal fibers. The distribution profile of probabi-
listic connectivity was computed by iteratively sending out 5000 stream-
lines from the seed area, going in a direction drawn from a distribution
around the principal diffusion direction voxel by voxel, until it was de-
termined to be structurally impossible for a white matter tract to con-
tinue. Only streamlines that reached the target successfully were included
in the analysis, and streamlines were not allowed to continue after reach-
ing the target. Two crossing fibers per voxel were allowed. In addition,
the mid-sagittal plane was used as an exclusion mask to avoid streamlines
traveling falsely into the other hemisphere (Mori and van Zijl, 2002; Mori
and Zhang, 2006; Landman et al., 2012). Upon visual examination of
preliminary tractography results, an axial plane located one voxel be-
neath MD was added as another exclusion mask to avoid streamlines
traveling in the opposite direction of FEF and looping back on them-
selves. Final tractography results for each individual were visually in-
spected. We were able to successfully construct a pathway between MD
and FEF in both hemispheres for all participants.

The end result of the probabilistic tractography analysis is a map with
a “connectivity value,” which indicates the number of streamlines pass-
ing through that specific voxel, at each voxel. Higher values indicate a
higher probability that the voxel belongs to that particular tract, specified
on the basis of seed and target regions. To perform group analyses, indi-

Figure 2. Visualization of the probabilistic tractography results of the mediodorsal thalamus–frontal eye fields pathway in patients and control participants. Top, ROI masks displayed on a
standard-space brain in coronal view on multiple slices from anterior to posterior: FEF, Green; MD, yellow. As a reference point, the outline of thalamus as defined by the Harvard-Oxford thalamic
connectivity atlas is displayed in orange (thresholded at �25% of connectivity to anywhere in the cortex). Bottom, MD–FEF white matter pathways averaged and thresholded within each group,
displayed on a standard-space brain in coronal view on multiple slices from anterior to posterior: control participants’ tracts, red; patients’ tracts, blue; overlapping areas, pink. Coordinates of each
slice in standard (MNI) space are presented in the middle.
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vidual tractography results were transformed to MNI space. To make
sure that only white matter structures were included in the analyses, each
individual’s whole-brain white matter map was used as a mask to pre-
serve connectivity values in these structures only. After that, these values
were averaged across participants within each group.

Connectivity values are determined not only by actual structural con-
nectivity, but are also influenced by other factors like size of the seed ROI
(i.e., bigger seeds send out more streamlines). Thus, higher connectivity
values in a given tract does not necessarily indicate a larger probability of
an actual structural connection, and the number of streamlines passing
through a given voxel cannot be directly compared across seed/target
combinations. Therefore, to avoid potential biases, we did not use the
same absolute value for thresholding each group-averaged tract but used
instead the top 0.27% (3 SDs above the mean in normal distribution) of
all voxels as the threshold. After applying the threshold, these group
tracts were binarized into masks per tract. Masks from both directions
(i.e., FEF to MD and MD to FEF) were considered to be equally accurate
and were combined to achieve a single mask for the MD–FEF pathway
per each group. These normalized, group-averaged, and binarized tracts
will be henceforth referred to as the MD–FEF tracts.

As a follow-up analysis to examine which part of the MD has the
highest connectivity with FEF, we normalized each individual’s seed-to-
target image and averaged them across all participants. In seed-to-target
images, each voxel of the seed region (in this case, MD) denotes the
number of streamlines initiated from that voxel that reached the target
region (in this case, FEF). Distance correction was used to correct for the
loss of connectivity when the distance from the seed mask increases.

Diffusivity measures of microstructural integrity. Fractional anisotropy
is the most widely used measure of the microstructural integrity of white
matter. Higher fractional anisotropy values mean higher anisotropy and
lower diffusivity (e.g., better microstructural integrity and consequently
more efficient connectivity). However, fractional anisotropy can be dif-
ficult to interpret in isolation. A decrease in fractional anisotropy could
be caused by multiple factors, such as white matter neuropathology, fiber
crossing, and normal aging (Alexander et al., 2007). Therefore, it is rec-
ommended to use multiple diffusivity measures (e.g., mean diffusivity,
axial diffusivity, and radial diffusivity) for better understanding of the
microstructure of white matter. Higher values for mean diffusivity mean
more diffusivity (e.g., less efficient connectivity), and higher values for
axial diffusivity and radial diffusivity mean higher diffusivity along spe-
cific directions (i.e., along the principal fiber direction and perpendicular
to the principal direction, respectively). Radial diffusivity appears to be a
more sensitive indicator of myelination, while reduced axial diffusivity
indicates axonal degeneration (Song et al., 2002). Mean diffusivity has
been found to be most sensitive to white matter maturation and aging
(Abe et al., 2002; Snook et al., 2007).

For each participant, diffusivity measures of microstructural integrity
of brain fibers (fractional anisotropy, radial diffusivity, mean diffusivity,
and axial diffusivity) were extracted and averaged within both the left and
right MD–FEF tracts, as well as in the corpus callosum control tract in
each subject’s native space.

Blanking task
Apparatus and stimuli. Participants sat in a dimly lit room with their head
stabilized 68 cm in front of a 24 inch computer screen (spatial resolution,
1920 � 1080 pixels; vertical refresh rate, 100 Hz). Stimuli were black and
red dots with a diameter of 0.2° presented on a gray background. An
EyeLink 1000 (SR Research) was used to track eye position. Manual
responses were recorded using a button box. Stimulus presentation and
response collection were operated through MATLAB (MathWorks) with
the Psychophysics (Brainard, 1997) and Eyelink (Cornelissen et al., 2002)
toolboxes.

Design and procedure. The blanking task putatively indexes the degree
to which CD influences visual perception immediately following a sac-
cade (Fig. 1A). Each trial started with the participant fixating on a red
circle. To reduce anticipation effects or stereotypical behavior (Collins et
al., 2009), the circle randomly appeared at one of six locations (a combi-
nation of a �1° or 1° of visual angle displacement horizontally and a �1°,
0°, or 1° displacement vertically relative to the center of the screen) with

equal probability. Once the eye tracker detected that the participant had
maintained fixation for 200 ms, the circle turned black. After a random
delay of 500 –1000 ms, the circle disappeared and reappeared at a new
location 10° to the left or right of the fixation position (presaccadic
location). The participant was instructed to look at the stimulus as
quickly as possible. Once the participant initiated a saccade, the stimulus
would disappear (i.e., blank) for 250 ms and reappear at a location (post-
saccadic location) somewhere between �3° and 3° (in increments of
0.5°) to the left or right of the presaccadic location and then stay on the
screen for the remainder of the trial. The participant was then asked to
report in which direction the stimulus jumped relative to its presaccadic
location by key pressing. Although participants indicated a left or right
response, for analysis purposes, we recoded these responses, as follows:
“forward” means jumping away from the initial fixation position; and
“backward” means jumping toward the initial fixation. The combination
of 6 fixation positions � 13 postsaccadic displacements � 2 directions
(left, right) resulted in 156 total trials. The duration of the task varied
across participants and typically ranged from 15 to 30 min. A boundary
technique was used for on-line saccade detection. Saccade initiation was
defined as eyes moving beyond a 2° window around the fixation dot.
Saccades detected before target onset would trigger a warning message on
the screen and a restart of the trial.

Data analysis. Based on the results reported in the study by Rösler et al.
(2015), which are summarized in the Results section, two measures of
CD were used to relate to FEF–MD structural connectivity, as follows: the
just noticeable difference (JND) and the loss slope. The following de-
scribes how we derived each of these measures.

To obtain the JND for each individual, trials were collapsed across
fixation positions and saccade directions. We then fit a logistic function
to the data, plotting the percentage of forward responses as a function of
target displacement (i.e., the position of postsaccadic location relative to
the presaccadic location; Fig. 3, examples). We derived the JND from this
psychometric curve as the difference in target displacements between the
points where the function reached 50% and 75% of its full growth. Be-
cause we did not find any effect of saccade direction on JND in our
previous study (Rösler et al., 2015), we calculated JND using the psycho-
metric function that collapsed across the two saccade directions. This
measure indicates individuals’ sensitivity to target displacement. We ex-
pect that, with the loss of CD signals, participants would rely less on the
actual target displacements and more on the landing site of their gaze.

Figure 3. Illustration of JND calculation. JND was derived from the psychometric curve plot-
ting the proportion of forward responses as a function of target displacement and calculated as
the difference in target displacements between the 50% and 75% points on the curve. On the
x-axis, negative values mean backward jumps (toward the fixation) and positive values mean
forward jumps (away from the fixation) relative to the presaccadic location. Larger JND values
are indicative of a flatter slope of this function, suggesting reduced sensitivity to the actual
target displacement.
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Accordingly, they would be less sensitive to actual target displacements,
which would manifest in a larger JND.

To calculate the loss slope, trials were collapsed across target displace-
ments for each individual. To maximize the power given the relatively
small number of trials, we collapsed across leftward and rightward sac-
cades. We then derived landing site errors (i.e., distance between the
actual saccade landing site and the presaccadic location) for each bin
between �8° and 8° in 0.5° intervals. For each bin, we calculated the
mean saccade landing site. The loss slope was derived from a weighted
linear regression where the percentage of forward responses correspond-
ing to each bin was fit against the mean saccade landing site per bin,
weighted by the number of trials per bin. Because individuals with intact
CD signals should not rely on saccade landing sites to make perceptual
judgments about target displacements, the slope should be almost zero in
control participants (Collins et al., 2009; Ostendorf et al., 2010). More
negative slope values indicate a stronger reliance on the landing site and
therefore a larger loss of CD signals, hence the term “loss slope.”

Statistical analyses
First, we analyzed group differences in tract locations using SPM8
(http://www.fil.ion.ucl.ac.uk/spm/software/spm8). For each subject, in
each hemisphere, a probability value was calculated for each voxel by
dividing the number of tracts going through the voxel by the total num-
ber of tracts in the MD–FEF pathway (i.e., the number of streamlines sent
out from the seed structure that made it to the target structure) after
combining results from both directions (Marenco et al., 2012). This value
indicates the probability of the specific voxel belonging to the MD–
FEF structural connection. Then between-group t tests were per-
formed on probability values at each voxel on the whole-brain level.
Results were examined at p � 0.05, using familywise error correction
to account for multiple comparisons.

Next, we performed group comparisons of diffusivity measures and
related them to symptoms and performance using SPSS Statistics version
20.0 (IBM). To compare the microstructural integrity of MD–FEF white
matter tracts, we conducted repeated-measures ANOVAs on each of the
four microstructural integrity measures (fractional anisotropy, mean dif-
fusivity, radial diffusivity, and axial diffusivity), including diagnostic
group as a between-subjects variable. Because the hemispheric effects on
anatomical thalamocortical connectivity are unclear yet important to our
understanding of disease mechanisms (Ramsay and MacDonald, 2018),
we also included hemisphere as a within-subject variable.

Since we were interested in the specific influence of structural connec-
tions between MD and FEF (instead of global white matter integrity) on
behavior, mean integrity measures over the whole brain were regressed
out of the tract measures that did not differ between hemispheres (Kelly
et al., 2018). For measures with a significant hemisphere effect or hemi-
sphere � group interaction, mean integrity measures over each hemi-
sphere were regressed out of the corresponding tract measures. These
standardized residuals (within each hemisphere or collapsed across
hemispheres when there was no hemisphere difference) were used for all
of the correlation analyses. All standardized values are 0 when equal to
the whole-brain average of the corresponding measure. For standardized
residuals of fractional anisotropy, higher values indicate more anisotro-

pic voxels (i.e., higher structural integrity), and lower values indicate
more isotropic voxels (i.e., reduced structural integrity). For standard-
ized residuals of mean diffusivity, radial diffusivity, and axial diffusivity,
higher values indicate higher diffusivity. We performed Pearson correla-
tion analyses between two behavioral measures (loss slope and JND) and
the standardized residuals of diffusivity measures. Using patients’ data
only, we calculated Spearman’s rank correlation coefficients (rs) between
PANSS (Kay et al., 1987) subscale scores (positive and negative symp-
toms) and standardized residuals of diffusivity measures. To examine the
potential confounding effects of antipsychotic use, the standardized
(chlorpromazine equivalent) medication dose was correlated with be-
havioral measures and microstructural integrity measures using Spear-
man’s rank correlation.

To examine whether the putative influence of structural connectivity
on behavior was unique to the MD–FEF pathway, corpus callosum was
included as a control pathway. Mean integrity measures over the whole
brain were regressed out of the tract integrity measures of corpus callo-
sum as well. Pearson correlation analyses were conducted between two
behavioral measures (loss slope and JND) and the standardized residuals
of diffusivity measures extracted from corpus callosum.

Results
MD–FEF connectivity
The spatially normalized, group-averaged, and statistically
thresholded MD–FEF probabilistic tracts in both the left and
right hemisphere are shown in Figure 2 (bottom). We performed
a between-group t test on whole-brain probability values at each
voxel. No significant differences were found between the patients
and control participants at a familywise error-corrected thresh-
old of p � 0.05 or at a more liberal uncorrected threshold of p �
0.001. These results argue against any gross anatomical differ-
ences in the location of the MD–FEF pathway between patients
and control participants. The follow-up seed-to-target analysis
revealed that the strongest connectivity to the FEF was in the
most lateral aspects of the MD (Fig. 4).

Next, we conducted four repeated-measures ANOVAs on
each of the mean microstructural integrity measures (i.e., frac-
tional anisotropy, mean diffusivity, radial diffusivity, axial diffu-
sivity) extracted from the MD–FEF tracts, using diagnostic group
as a between-subjects variable and hemisphere as a within-
subject variable (Fig. 5). Means and SDs are presented in Table 2.
Again, higher microstructural integrity (and hence more efficient
connectivity) is indicated by higher fractional anisotropy values.
Higher diffusivity (and hence lower microstructural integrity in
general or along certain direction) is indicated by higher mean
diffusivity, radial diffusivity, and axial diffusivity values. For frac-
tional anisotropy, mean diffusivity, and radial diffusivity, there
was a significant effect of group, such that patients showed evi-
dence of reduced microstructural integrity of the MD–FEF path-
way (fractional anisotropy: F(1,44) � 11.05, p � 0.002, partial

Figure 4. Connectivity profile of the tract from MD to FEF. The heatmap represents the areas of MD that show the strongest connectivity with the FEF. Brighter regions of the MD indicate higher
connectivity with FEF. These heatmaps are constructed by calculating, for each participant, the number of streamlines from each voxel in the mediodorsal thalamus (outlined in cyan) that arrived
at the FEF in each individual. These individual heatmaps were spatially normalized and averaged across participants and are shown here on a standard-space (MNI) brain. Numbers at the end of the
color scale refer to the number of streamlines initiating from a single voxel within MD that reached the FEF.
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�2 � 0.20; mean diffusivity: F(1,44) � 4.69, p � 0.036, partial �2 �
0.10; radial diffusivity: F(1,44) � 10.88, p � 0.002, partial �2 �
0.20). There was no group difference in tract axial diffusivity
(F(1,44) � 0.001, p � 0.98, partial �2 � 0.00). For fractional an-
isotropy and radial diffusivity, there was an additional group �
hemisphere interaction effect (fractional anisotropy: F(1,44) �
31.98, p � 0.001, partial �2 � 0.42; radial diffusivity: F(1,44) �
13.16, p � 0.001, partial �2 � 0.23). Follow-up independent
t tests indicated that fractional anisotropy and radial diffusivity
differed significantly between groups only in the right hemi-
sphere (fractional anisotropy: t(44) � 5.86, p � 0.001; radial dif-
fusivity: t(44) � 4.63, p � 0.001). This group � hemisphere
interaction effect was not significant for mean diffusivity
(F(1,44) � 0.42, p � 0.52, partial �2 � 0.01). Finally, there was no
significant main effect of hemisphere for any of the measures
(0.061 � p � 0.46, 0.01 � partial �2 � 0.08). There were no
correlations between chlorpromazine equivalent dose and any of
the microstructural integrity measures (�0.25 � rs � 0.19,
0.30 � p � 0.98). In the subsample of participants with data

Figure 5. Group differences in the MD–FEF tract microstructural integrity by hemisphere. Top left, Fractional anisotropy. Top right, Mean diffusivity. Bottom left, Radial diffusivity. Bottom right,
Axial diffusivity. Higher microstructural integrity (and hence more efficient connectivity) is indicated by higher fractional anisotropy values. Higher diffusivity (and hence lower microstructural
integrity in general or along certain directions) is indicated by higher mean diffusivity, radial diffusivity, and axial diffusivity values. Brackets indicate differences between patients and control
participants (Figure 5-1, available at https://doi.org/10.1523/JNEUROSCI.1473-18.2019.f5-1, ANOVA results in the smaller subsample with behavioral data). Hem, Hemisphere. ***p � 0.001.

Table 2. Mean microstructural integrity measures (fractional anisotropy, mean
diffusivity, radial diffusivity, axial diffusivity) in the MD-FEF tract by hemisphere
(see Table 2-1, available at https://doi.org/10.1523/JNEUROSCI.1473-18.2019.t2-1,
for results from the smaller subsample with both DTI data and usable data on the
blanking task)

Healthy control
participants
(n � 24)

Patients with
schizophrenia
(n � 22)

Fractional anisotropy
Left 0.41 (0.02) 0.41 (0.02)
Right 0.42 (0.02) 0.39 (0.02)

Mean diffusivity
Left 7.0 � 10 �4 (2.40 � 10 �5) 7.18 � 10 �4 (2.65 � 10 �5)
Right 7.06 � 10 �4 (1.84 � 10 �5) 7.21 � 10 �4 (2.51 � 10 �5)

Radial diffusivity
Left 5.43 � 10 �4 (2.57 � 10 �5) 5.56 � 10 �4 (2.46 � 10 �5)
Right 5.36 � 10 �4 (1.82 � 10 �5) 5.66 � 10 �4 (2.59 � 10 �5)

Axial diffusivity
Left 1.03 � 10 �3 (3.72 � 10 �5) 1.04 � 10 �3 (3.70 � 10 �5)
Right 1.05 � 10 �3 (3.12 � 10 �5) 1.03 � 10 �3 (2.92 � 10 �5)

Values are reported as the mean (SD).
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from the blanking task, there was still a significant main effect
of group on fractional anisotropy, mean diffusivity, and radial
diffusivity, such that patients showed reduced microstructu-
ral integrity (Table 2-1, available at https://doi.org/10.1523/
JNEUROSCI.1473-18.2019.t2-1, Fig. 5-1, available at https://
doi.org/10.1523/JNEUROSCI.1473-18.2019.f5-1, complete results
from this subsample). There were no correlations between CPZ
equivalent dose and any of the microstructural integrity mea-
sures in this subsample either (�0.22 � rs � 0.27, 0.27 � p �
0.73).

Previous blanking task findings
Complete behavioral results can be found in the study by Rösler
et al. (2015). Briefly, results were indicative of a reduced influence
of CD on perceptual judgements in patients, who showed evi-
dence for relying more on the landing position of the eye to
inform perceptual judgments following an eye movement. First,
patients exhibited reduced precision of perceptual judgments, as
evidenced by a significantly larger JND than in control partici-
pants, indicating that their perceptual judgments were less sensi-
tive to the actual target displacement. On a group level, we found
a correlation between saccade landing site and perceptual judge-
ments in patients, but not in control participants, such that pa-
tients with shorter mean saccade amplitudes made more forward
judgements. That is, participants who made shorter saccades on
average were more likely to report that the new target jumped
forward of the old target location. On the single-subject level, we
did not find a significant relationship between saccade landing
site and perceptual judgements (i.e., no group difference in loss
slope); however, more severe positive symptoms (obtained using

the PANSS) were correlated with a more
negative loss slope in patients.

Relationship between MD–FEF
connectivity and behavioral indices of
oculomotor CD
Because we only found significant group
differences in fractional anisotropy, mean
diffusivity, and radial diffusivity, we per-
formed Pearson correlation analyses be-
tween the standardized residuals of these
three measures (to control for variance
due to whole-brain white matter integrity
differences) and two behavioral measures
(loss slope and JND) within each diagnos-
tic group. One patient was excluded
from the correlational analyses with
JND as this individual’s JND was 	3
SDs away from the group mean. Com-
plete results are reported in Fig. 6-1,
available at https://doi.org/10.1523/
JNEUROSCI.1473-18.2019.f6-1. In pa-
tients only, we found a significant corre-
lation between the standardized residual
of mean diffusivity and JND (r � 0.57, p �
0.014; Fig. 6). This is consistent with our
prediction: a higher JND, which is indica-
tive of poorer CD signaling, is related to
compromised white matter integrity in
the MD–FEF pathway in patients. There
were no other significant correlations be-
tween JND and standardized residuals of
diffusivity measures in either group. Fi-

nally, no significant correlations were found between the loss
slope and the standardized residuals of diffusivity measures in
either group.

To examine whether the relationship with behavioral CD in-
dices was unique to the MD–FEF pathway, we also related blank-
ing task performance to structural integrity of a control tract, the
corpus callosum. Pearson correlation analyses were conducted
between the standardized residuals of the three integrity mea-
sures (fractional anisotropy, mean diffusivity, and radial diffusiv-
ity) and two behavioral measures (loss slope and JND) within
each diagnostic group. We found no significant correlations be-
tween either JND or loss slope and standardized residuals of in-
tegrity measures in either group (�0.19 � all r values � 0.35,
0.16 � all p values � 0.91; Fig. 6-1, available at https://doi.org/
10.1523/JNEUROSCI.1473-18.2019.f6-1, complete results).

Relationship between MD–FEF connectivity and
clinical symptoms
Last, we conducted Spearman’s rank correlation analyses be-
tween PANSS subscale scores (positive and negative symptom
severity) and the three standardized residuals of diffusivity mea-
sures (fractional anisotropy, mean diffusivity, and radial diffusiv-
ity) that were altered in patients. We found a significant
correlation between standardized mean diffusivity residual and
PANSS-positive symptom score (rs � 0.43, p � 0.047) and be-
tween standardized residual of radial diffusivity in the left tract
and PANSS-positive symptom score (rs � 0.48, p � 0.026; Fig. 7).
No correlations were found between PANSS-negative symptom
score and the standardized residuals (Fig. 6-1, available at https://
doi.org/10.1523/JNEUROSCI.1473-18.2019.f6-1, complete re-

Figure 6. Scatterplot of JND against MD–FEF tract-specific mean diffusivity across hemispheres. These standardized values are
0 when equal to the whole-brain mean diffusivity average, higher for greater diffusivity (i.e., lower microstructural integrity), and
lower for less diffusivity (i.e., better microstructural integrity). Smaller JND values are consistent with more intact oculomotor CD
signals that inform perception in the blanking task. Compromised oculomotor CD signals correlated with lower white matter
microstructure in patients only (Figure 6-1, available at https://doi.org/10.1523/JNEUROSCI.1473-18.2019.f6-1, complete corre-
lation results between standardized residuals of microstructural integrity measures and behavioral CD measures and symptom
scores). HC, Healthy control participants; SZP, patients with schizophrenia.
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sults). Together, these correlations suggest that more severe
positive symptoms in patients, but not negative symptoms, were
associated with compromised white matter integrity in the MD–
FEF pathway.

Discussion
In this study, we examined microstructural integrity of the MD–
FEF pathway in schizophrenia patients and the relationship be-
tween putative white matter abnormalities and both behavioral
indices of oculomotor CD and psychotic symptoms. Using DTI
and probabilistic tractography, we found that patients and con-
trol participants shared the same spatial location of the tracts
connecting MD and FEFs. However, patients had compromised
microstructural integrity of these tracts, such that they had lower
fractional anisotropy and higher mean diffusivity and radial dif-
fusivity than control participants. This hypoconnectivity was
found to further correlate with behavioral indices of reduced
oculomotor CD signaling and more severe positive symptoms in
patients, indicating a potential disease mechanism that has spe-
cific behavioral correlates and symptom implications.

Our finding that schizophrenia patients had reduced MD–
FEF structural connectivity is consistent with recent findings of
white matter alterations in MD–prefrontal pathways in schizo-
phrenia (Giraldo-Chica et al., 2018) and in thalamocortical cir-
cuits more generally (for review, see Canu et al., 2015). Similarly,
previous studies examining functional connectivity also found
reduced thalamofrontal connectivity in patients (Welsh et al.,
2010; Woodward et al., 2012; Anticevic et al., 2014) and clinical
high-risk populations (Anticevic et al., 2015). Notably, case re-
ports on patients with MD lesions experiencing psychotic-like
symptoms such as hallucinations and delusions (Carrera and Bo-
gousslavsky, 2006; Crail-Melendez et al., 2013; Zhou et al., 2015)
further support the link between thalamocortical communica-
tion and positive symptom formation.

The pattern of group differences across the various diffusivity
measures (e.g., axial diffusivity, radial diffusivity, and mean dif-
fusivity) provide further insights into specific structural abnor-
malities in patients at the neurobiological level. Namely, findings
of reduced radial diffusivity paired with no differences in axial

diffusivity suggest that decreased fractional anisotropy in the
MD–FEF pathway in patients may be driven by myelin and oli-
godendroglia dysfunction (Davis et al., 2003; Bennett et al.,
2010). In addition to demyelination, increased mean diffusivity
in patients provides indirect evidence supporting accelerated ag-
ing of this pathway, consistent with more general accelerated
aging theories of schizophrenia (Islam et al., 2017), as increased
mean diffusivity can be a marker of normal aging (Abe et al.,
2002). In fact, a recent study (Cropley et al., 2017) found that the
rate of white matter decline was 60% steeper in patients with
schizophrenia than in control participants, and such a difference
was present throughout the life span.

Somewhat surprisingly, we found that hemisphere moderated
group differences in fractional anisotropy and radial diffusivity of
the MD–FEF pathway. In the few studies that examined MD–
cortical functional connectivity, a group � hemisphere interac-
tion was not modeled, not reported, or not found (Welsh et al.,
2010; Woodward et al., 2012; Anticevic et al., 2014). Very few
studies have assessed structural connectivity between specific
thalamic nuclei and cortical areas in schizophrenia. Consistent
with our finding of more prominent group differences in the
right hemisphere, a recent structural imaging study (Hamoda et
al., 2018) found reduced MD–frontal connectivity in patients in
the right hemisphere. Another study (Giraldo-Chica et al., 2018),
however, found a more prominent left hemisphere decrease in
the prefrontal–MD connectivity. Two key differences distin-
guished that study from the current one. First, the patient group
in the study by Giraldo-Chica et al. (2018) was younger and
earlier in the course of illness. Second, and more importantly,
their main connectivity analyses used “total connectivity” val-
ues (calculated by dividing the number of streamlines reach-
ing a certain cortical area by the number of streamlines
reaching all cortical regions from thalamus) rather than indi-
ces of microstructural integrity (e.g., fractional anisotropy). In
other words, their group comparison revealed the differences
in how thalamocortical connectivity was distributed among
different cortical regions, rather than the absolute difference
in microstructural level within a specific thalamocortical

Figure 7. Scatterplots of PANSS-positive symptom scores against MD–FEF tract-specific indices of microstructural integrity. Left, Standardized residuals of mean diffusivity across hemispheres.
Right, Standardized residuals of radial diffusivity of the left tract. These standardized values are 0 when equal to the whole-brain mean diffusivity or radial diffusivity average, higher for greater
diffusivity (i.e., lower microstructural integrity) and lower for less diffusivity (i.e., better microstructural integrity). Larger PANSS scores indicate more severe symptoms. More severe positive
symptoms correlated with more impaired white matter microstructure.
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pathway. Clearly, more research is needed to address lateral-
ized effects of thalamoprefrontal dysconnectivity, or thalamo-
cortical dysconnectivity in general.

The most novel and important finding of this study is the
relationship between reduced MD–FEF structural connectivity
and reduced oculomotor CD signal integrity in patients, mirror-
ing findings from primate neurophysiology studies that this
pathway plays a crucial role in transmitting CD signals associated
with saccades (Sommer and Wurtz, 2002), and similar findings
from humans with specific MD lesions (Gaymard et al., 1994;
Ostendorf et al., 2010). Based on this rich body of neurophysiol-
ogy work, one interpretation of the current findings is that re-
duced connectivity between MD and FEFs leads to a disruption of
oculomotor CD signals, resulting in poorer behavioral perfor-
mance on the blanking task. Presumably, the other consequence
of these compromised CD signals were frequent inaccurate pre-
dictions about visual inputs, which then led to abnormal percep-
tual experiences and/or false inferences about the causes of
sensory experiences. This could potentially explain the correla-
tion between MD–FEF hypoconnectivity and positive, but not
negative, symptom severity. Because variability due to whole-
brain white matter diffusivity was partialed out of MD–FEF dif-
fusivity, these relationships among structural connectivity,
blanking task performance, and clinical symptoms cannot be ex-
plained by global reductions in structural integrity in patients. In
addition, these relationships were not observed in the corpus
callosum. Despite evidence for relative specificity, there are cer-
tainly other thalamocortical pathways involved in CD signal
transmission (Sommer and Wurtz, 2004) that were not examined
in the current study. Together, the MD–FEF white matter tracts
seem to play a key role in transmitting oculomotor CD signals
that may also explain some of the symptom manifestation in
schizophrenia. This highlights the importance of thalamocortical
connectivity as a potential biomarker of and/or a treatment target
for schizophrenia (Ramsay and MacDonald, 2018).

Interpretation of the current findings is limited by several
factors. First, JND may not be the best indicator of CD signaling
in the blanking task because it is also affected by general sources
of noise (e.g., in visual input or in motor output). Nevertheless,
we observed a relationship between JND and the structural integ-
rity of the MD–FEF pathway in patients. One possible reason that
we observed this relationship in patients but not in control par-
ticipants could be that multiple factors contributed to the vari-
ability in JND: increased JND could be caused by a greater
reliance on saccade landing site due to dysfunctional CD or non-
specific sources of noise. The former may account for more vari-
ability in patients, whereas the latter may account for more
variability in control participants. That is, JND may be a more
direct measure of CD in patients than control participants. A
second limitation is that we did not include measures specifically
assessing agency disturbances, which should be most directly re-
lated to CD loss. Nevertheless, altered CD has been posited as a
general mechanism underlying hallucinations and delusions
(Feinberg and Guazzelli, 1999; Fletcher and Frith, 2009), which
were both captured by our measure of positive symptoms. A third
limitation is that MD was defined using a probabilistic atlas, as we
did not have a means to define it anatomically in each individual.
Therefore, the definition of MD might be quite liberal and po-
tentially include ventroanterior parts of the thalamus. However,
there is increasing evidence that the thalamus may be considered
a hub for relaying CD signals to various cortical projection sites
(Sherman, 2016). For instance, there is indirect evidence for a
pathway from the ventrolateral nucleus of the thalamus to FEF

that conveys CD signals associated with eye velocity during
smooth pursuit movements (Tanaka, 2005). Therefore, even if
the MD mask includes a small part of other thalamic nuclei, the
pathways between these regions and FEF may still play a role in
conveying CD signals associated with eye movements and thus be
relevant to oculomotor CD dysfunctions in schizophrenia. A
fourth potential limitation is that our DTI scans were acquired
with 30 different diffusional gradient directions. Although more
diffusion directions may have yielded greater accuracy in tractog-
raphy and tensor-based diffusivity measures, 30 directions has
been found to yield reliable results for robust anatomical path-
ways (Jones, 2004; Heiervang et al., 2006; Testa et al., 2017). Last,
we were not able to rule out potential confounding effects of
antipsychotic treatment because we used a medicated sample.
However, antipsychotic dose did not correlate with any of the
behavioral or microstructural measures.

Despite these limitations, we anticipate that findings from the
current study will pave the way for more in-depth mechanistic
questions on CD and psychosis. Studies using larger sample sizes
are necessary to obtain adequate power for regression analyses to
test the hypothesis that structural connectivity in the MD–FEF
pathway directly mediates the relationship between oculomotor
CD signaling abnormalities and positive symptom severity. Sec-
ond, to establish a causal or directional relationship among white
matter integrity, oculomotor CD signals, and psychotic symp-
toms, future studies should follow clinical high-risk populations
longitudinally.

In conclusion, we identified significant decreases in white
matter connectivity in patients with schizophrenia relative to
control participants in the MD–FEF pathway, which belongs to a
key neural circuit transmitting oculomotor CD signals previously
established in the animal literature. We demonstrated that hypo-
connectivity in the MD–FEF pathway was correlated with im-
paired oculomotor CD signaling and positive symptoms in
patients. Given that the thalamus is poised to play a key role in
transmitting CD signals across multiple sensorimotor modalities
(Sherman, 2016), these findings have important disease mecha-
nism and treatment implications.
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