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Objective: To investigate pathway-specific connectivity dis-
rupted in psychosis. Methods: We carried out a case study of
a middle-aged patient who presented with new-onset psychosis
associated with a space-occupying lesion localized in the right
superior colliculus/periaqueductal gray. The study sought to
investigate potential connectivity deficits related to the lesion
by the use of diffusion tensor imaging and resting-state func-
tional magnetic resonance imaging. To this aim, we generated
a functional connectivity map of the patient’s brain, centered
on the lesion area, and compared this map with the corre-
sponding map of 10 sex- and age-matched control individuals
identified from the Max Planck Institute—Leipzig Mind—
Brain—Body database. Results: Our analysis revealed a dis-
crete area in the right rostral tectum, in the immediate vicinity
of the lesion, whose activity is inversely correlated with the
activity of left amygdala, whereas left amygdala is function-
ally associated with select areas of the temporal, parietal, and
occipital lobes. Based on a comparative analysis of the patient
with 10 control individuals, the lesion has impacted on the con-
nectivity of rostral tectum (superior colliculus/periaqueductal
gray) with left amygdala as well as on the connectivity of left
amygdala with subcortical and cortical areas. Conclusions:
The superior colliculus/periaqueductal gray might play impor-
tant roles in the initiation and perpetuation of psychosis, at
least partially through dysregulation of left amygdala activity.
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Introduction

In schizophrenia, there is severe dysregulation of ana-
tomical and functional neuronal connectivity among

primary and higher-order brain areas serving distinct
functions.!? This dysregulation has been substantiated
on the basis of resting-state activity of broadly distrib-
uted functional networks in schizophrenic individuals.?
Despite the advances in elucidating such networks, two
major questions remain unanswered. First, functional
connectivity aberrations that occur in prodromal stages
of psychosis remain occult. Second, the precise neural
pathways underlying psychosis have yet to be identified;
despite that certain structures, such as the hippocampus,
exhibit profound structural and functional abnormalities
in psychosis,’® it is unknown whether these deficits un-
derlie psychosis or they constitute the sequela of general-
ized and lasting brain dysfunction.

It is well known that in both prodromal and clinically
overt psychosis, there is impairment of saccadic eye move-
ments*; the latter are controlled cortically by the frontal
eye field and subcortically by the superior colliculus (SC).’
The SC consists of multiple layers, each with distinct in-
puts and outputs.’® The SC receives inputs from retinal
ganglion cells,'® cortical areas (visual, auditory, motor,
prefrontal),”!!1? locus coeruleus!® and its efferents project
to cortex,® substantia nigra pars compacta,' amygdala
through the pulvinar,!® parabigeminal nucleus,”!®!” lat-
eral posterior thalamic nucleus,”!”'® and brainstem nu-
clei.’ The SC, besides being an integral part of the visual
pathway,” constitutes a cross-modal integration center
capable of guiding motor behaviors in response to ex-
ternal stimuli.'”2! In particular, SC excitation can drive
fear, anxiety, and defensive behaviors®®!116-18.22-25. thig
is largely mediated by excitatory collicular projections
to amygdala through the parabigeminal nucleus®!®!” or
through the thalamus.' In addition, the closely associated
periaqueductal gray (PAG), which is directly connected
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to SC,° plays essential roles in fear expression and defen-
sive behavior’*? and is also connected to amygdala.?®3
Of note, amygdala is indispensable for escape from
impending threats.’! However, despite elegant research in
animal models, schizophrenic phenotypes cannot be fully
reproduced with the existing behavioral paradigms.®>
Herein, we report a case study of a middle-aged indi-
vidual who presented with subacute psychosis associated
with a space-occupying lesion localized in the rostral
tectum, within the right SC and PAG. Our functional
connectivity analysis implicates the SC, PAG and left
amygdala in psychosis. Although our case study cannot
test causality, it is the first study to provide compelling
evidence for an association of SC/PAG with a psychotic
behavioral phenotype in the absence of any neurologic
disability. It is, however, the second study that reports an
association of a tectal lesion with psychosis, with the first
one described in a young woman who presented with psy-
chosis as a result of a quadrigeminal plate lipoma.*

Methods

Magnetic Resonance Imaging Acquisition Parameters

Magnetic resonance data from the patient were ac-
quired using Philips Medical Systems Achieva-3T. T1
weighted images were acquired with the following param-
eters: field of view (FoV) = 24.0 cm, voxel size = 0.94 X
0.94 x 1.20 mm?, slice thickness = 1.20 mm, flip angle
(FA) = 10°, time repetition (TR) = 6.23 s, time echo
(TE) = 3.00 s. Images of diffusion tensor imaging (DTI)
were acquired using echo-planar imaging (EPI) with
parameters: FoV = 22.4 cm, voxel size = 1.75 X 1.75 X
2.0 mm?, slice thickness = 2.00 mm, FA =90°, TR =7.39s,
TE = 71 ms, number of averages = 1, » = 1000 s/mm?,
number of directions = 30. Functional images were ac-
quired using EPI sensitive to blood oxygenation with
parameters: FoV = 24.0 cm, voxel size = 3 X 3 X 3 mm?,
slice thickness = 3.00 mm, FA = 90°, TR = 249 s,
TE = 30 ms, and 6-minute scan time length. In the con-
trol group, data were acquired using Siemens Verio-3T.
Functional images (EPI) were acquired with parameters:
FoV = 20.2 cm, voxel size = 2.3 X 2.3 X 2.3 mm>’, slice
thickness = 2.30 mm, FA = 69°, TR = 1.40 s, TE = 30 ms,
and 15 minutes 30 seconds scan time length.?

Diffusion Tensor Imaging Analysis

All analyses were conducted using FSL software (version
5.0). The DTI data were preprocessed to correct for eddy
current-induced distortions and then brain-extracted
to isolate the brain structures. Diffusion tensors re-
construction and diffusion parameters were obtained
using BEDPOSTX tool with three fiber orientations
per voxel, to model crossing fibers.® To proceed with
tractography, we first registered a structural T1 sequence
to the DTI sequence using a general 3D-to-3D linear
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(affine) transformation with 12 degrees of freedom.>” We
then selected manually, using fsleyes tool, a seed region
around superior colliculus in the T1 sequence and used
PROBTRACKX tool on BEDPOSTX output to recon-
struct fiber bundles.

In figure 3B, the principal direction of diffusion is dis-
played at each voxel. Fractional anisotropy is a good
marker of white matter integrity and fractional anisot-
ropy values modulate the brightness of the vectors. When
white matter is intact anisotropic voxels appear bright,
whereas loss of white matter structure gives low frac-
tional anisotropy values and thus low brightness vectors.

Resting-State Functional Magnetic Resonance Imaging
Analysis

Resting-state functional magnetic resonance imaging
(rs-fMRI) analysis was conducted using CONN toolbox3®
and SPMI12 (https://www.fil.ion.ucl.ac.uk/spm/), un-
less otherwise stated. The structural T1 scan was brain-
extracted using FSL and then coregistered to functional
images. Structural and functional images were mapped to
the standardized Montreal Neurological Institute (MNI)
space. FMRI data were preprocessed to apply motion
estimation and correction, slice timing correction, out-
lier detection, and spatial Gaussian smoothing. FMRI
data denoising was performed with high-pass filtering
to remove low-frequency noise. First-level seed-based
connectivity analysis was performed using correlation
coefficient, r. The seed regions, which are the left or right
amygdala and intracalcarine cortex (ICC), were selected
on Harvard-Oxford atlas.* For each seed region, a cor-
relation map was evaluated by computing r between the
seed Blood Oxygen Level Dependent (BOLD) signal and
the BOLD signal of all brain voxels.

To identify brain regions with significantly altered func-
tional connectivity in the patient, we performed a seed-
to-voxel second-level analysis. We compared our patient
(60 years old) with a group of 10 sex- and age-matched
(three aged 55-60 years and seven aged 60-65 years)
healthy control individuals from the publicly available
Max Planck Institute-Leipzig Mind-Brain—-Body data
set.>4 We tested for differences using a two-sample z-test
and set the significance threshold at a P < .001.

For cluster analysis, we performed a whole brain seed-
to-voxel analysis, applying cluster-based thresholding for
multiple comparisons correction (significance level P <
.05, false discovery rate corrected). Left amygdala was
selected as the seed region of interest.

Results

New-Onset Psychosis Associated With a Lesion
Localized in the Rostral Tectum

A 60-year-old female presented with psychosis that had
insidiously progressed over several months (figure 1A). In
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Fig. 1. The course of the patient’s psychiatric syndrome. (A) Timeline of the psychiatric syndrome, which emerged 6 mo before
presentation and gradually progressed with the manifestation of a hallucinatory behavior. Olanzapine was initiated on admission and
continued thereafter. (B, C) The 30-item PANSS was administered at three time points: on admission, at 5 wk, and at 7 mo of olanzapine
treatment. Each of the positive, negative, and general psychopathology symptoms is graded (1-7), and the corresponding scores are
calculated for the three time points. (B) Quantification of psychosis symptoms on admission relative to maximum pathology (maximum
PANSS scores—total: 210; positive: 49; negative: 49; general psychopathology: 112—are set at 100% and the admission scores are
presented as a percentage of the corresponding maximum scores). (C) Quantification of psychosis symptoms at 5 wk and at 7 mo of
olanzapine treatment presented as a percentage of admission PANSS scores.

greater detail, 6 months ago the patient started to have
ideas of reference and persecution and on several occa-
sions over the next months she experienced visual dis-
tortions—perceived the faces of people as “yellow- and
strange-looking.” The last few weeks prior to admission
the patient increasingly experienced frightening auditory
and visual hallucinations that resulted in disorganized
behavior and severe decline in daily functioning. On ad-
mission, the patient presented fearful, perplexed, and had

a high degree of distrust and thought broadcasting. The
severity of psychosis was assessed with the Positive And
Negative Syndrome Scale (PANSS)* (figure 1B).

Of note, the patient did not sustain any alteration in the
level of consciousness, seizures, visual acuity or hearing
deficits, or constitutional symptoms. No misidentifica-
tion of faces, places, or objects was noticed. No sleep-
arousal alterations were present. Furthermore, symptoms
or signs of autonomic dysfunction were absent. The
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patient’s home medications included olmesartan and
omeprazole. A detailed neurologic examination was un-
remarkable. The remainder of the physical examination
was unrevealing.

The lack of prior psychiatric history prompted us to
pursue a thorough differential diagnosis that included
metabolic derangements, medications, drug abuse, au-
toimmune/paraneoplastic encephalitis, central nervous
system infections, space-occupying lesions, epilepsy, mi-
graine aura, major depression with psychosis, vascular
and neurodegenerative disorders. Initial evaluation with
routine laboratory testing and urine drug screening was
noncontributory. Serologic testing for human immu-
nodeficiency virus-1 and -2 and hepatitis B and C was
negative. The general and immunologic examination of
cerebrospinal fluid revealed no abnormalities, whereas
polymerase chain reaction and culture for various patho-
gens turned out negative. Electroencephalographic study
did not reveal abnormal activity patterns indicative of
local or generalized brain dysfunction. Moreover, there
were no overt cognitive deficits observed (30/30 in Mini-
Mental State Examination administered a few weeks
after olanzapine treatment).

Brain MRI revealed a well-circumscribed lesion in
the tectum (dorsal midbrain), consistent with a low-
grade glioma, which localized in the right SC and PAG

and slightly displaced the cerebral aqueduct without
causing obstructive hydrocephalus (figures 2A-2C). The
inferior colliculus is spared as evidenced radiologically
(figure 2D) and clinically by the absence of trochlear
nerve palsy. Importantly, all structures lying ventrally or
rostrally appeared intact, in agreement with the absence
of neurologic signs.

To investigate other potential causes of psychosis, an
extensive work-up for underlying systemic illnesses with
inflammation markers, immunoglobulins, complement
factors, antinuclear and extractable nuclear antigen anti-
bodies, and venereal disease research laboratory test turned
out negative. A work-up for an underlying malignancy
was unrevealing. To further investigate for autoimmune
psychosis, the patient’s serum was analyzed for antibodies
directed against N-methyl-p-aspartate receptor, a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor,
voltage-gated potassium channels, contactin-associated
protein 2, and leucine-rich glioma inactivated 1, which
have been previously detected in a subset of patients with
psychosis.*** No such immunoreactivity was detected in
the patient’s serum.

Taken together, the absence of other precipitating
factors, the exclusion of autoimmune encephalitis,**°
and the temporal course of psychiatric manifestations
point toward a psychotic syndrome associated with

| On admission

| | At seven months |

Fig. 2. Brain magnetic resonance imaging reveals a lesion localized in the right half of the rostral tectum. (A, B) Fluid-attenuated
inversion recovery (FLAIR) images reveal a space-occupying lesion within the right superior colliculus and periaqueductal gray (A: axial,
B: sagittal). The lesion displaces the cerebral aqueduct without affecting the patency of the ventricular system. (C) Axial T1-weighted
image following gadolinium administration reveals no enhancement of the lesion. (D) Axial FLAIR image at the level of the inferior
colliculus reveals sparing of the inferior colliculi. (E, F) Axial MRI images acquired 7 mo later reveal no size alterations or contrast
enhancement of the lesion (E: FLAIR; F: T1-weighted sequence with gadolinium). R and L denote the right and left side, respectively.
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Fig. 3. A structural and functional brain map centered on the tectal area displaying the lesion. (A) Schematic depiction of the lesion (red
crosses), which occupies the right superior colliculus (SC) and right half of periaqueductal gray (PAG) abutting the cerebral aqueduct
(CA). (B) Fractional anisotropy map at the level of the lesion reveals no gross white matter differences between the left (no lesion) and
the right (lesion) side; right panel shows a zoomed-in view of the area surrounded by the rectangle. (C) Fiber tractography traces the
long-range afferent and efferent projections of rostral tectum, which connect it to the visual pathway (the cuneus, in particular around
calcarine fissure [primary visual cortex] and parieto-occipital sulcus [higher-order visual cortex], and the lower part of precuneus [higher-
order visual processing]), the middle temporal gyrus, the cerebellum, the splenium of corpus callosum, and the medulla and spinal cord.
(D) Seed-to-voxel analysis of fMRI, using as a seed the left or right amygdala, revealed brain areas functionally associated with the

seed positively (correlated, red) or negatively (anticorrelated, blue). Note an area in right SC adjacent to the lesion (black arrowhead)
that displays anticorrelated activity with left amygdala, but not right amygdala. Correlated activity is revealed between left amygdala

and structures of the left temporal lobe including the hippocampus, the parahippocampal gyrus, the planum polare, and the superior
temporal gyrus (top row, black arrow). Both amygdalae display correlated activity with the right inferior parietal lobe (middle row, black
arrow) and anticorrelated activity with the left occipital lobe (bottom row, black arrow). (E) Functional connectivity alterations in the
patient compared to controls. Seed-to-voxel second-level correlation analysis revealed reduced connectivity between an area surrounding
the lesion (white arrowhead) and left amygdala and between left amygdala and the posterior division of the left middle temporal gyrus
(white arrow) in the patient. Increased connectivity in the patient is revealed between left amygdala and distinct areas of the left cerebral
hemisphere (black arrow), including the planum polare, the superior temporal gyrus, the hippocampus, the parahippocampal gyrus
(posterior division), the temporal occipital fusiform cortex, the lingual gyrus, the putamen, and the insular cortex. Unlike left amygdala,
right amygdala does not exhibit similar associations. R and L denote the right and left side, respectively.
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the detected lesion. The patient received olanzapine
(15 mg/day) with marked symptomatic remission and
recovery in daily functioning (figure 1C). On follow-up,
the tectal lesion appeared stable (figures 2E and 2F).
The efficacy of antipsychotics in ameliorating psy-
chosis associated with underlying pathology has been
previously reported.*

Generation of a Structural and Functional Connectivity
Map Centered on the Area of the Lesion

We next sought to identify potential connectivity deficits
underlying the above-described psychotic syndrome. To
visualize the anatomic connectivity of the tectal area
displaying the lesion (figure 3A), we implemented DTI.
DTI, although incapable of visualizing short-range con-
nections with the exquisite spatial resolution obtained
in studies in mice, has allowed the visualization of gross
white matter tract abnormalities in schizophrenic individ-
uals.®® First, we generated a fractional anisotropy map of
the patient’s brain that revealed no detectable, to visual
inspection, white matter changes resulting from the lesion
(figure 3B). Second, we set the rostral tectum as a region
of interest and visualized its long-range connectivity;
this analysis traced large fiber bundles connecting to the
visual pathway (cuneus, precuneus), the temporal lobe,
the cerebellum, the splenium of corpus callosum, and the
medulla and spinal cord (figure 3C), in consistency with
its known connectivity.®?

Next, to gain insight into the functional connectivity
of the area of interest, we performed resting-state func-
tional Magnetic Resonance Imaging (rs-fMRI) and im-
plemented seed-to-voxel correlation analysis. Based on
the well-documented connectivity between SC and amyg-
dala and between PAG and amygdala (summarized in the
“Introduction” section), we attempted to investigate a
potential association of the affected area with the amyg-
dalae using the left or right amygdala as a seed.

Interestingly, this analysis revealed a small area in
the right rostral tectum, in close proximity to the lesion,
whose activity is inversely correlated with the activity
of left amygdala (figure 3D, black arrowhead). Unlike
left amygdala, right amygdala does not display a sim-
ilar functional connection, in keeping with the studies
showing that left amygdala is more often implicated,
compared with the right one, in the processing of emo-
tional stimuli.* A similar analysis with the left ICC as a
seed revealed correlated activity between the tectal area
surrounding the lesion and left ICC (data not shown).

Given the functional association of the lesion area with
left amygdala, we sought to explore the connectivity of
left amygdala with cortical and subcortical areas. Our
rs-fMRI analysis revealed that left amygdala displays cor-
related activity with select areas of the left temporal lobe,
whereas both amygdalae exhibit correlated activity with
the right parietal lobe and anticorrelated activity with the
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left occipital lobe (figure 3D). Therefore, a lesion-induced
dysregulation of neuronal activity in the tectum could
result in aberrant activity within left amygdala and sub-
sequently in select cortical domains involved in sensory
perception.

A Patient-to-Control Comparison Reveals Functional
Connectivity Aberrations in the Patient Suffering From
Psychosis

To address whether the lesion-associated functional con-
nectivity we uncovered in the patient relates to psychosis,
we compared the functional connectivity map of the
patient’s brain with that of 10 sex- and age-matched con-
trol individuals selected from the Max Planck Institute—
Leipzig Mind-Brain—Body dataset® (see Supplementary
Material). This analysis revealed weaker connectivity be-
tween the right SC and left amygdala and between left
amygdala and part of the left middle temporal gyrus, in
the patient compared with controls, whereas increased
connectivity was detected in the patient between left
amygdala and select areas of the left cerebral hemisphere
(figure 3E). It is noteworthy that the areas of the left
temporal lobe that display positive functional associa-
tion with left amygdala (figure 3D, left upper panel) are
the same with the ones that exhibit higher connectivity
with left amygdala in the patient compared with controls
(figure 3E, black arrows). This constellation of functional
connectivity associations supports a role of left amygdala
in the patient’s psychotic syndrome.

To further explore lesion-induced connectivity per-
turbations, we performed cluster analysis. Using left
amygdala as a seed, we extracted the brain areas that
display increased (figure 4A) or decreased connectivity
(figure 4B) with left amygdala in the patient compared
with controls. These data are in line with our previous
analysis (figure 3E).

Discussion

This study provides indirect, yet intriguing, evidence
for the role played by the rostral tectum in the patho-
physiology of psychosis. Although we cannot address
causality, the course of psychosis, the exclusion of other
causes, and the evidence for the existence of a circuit
involving an area previously implicated in behavioral
derangements in animal models,*!!16-18:26-2850 which is
affected by the lesion, provide support for the patho-
genic relevance of this pathway to patient’s psychosis.
As such, it is the first case study to implicate SC/PAG
in a psychotic behavioral phenotype; of note, in the ab-
sence of neurologic deficits.

Several studies have reported that ventral midbrain or
pontine lesions can cause hallucinosis.’’* The associa-
tion of tectum with psychosis was first described in an ad-
olescent who suffered from a tectal lipoma and psychosis
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was preceded by headache.’* It has also been illustrated
in a study that revealed differences in inferior colliculus
size between schizophrenic and healthy individuals.’’
In our case, psychosis resulted from a lesion restricted
within the right SC/PAG (figures 2 and 3A). Although it
is well demonstrated that saccades are impaired in psy-
chotic disorders,*¢ our study suggests additional roles
for SC in psychosis that relate to positive and negative
symptoms and apparently result from aberrant activity of
SC/PAG input and output areas (figure 4C). Therefore,
SC/PAG may serve as subcortical nodes of a bottom-up
circuit that dysfunctions in at least a subset of psychotic
patients. With respect to how a unilateral lesion is suf-
ficient to cause psychosis, lateralization of SC function
arises as the mechanism most likely to account for this
(figure 3D), in line with functional lateralization shown
for other brain structures.**

Besides positive symptoms, the patient also mani-
fested severe negative symptoms (figure 1), which make
up a major factor of morbidity in schizophrenia.*®
A plausible explanation would be that positive symptoms
make the patient abstain from social engagement. It is
also possible that abnormal functional communication
and synchronization with important subcortical hubs
in this study (tectum, amygdala) produce abnormal be-
haviors not normally present in the population (positive
symptoms) in addition to behavioral deficits (negative
symptoms).*

It is known that dopamine receptor blockers possess
a central part in the therapeutics of psychosis.®! Thus, if
SC/PAG and amygdala play a role in psychotic disorders,
they should modulate dopaminergic signaling. In support
of this, there are compelling data for a role of SC in select
dopaminergic pathways'#®>% and for altered amygdala-
mediated dopaminergic signaling in schizophrenia that
may be modified by antipsychotic medications.*® ¢

Although this study attempts to elucidate important
aspects of psychosis pathogenesis, it has certain limi-
tations. First, additional research in large cohorts is

controls: hippocampus—parahippocampal gyrus—posterior
temporal fusiform cortex bilaterally (left more than right for all
structures) (black arrows) and cerebellum bilaterally. (B) Brain
areas that exhibit lower connectivity with left amygdala in the
patient compared with controls: vermis, posterior division of the
left superior and middle temporal gyri (black arrow), thalamus
(left more than right), caudate (right more than left), and right
accumbens. The #-value statistic is plotted in range of critical
t-values at 95% (z-value of 1.83) and 99.99% (¢-value of 6.01)
percentiles. (C) Schematic illustration of a bottom-up circuit
that can lead to emotional perturbations and hallucinations and
is modulated by top-down processes mediated by corticofugal
projections. In our paradigm, there is anticorrelated activity
between an area in rostral tectum spatially associated with the
lesion and left amygdala. Given that left amygdala displays
distinct functional associations with select cortical domains, a
lesion-induced SC/PAG activity dysregulation could release left
amygdala activity and alter cortical function.
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needed to determine whether the findings of this study
generalize to psychotic disorders. Second, our DTI
analysis visualizes long-range connectivity and cannot
rule out subtle effects or changes to white matter path-
ways. Third, despite the absence of gross cognitive
dysfunction, extensive cognitive assessment was not
a major goal of the study and we cannot rule out the
presence of cognitive deficits associated with the tectal
lesion.

Taken together, our data support the notion that SC/
PAG and left amygdala constitute important neural sub-
strates of psychosis through impaired sensorimotor in-
tegration™ (figure 4C). The findings of our and similar
studies in humans in conjunction with studies in animal
models could have important ramifications for under-
standing the neurophysiology of psychosis.

Supplementary Material

Supplementary data are available at Schizophrenia
Bulletin online.
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