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ABSTRACT

BACKGROUND: Several studies in patients with schizophrenia have demonstrated an abnormal thalamic volume and
thalamocortical connectivity. Specifically, hyperconnectivity with somatosensory areas has been related to the
presence of auditory hallucinations (AHs). The 22g11.2 deletion syndrome is a neurogenetic disorder conferring
proneness to develop schizophrenia, and deletion carriers (22qdel carriers) experience hallucinations to a greater
extent than the general population.

METHODS: We acquired 442 consecutive magnetic resonance imaging scans from 120 22qdel carriers and 110
control subjects every 3 years (age range: 8-35 years). The volume of thalamic nuclei was obtained with FreeSurfer
and was compared between 22qdel carriers and control subjects and between 22qdel carriers with and without AHs.
In a subgroup of 76 22qdel carriers, we evaluated the functional connectivity between thalamic nuclei affected in
patients experiencing AHs and cortical regions.

RESULTS: As compared with control subjects, 22qdel carriers had lower and higher volumes of nuclei involved in
sensory processing and cognitive functions, respectively. 22qdel carriers with AHs had a smaller volume of the medial
geniculate nucleus, with deviant trajectories showing a steeper volume decrease from childhood with respect to those
without AHs. Moreover, we showed an aberrant development of nuclei intercalated between the prefrontal cortex and
hippocampus (the anteroventral and medioventral reuniens nuclei) and hyperconnectivity of the medial geniculate
nucleus and anteroventral nucleus with the auditory cortex and Wernicke’s area.

CONCLUSIONS: The increased connectivity of the medial geniculate nucleus and anteroventral nucleus to the
auditory cortex might be interpreted as a lack of maturation of thalamocortical connectivity. Overall, our findings point
toward an aberrant development of thalamic nuclei and an immature pattern of connectivity with temporal regions in
relation to AHs.

Keywords: Auditory cortex, Medial geniculate nucleus, Nucleus reuniens, Psychosis, Thalamocortical comaturation,
Wernicke’s area
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Of the many structures of the brain potentially involved in the
pathophysiology of schizophrenia, the thalamus is uniquely
poised to explain the coexistence of higher-order cognitive
dysfunctions and sensory processing abnormalities (1-3).
Indeed, the thalamus is the principal relay for sensory inputs,
and there is also increasing evidence for a role of the anterior
thalamic nuclei in cognitive functions such as working memory
(4,5). Moreover, the thalamus is thought to have a regulatory
role in maintaining the connectivity within and across cortical
regions (4) and might mediate the relationship between sen-
sory and cognitive abnormalities (1). Auditory hallucinations
(AHs) are defined as the perception of sounds without any
external sensory input and are among the most prominent
symptoms in schizophrenia (6). A lack of synchronization

between networks involved in sensory processing and top-
down control may have a key role in the phenomenology of
AHs (1).

Although extremely typical of schizophrenia and psychosis,
AHs can happen in the context of other psychiatric or neuro-
logical diseases comprising focal brain lesions located in the
temporal cortices or thalamus (7-10). Consequently, the un-
derlying neurobiology of AHs might be at the crossroads be-
tween pathways of structural and dynamic brain alterations
leading to different pathologies (9). In this sense, a better un-
derstanding of the abnormalities characterizing patients having
AHs might help to identify the point of convergence of these
pathways leading to a brain state that is necessary, but not
sufficient, to experience the symptoms.
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It has been hypothesized that AHs might take place in the
context of a generalized failure of the brain to attenuate sen-
sory input processing (6). Such impairment in filtering and
attributing the right salience to environmental information has
been elucidated with electroencephalography paradigms
aimed at assessing sensory gating. Indeed, many studies
showed a correlation between the extent of sensory gating
impairment and the frequency and severity of AHs (11,12).
Strikingly, sensory gating was further decreased in a group of
patients with schizophrenia during active AHs with respect to
the condition without symptoms (13), suggesting that impaired
auditory filtering at the thalamic level has a pivotal role in the
generation of AHs. Previous literature investigating the neural
underpinnings of AHs in schizophrenia has moreover shown an
increased sensitivity of the auditory cortex (AC) to its thalamic
afferents (14) and functional hyperactivity of the AC during rest
measured with different neuroimaging techniques (9,15-22).
Likewise, an increased thalamocortical connectivity with the
AC has been highlighted in patients with schizophrenia expe-
riencing AHs (14,23). Furthermore, a large study using different
functional magnetic resonance imaging (fMRI) paradigms
proved that thalamocortical hyperconnectivity is a neural
signature of high vulnerability to psychosis (24). Interestingly,
translational studies on animal models of schizophrenia
confirmed this pattern, demonstrating abnormal thalamocort-
ical projections from the medial geniculate nucleus (MGN) to
the AC (25). Overall, a hyperactivity throughout the auditory
pathway seems to underlie AHs.

Besides increased thalamocortical connectivity to the AC,
anomalies in the structure of the thalamus have been reported,
with patients with schizophrenia having remarkably lower vol-
umes of subcortical structures, including the thalamus (26).
The atrophy of the thalamus is supposed to happen early in the
disease, with patients at the first episode of schizophrenia
already showing either a selective impairment of distinct
thalamic regions or an overall smaller thalamic volume with
respect to the general population (27-30), which further
worsens over time (31). Moreover, the rate and frequency of
hallucinations have been correlated with the volume reduction
of the thalamus (30,32). Such lower thalamic volume has been
further causally linked to the hyperconnectivity with the AC
under the hypothesis that the latter might happen as a
compensatory response to the gray matter impairment (14).
However, so far these findings have not been consistently
replicated in the same cohort of patients, and there is a relative
scarceness of studies investigating the different nuclei of the
thalamus, especially from a functional perspective (33).
Structural imaging and postmortem studies exploring thalamic
nuclei abnormalities pointed to a decreased volume of the
anterior thalamic nuclei, the mediodorsal group, and the pul-
vinar in patients with schizophrenia (1-3).

The extant evidence from these studies, together with the
anatomical heterogeneity of thalamic nuclei, strongly suggests
the need to explore the structure and function of single
thalamic nuclei (2,34) in order to disentangle the contribution of
different groups of nuclei to the pathophysiology of halluci-
nations. To this aim, a new segmentation technique allows the
delineation of single thalamic nuclei (35), comprising sub-
regions that were incorporated into broader ensembles of
nuclei in previous procedures for topographic localization.
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Patients with a full-blown psychotic disorder have symp-
toms and brain-related anomalies due to the chronicity of the
disease that might interfere with the neuroimaging findings.
Hence, studies on individuals at clinical or genetic risk for
schizophrenia are aimed at capturing the earliest brain ab-
normalities without confounding factors related to the pro-
gression of the disease (36,37). A population especially suited
to be a model to investigate AHs is that of individuals with
22q11.2 deletion syndrome (22911DS). 22q11DS confers a 25-
fold heightened risk of developing schizophrenia with respect
to the general population, together with other somatic,
cognitive, and psychiatric comorbidities (38-40). More than
30% of deletion carriers (22qdel carriers) meet the criteria for
positive subthreshold psychotic symptoms, and notably there
is a high prevalence of hallucinations that tend to emerge at an
early age (41-44). Therefore, exploring brain structure and
function in 22qdel carriers could help to increase our mecha-
nistic understanding of AHs.

The first aim of this study was to compare the volume of
thalamic nuclei between 22qdel carriers and a control group
from childhood to adulthood, employing a longitudinal design.
Then, we analyzed the role of AHs in the development of the
thalamus and its nuclei. Finally, to exploit the relationship be-
tween structure and function, we computed whole-brain
functional connectivity (FC) of nuclei showing an aberrant
developmental trajectory in 22qdel carriers with AHs.

METHODS AND MATERIALS

Participants

In total, 120 subjects with a genetically confirmed diagnosis of
22g11DS and 110 healthy control subjects (HCs) were
included in the current study, and their recruitment was carried
on in the context of an ongoing longitudinal project investi-
gating the brain development of 22qdel carriers (45). The
subjects are followed up approximately every 3 years, and they
undergo clinical and cognitive testing and the acquisition of
neuroimaging data at each assessment. In this study, the in-
clusion criteria for the longitudinal analyses comprised the
presence of a 3T scanner in good condition and Structured
Interview for Psychosis—Risk Syndromes scores (46). In addi-
tion, we excluded from the current study 22qdel carriers with
any other type of hallucination except AHs. The age of the
patients and HCs ranged from 8 to 35 years, and the two
groups were demographically matched (Table 1). For each
participant, we included 1 to 4 scans (with an average of 1.94
visits per participant). Written informed consent was obtained
from participants and/or their parents if minors. The study was
approved by the cantonal ethics committee and was con-
ducted according to the Declaration of Helsinki.

Psychiatric Assessment

Because the Structured Interview for Psychosis-Risk Syn-
dromes has been shown to be a well-validated diagnostic tool
for assessing psychotic symptoms in 22qdel carriers (41,42), it
was administered to the patients at each visit by the same
psychiatrist. To test our hypothesis on AHs, we looked at the
P4 scale (i.e., the presence of hallucinations and perceptual
abnormalities) with a focus on the module of auditory
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Table 1. Demographic Information and Medical History Comprising Psychiatric Disorders and Medication Use in the Group of
22qdel Carriers and in the Subgroups With and Without Auditory Hallucinations

HCs All 22qdel Carriers p Value 22qdel Carriers AH— 22qdel Carriers AH+ p Value

Number of Subjects, n (% Female) 110 (51.8%) 120 (57.1%) 1072 64 (62.5%) 56 (53.57%) .1033
Age, Years 17.40 = 5.75 17.66 = 5.95 327 17.55 = 5.73 18.07 = 6.13 .0925
Age Range, Years 8-35 8-35 N/A 8-35 8-35 N/A
Total Number of Scans 210 232 N/A 112 120 N/A
Number of 3T (Trio) Scans 134 146 1426 68 80 .1380
Number of 3T (Prisma) Scans 76 86 1426 44 40 .1380
Subjects Medicated 0 68 (56.67%) N/A 37 (57.81%) 31 (55.36%) .2504
Methylphenidate 0 38 (31.67%) N/A 22 (34.37%) 16 (28.57%) .0647
Antidepressants 0 30 (25%) N/A 14 (21.87%) 16 (28.57%) .2348
Antipsychotics 0 15 (12.5%) N/A 0 15 (23.44%) <.001
Anxiolytics 0 17 (14.17%) N/A 8 (12.5%) 9 (16.07%) .2593
Antiepileptic drugs 0 7 (5.83%) N/A 3 (4.68%) 4 (7.14%) .2348
More than one class of medication 0 22 (18.33%) N/A 12 (15.62%) 12 (21.43%) .1064
Subjects Meeting Criteria for Psychiatric Diagnosis 0 77 (55%) N/A 39 (60.94%) 38 (67.85%) .2796
ADHD 0 49 (35%) N/A 25 (39.06%) 24 (42.86%) .2764
Generalized anxiety disorder 0 24 (17.14%) N/A 15 (23.44%) 10 (17.86%) .0573
Phobia 0 44 (31.43%) N/A 24 (37.5%) 20 (35.71%) 1635
Mood disorders 0 33 (23.57%) N/A 15 (23.44%) 18 (32.14%) .1998
Psychotic disorders 0 20 (14.28%) N/A 0 20 (35.14%) <.001
OoCD 0 8 (5.71%) N/A 4 (6.25%) 4 (7.14%) .2850
More than one diagnosis 0 74 (52.86%) N/A 36 (56.25%) 38 (67.85%) .2639

Values are n, n (%), or mean *= SD.
ADHD, attention-deficit/hyperactivity disorder; AH+, with auditory hallucinations; AH—, without auditory hallucinations; HC, healthy control

subject; N/A, not applicable; OCD, obsessive-compulsive disorder; 22qdel, 22q11.2 deletion.

distortions, illusions, and hallucinations. 22qdel carriers were
categorized as having AHs if they had a score of 3 or higher on
the P4 scale and positive answers in the module of auditory
misperceptions or not having AHs when they had a score lower
than 3 on the P4 scale. In addition, to disprove the contribution
of other positive symptoms to the differences in thalamic
nuclei volume and connectivity, we separately analyzed the P1,
P2, P3, and P5 scales (delusional ideas, suspiciousness,
grandiose ideas, and disorganized communication).

MRI Acquisition

T1-weighted scans were acquired with two different 3T
scanners; a Siemens Trio was used for the first 280 scans and
a Siemens Prisma was used for the remaining 162 scans
(Siemens Corp., Erlangen, Germany) at the Center for
Biomedical Imaging in Geneva, Switzerland. The proportion of
scans with each MRI scanner did not differ between 22qdel
carriers and HCs or between patients with and without AHs
(Table 1). Nevertheless, the scan type was entered as a co-
variate in all the analyses in order to avoid confounding factors.
Because longitudinal resting-state fMRI (rs-fMRI) data were not
accessible for the vast majority of the subjects, we decided to
perform a cross-sectional comparison of 22qdel carriers with
and without AHs. The time point for cross-sectional analyses
was selected according to the first emergence of AHs, and
then we included an age-matched group of 22qdel carriers
without AHs (Table S1). Good rs-fMRI data were available for
86 22qdel carriers, 42 with and 44 without AHs.

The parameters for the acquisition of structural images
for the T1-weighted MPRAGE (magnetization prepared rapid
acquisition gradient-echo) sequence were repetition time =
2500 ms, echo time = 3 ms, flip angle = 8°, acquisition
matrix = 256 X 256, field of view = 23.5 cm, voxel size =
0.9 X 0.9 X 1.1 mm, and 192 slices. rs-fMRI data were
recorded with a T2-weighted sequence of 8 minutes (voxel
size = 1.84 X 1.84 X 3.2 mm, 38 slices, repetition time =
2400 ms, echo time = 30 ms, flip angle = 85°). During the
resting-state session, participants were instructed to fixate
a cross on the screen and not to fall asleep or let their mind
wander.

Structural Images Pipeline

T1-weighted images underwent fully automated image
processing with FreeSurfer version 6.0, comprising skull
stripping, intensity normalization, reconstruction of internal
and external cortical surfaces, and parcellation of subcor-
tical brain regions (47).

Thalamic nuclei were labeled by using a probabilistic atlas
of the thalamus based on Bayesian inference built combining
histological delineation of 26 nuclei with in vivo manual seg-
mentation of the thalamus and surrounding regions such as
the hippocampus, putamen, and caudate (35). The names of
the 26 nuclei of the thalamus provided by the segmentation are
listed in Table 2. The quality of the segmentation was ensured
by visual inspection, and 5 scans were excluded from further
analyses (more details are provided in the Supplement).
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Table 2. p Values and Log-Likelihood Ratio Values for Group Effect and Age X Group Interaction (Slope) of the
Developmental Trajectories of 22qdel Carriers Compared With HCs (Left) and of 22qdel Carriers With Auditory
Hallucinations Compared With Those Without Auditory Hallucinations (Right)

22qdel Carriers vs. HCs 22qdel Carriers AH+ vs. 22qdel Carriers AH—
Group Effect Slope Group Effect Slope
Thalamic p Likelihood p Likelihood p Likelihood p Likelihood
Nuclei Region Value Ratio, df Value Ratio, of Value Ratio, df Value Ratio, df
MGN Left <.00017 52.6, 27 .6853 19,1 .00217 19.8, 27 .03547 9.5, 17
Right <.0001¢ 35.1, 2° .9343 0.1,1 .0097° 12.2, 2% .0249° 72,17
LGN Left <.00017 25.7, 27 .7539 12,1 .0502 72,2 .2646 25,1
Right <.00017% 28.5, 27 .9305 0.1,1 2234 3.3,2 .6287 0.5, 1
Pul Left .01687 10.5, 27 .7304 17,1 1411 3.9, 2 .3859 0.7,1
Right .02437 9.7, 27 .6199 49,1 .0646 8.4,2 1949 59,1
PuM Left <.00017 28.1, 27 .9824 0.1,1 .0976 6.8, 2 .6840 0.3, 1
Right .00147 16.1, 27 .8191 0.3, 1 .0584 9.5, 2 .2468 3.9, 1
PuA Left 1310 5.8, 2 .8191 0.4,1 .2334 3.5,2 .9845 0.02, 1
Right .2901 3.6, 2 .7539 13,1 2234 3.5,2 .6038 0.8, 1
PuL Left .5106 36,2 .6853 12,1 .6229 0.98, 2 7974 0.15, 1
Right .3265 22,2 1391 22,2 1494 4.9, 2 .9925 0.08, 1
L-Sg Left 5427 21,2 .7539 0.9, 1 .1031 6.6, 2 .8814 0.04, 1
Right .7606 0.9, 2 .7539 0.9, 1 .1040 6.3, 2 .5402 1.3, 1
MD Left .8381 0.6, 2 .9842 0.04, 1 .5446 13,2 4175 0.4, 1
Right .7515 1,2 .8191 0.3, 1 1448 51,2 .6423 0.4,1
Pf Left .8381 12,2 .8191 12,2 .2526 44,2 .3383 21,2
Right .1061 6.4, 2 .7539 13,1 1217 5.7,2 .2856 3.2, 1
Pt Left .8381 0.9, 2 .9031 0.5, 1 1448 52,2 .6038 0.7,1
Right .8381 0.6, 2 .8187 0.6, 1 .0794 8.7,2 .2468 0.6, 1
Pc Left .00017 18.2, 27 .6853 191 2114 38,2 .6039 0.8, 1
Right .00407 14.4, 27 .9351 0.05, 1 .0646 77,2 6113 3.8, 1
CM Left .5873 14,2 .8191 0.04, 1 .2558 3.9 .7680 14,1
Right 4160 17,2 4954 0.5,1 1217 57,2 .3383 2.4,1
CeM Left .3442 3.2,2 .6853 2.8,1 .03017 11.5, 2% .0610 71,1
Right .1366 55,2 .6199 49,1 .1040 6.3, 2 3743 2,1
MV(Re) Bilateral .00257 73,27 .0504 23,1 .02627 9.7, 2% .01067 10.9, 17
CL Left 9154 45,2 .9756 0.2,1 2114 3.8, 2 .5105 15,1
Right 5427 54,2 .8203 0.5, 1 .5535 13,2 .6113 0.6, 1
VA Left .03617 8.2, 2% .7539 12,1 .03027 12, 27 .0610 7.5, 1
Right <.00017 25.2, 27 .6199 3.8,1 .0719 8,2 1548 2,1
VPL Left .8381 0.5, 2 .8191 0.2,1 1448 5,2 T477 11,1
Right .5106 22,2 .6853 22,1 .0806 51,2 5219 0.2, 1
VLa Left .01517 10.8, 27 .8191 04,1 2114 3.9,2 .3383 2.7,1
Right .00027 17.3, 27 .5847 03,1 .0852 72,2 .3383 25,1
VLp Left .1366 5.4,2 .9824 0.02, 1 1811 3.4,2 4364 0.6, 1
Right .1366 72,2 .8191 14,1 .0852 7.4,2 .3383 2.4,1
VM Left .3405 3.2,2 .9824 0.04, 1 2234 3.3,2 .5529 11,1
Right .2901 53,2 .9351 0.05, 1 2114 38,2 6113 0.6, 1
AV Left .6580 14,2 .9824 0.03, 1 .03007 11.9, 27 .2468 42,1
Right .2901 3.7,2 .6853 2.01,1 2123 3.7,2 6113 0.5, 1
LP Left <.00017 23.4, 27 .6199 43,1 .03807 11.2, 27 .2066 49,1
Right <.00017 29.6, 27 .7539 12,1 .1535 47,2 5529 12,1
LD Left .6838 13,2 .8191 03,1 2234 33,2 .8814 0.04, 1
Right .8417 04,2 .9351 0.06, 1 7971 0.5, 2 .8424 0.09, 1
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22qdel Carriers vs. HCs

22qdel Carriers AH+ vs. 22qdel Carriers AH—

Group Effect Slope Group Effect Slope
Thalamic p Likelihood p Likelihood p Likelihood p Likelihood
Nuclei Region Value Ratio, df Value Ratio, df Value Ratio, df Value Ratio, df
Thalamus Left .8296 0.7, 2 .8189 0.2,2 .1037 6.5, 1 .8814 0.04, 1
Right .8417 04,2 .8191 0.4, 1 .0746 8.5, 2 5402 13,1

All the p values are corrected for multiple comparisons.

AV, anteroventral; CeM, central medial; CL, central lateral; CM, centromedian; HC, healthy control subject; LD, laterodorsal; LGN, lateral
geniculate nucleus; LP, lateral posterior; L-Sg, limitans suprageniculate; MD, mediodorsal nucleus; MGN, medial geniculate nucleus; MV(Re),
reuniens (medial ventral); Pc, paracentral; Pf, parafascicular; Pt, paratenial; PuA, anterior pulvinar; Pul, inferior putamen; PulL, lateral pulvinar;
PuM, medial pulvinar; 22qdel, 22g11.2 deletion; VA, ventral anterior; Vamc, ventral anterior magnocellular; VLa, ventral lateral anterior; VLp,

ventral lateral posterior; VM, ventromedial; VPL, ventral posterolateral.
a
p < .05.

Estimation of the Developmental Trajectories

Owing to the characteristics of our sample, comprising a
number of visits ranging from 1 to 4 with a variable time interval
and an inconstant age distribution across the visits, we used a
mixed-model regression analysis described in previous studies
(45,48). Age and diagnosis were modeled as fixed effects, and
within-subject factors were modeled as random effects with
the function nimefit in MATLAB R2017a (The MathWorks, Inc.,
Natick, MA). Total intracranial volume, sex, scanner model, and
lifetime use of antipsychotic medications were entered into the
model as covariates. Random-slope models (from constant to
cubic) were fitted to the data, taking into account within-
subject and between-subject effects. The most suitable
model order was then selected using the Bayesian information
criterion, and results were finally corrected for multiple com-
parisons with false discovery rate correction. Further details
are provided in the Supplement.

Functional Images Pipeline

Functional images were preprocessed using SPM12, the Conn
fMRI functional connectivity toolbox version 18 (49), and ART
(Artifact Detection Tools) (50) for a rigorous control of head
motion. Bilateral labels of each thalamic nucleus with aberrant
development in subjects having AHs were used as seeds, and
seed-to-voxel and region of interest (ROI)-to-ROI FC analyses
were carried out with Conn. A comprehensive explanation of
rs-fMRI image preprocessing and analyses is provided in the
Supplement.

RESULTS

Developmental Trajectories of Thalamic Nuclei in
22qdel Carriers Compared With HCs

Model selection based on the Bayesian information criterion
resulted in a first-order model for all thalamic nuclei, meaning
that the relationship between age and volume was linear. All
statistical values for the group effect and the interaction with
age are listed in Table 2; the percentages of volume reduction
or increase between groups are compared in Tables S2-S4,
where further statistics regarding laterality and the type of
scanner are also available.

Neither the average volume of the whole thalamus nor its
developmental trajectory differed between 22qdel carriers and
HCs. Instead, two ensembles of thalamic nuclei displayed

either a higher or lower volume in the group of patients with
respect to HCs. Thalamic nuclei involved in sensory relay, such
as the MGN and lateral geniculate nucleus, and in sensory and
attentional processing, such as the pulvinar and lateral pos-
terior (LP) nuclei, were on average bilaterally smaller as
compared with the control group (Figure 1). We did not find
statistically significant differences between the developmental
trajectories of these nuclei.

On the other hand, the paracentral (Pc) nucleus and an
ensemble of anterolateral nuclei (ventrolateral anterior and
ventral anterior [VA]) resulted in having a bigger volume in
22qdel carriers with respect to HCs. The right VA and left Pc
nuclei showed a faster volume decrease in the group of control
subjects, but these results did not survive false discovery rate
correction. The nucleus medioventral reuniens showed a
different developmental trajectory in 22qdel carriers as
compared with HCs (Figure 2).

Developmental Trajectories of Thalamic Nuclei in
Relation to AHs

Different positive psychotic symptoms as measured by the
Structured Interview for Psychosis-Risk  Syndromes
comprising hallucinations, delusions, suspiciousness, and
disorganization were used to divide 22qdel carriers into two
groups with high and low scores of symptoms. It was not
possible to use grandiose ideas to dichotomize patients
because fewer than 5 subjects experienced these symptoms.

When considering positive symptoms other than AHs,
we did not find any significant differences after correcting
for multiple comparisons (Table S5). Conversely, 22qdel
carriers with AHs had a smaller volume of MGN bilaterally
with a steeper volume decrease with respect to 22qdel
carriers without AHs. This divergence in the trajectories of
MGN volume started early in development, at around 10
years for the right MGN and before 8 years for the left MGN
(Figure 3).

Patients with AHs also showed a deviant developmental
trajectory of left-side nuclei involved in higher cognitive func-
tions, characterized by a lower volume followed by an increase
of volume with respect to 22qdel carriers without AHs, that
started at different ages (medioventral reuniens: 17.2 years;
central medial: 20.4 years; VA: 21.2 years; LP: 24.6 years;
anteroventral (AV): 26.9 years). The developmental effect
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Figure 1. Comparison between patients with 22q11.2 deletion syndrome (22q11DS; in blue) and healthy control subjects (HC; in red). Mixed-model analysis
of the developmental trajectories shows a marked smaller volume of the medial geniculate nucleus (MGN), lateral geniculate nucleus (LGN), pulvinar, and lateral
posterior nucleus (LP) in patients with 22q11DS. Central panel: Example of thalamic segmentation in a deletion carrier (lower figures) and one healthy control
(upper figures) showing the nuclei of interest in axial (a, d), coronal (b, €) and sagittal (c, f) sections. Volumes are expressed in mm3. L, left; PuA, anterior
pulvinar; Pul, inferior putamen; PuL, lateral pulvinar; PuM, medial pulvinar; R, right; VA, ventral anterior; VLa, ventral lateral anterior; VLp, ventral lateral

posterior; VPL, ventral posterolateral.

survived correction for multiple testing only for the nucleus
medioventral-reuniens (MV-Re) and bilateral MGN.

FC of Thalamic Nuclei With Aberrant Development
in Patients With AHs

To investigate whether the structural abnormalities had a
functional correlate, we performed seed-to-voxel and ROI-
to-ROI resting-state FC analyses of each thalamic nucleus
with an aberrant development in 22qdel carriers with AHs.
fMRI motion parameters and the standard deviation of the
signal did not differ between 22qdel carriers with and
without AHs (Table S6). Average measures of the left/right
ROI volumes with standard deviations were 114.8 = 20.3/
126.9 = 22.3 mm?® for the AV, 420.9 *+ 55.5/431.5 + 53.2
mm? for the VA, 119.6 + 17.5/106.2 = 16.1 mm?® for the
LP, 102.6 = 14.7/99.8 = 15.6 mm?® for the MGN, 55.95 +
8.4/61.2 = 8.4 mm? for the central medial, and 19 = 3.6 for
the MV-Re. We decided to exclude MV-Re and central
medial nuclei from the analysis because their volume was
too small to give reliable results (<5 voxels). Seed-to-voxel
analyses did not yield a significant difference for any nu-
cleus of the thalamus; however, when employing a ROI-to-
ROI approach, we found a statistically significant pattern of
increased thalamocortical FC of the MGN and AV nuclei
with primary and associative temporo-occipital regions
implied in auditory processing and speech comprehension
(Tables 3 and 4 and Figures 4 and 5). Thalamocortical
connectivity values for each nucleus in each group and
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group differences of FC are available in Figures S1 to S3
and Tables S7 and S8.

To test our hypothesis that the aberrant development of
gray matter was implied in the dysconnectivity of the MGN with
temporo-occipital cortical regions, the values of FC were finally
correlated with the volumes of the left and right MGN. A
negative correlation of the FC between the left MGN and
anterior superior temporal gyrus with the volume of the left
MGN (r = —.375, p = .002) was significant (Figure 5).

DISCUSSION

Individuals With 22q11DS Have a Selective
Impairment of the Thalamus

Despite exhibiting either a lower or higher volume of distinct
thalamic nuclei, 22qdel carriers did not show any difference in
the overall volume of the thalamus as compared with HCs.
Regarding subjects at clinical and genetic risk for psychosis,
the current literature shows mixed findings. While there is
strong meta-analytic evidence for thalamic volume reduction in
patients with schizophrenia, when analyzing earlier phases of
the disease the results are more variable (1,27). Individuals at
their first episode of psychosis have a selective lower volume
of midline thalamic nuclei (29) and microstructural damage of
the mediodorsal nucleus and pulvinar (51), while siblings of
patients with schizophrenia were found to have lower volumes
of the anterior thalamus (52). Altogether, these results are
highly heterogeneous on both temporal and spatial scales. To
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Figure 2. Comparison between patients with 22911.2 deletion syndrome (22911DS; in blue) and healthy control subjects (HC; in red). Mixed-model analysis
of the developmental trajectories shows a higher volume of the ventral-anterior nucleus (VA), ventrolateral anterior nucleus (VLa), paracentral nucleus (Pc), and
nucleus medioventral reuniens [MV(Re)] in patients with 22g11DS. Lower panel: Example of thalamic segmentation showing the nuclei of interest in coronal and

sagittal sections. Volumes are expressed in mm?.
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Figure 3. Comparison between patients with 22g11.2 deletion syndrome with auditory hallucinations (AHs) (Hal+; in orange) and without AHs (Hal—; in
green). Upper plots: Mixed-model analysis of the developmental trajectories showing a smaller volume of the bilateral medial geniculate nucleus (MGN) and an
interaction with age in patients with AHs. The other plots show deviant developmental trajectories of left-side nuclei comprising the ventral anterior (VA),
anteroventral (AV), central medial (CeM), lateral posterior (LP), and nucleus medioventral reuniens [MV(Re)] bilaterally in patients with AHs. Lower panel:
Example of thalamic segmentation showing the nuclei of interest in coronal and sagittal sections. Volumes are expressed in mm?.

882 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging September 2020; 5:875-890 www.sobp.org/BPCNNI


http://www.sobp.org/BPCNNI

Biological
Psychiatry:
CNNI

Maturation of the Thalamus in 22g11DS

Table 3. Group Differences (AH+ > AH-) in ROI-to-ROI Functional Connectivity Between the Left and Right MGN and the
Whole Brain Using Harvard-Oxford Atlas

Left MGN Right MGN
t Value p Value p Value FDR t Value p Value p Value FDR
Right TP 3.70 .0002 .02177 3.38 .0006 .0471°
Left DMN.LP 3.59 .0003 .0217¢ 2.86 .0028 .0637
Left TOFusC 3.49 .0004 .0217¢ 2.93 .0023 .0637
Left sSLOC 3.42 .0005 .0217¢ 2.76 .0037 .0637
Left PT 3.35 .0007 .0218% 3.28 .0008 04712
Left aSTG 3.16 .0012 .0286° 3.27 .0008 .0471°
Right TOFusc 3.15 .0012 .0286° 2.79 .0034 .0637

Only statistically significant results are reported.

AH+, with auditory hallucinations; AH—, without auditory hallucinations; aSTG, anterior superior temporal gyrus; DMN.LP, default mode network,
seed lateral parietal cortex; FDR, false discovery rate; MGN, medial geniculate nucleus; PT, planum temporale; ROI, region of interest; sLOC, lateral
occipital cortex; TOFusC, temporo-occipital fusiform cortex; TP, temporal pole.

%p < .05.

our knowledge, only one study has investigated the volume of
the thalamus in children with 22q11DS, highlighting a selective
reduction of the posterior thalamus (53). Owing to the lack of
advanced segmentation techniques at the time, this volume
decline was entirely attributed to the pulvinar (53). However, it
is likely that the lower volume of other posterior thalamic nuclei
contributed to that finding.

Indeed, in our study, the volume of posterior thalamic nuclei
involved in sensory processing was lower in 22qdel carriers.
The lateral geniculate nucleus and MGN are the principal relay
nuclei for visual and auditory pathways, respectively, and it is
well known that 22qdel carriers have extensive impairments in
sensory domains (54). Neural responses to auditory stimulation
are decreased in 22qdel carriers and, similar to patients with
schizophrenia, they have inefficient mechanisms of sensory
gating (55-57). Moreover, specific impairments in visuospatial
skills have been related to the syndrome (58,59). The pulvinar
and LP nuclei cooperate to determine visual saliency and to
allocate attentional resources during visual processing by
synchronizing the activity across visual cortices (60,61). It has

been consistently shown that 22qdel carriers have selective
deficits in executive visual attention (62,63). Furthermore, the
lower volume of the pulvinar was mostly driven by a volumetric
reduction of the medial pulvinar, a subregion with extensive
and reciprocal connectivity with higher-order cortices involved
in the simultaneous processing of multimodal stimuli (64). The
volume of the medial pulvinar is reduced in patients with
schizophrenia and has been implicated in the genesis of
symptoms such as impaired attentional performance and
abnormal vision-guided behavior (65).

Our findings also highlighted the presence of thalamic
nuclei with a bigger volume in 22qdel carriers as compared
with HCs. Specifically, VA and ventrolateral nuclei are inter-
calated in a circuit comprising the basal ganglia, cerebellum,
and premotor cortex, aimed at motor planning. To date, a
variety of movement disorders has been reported in 22qdel
carriers (66,67). However, it is not clear whether this psycho-
motor phenotype pertains to a more general predisposition of
the syndrome to multiple motor abnormalities or to specific
disturbances such as catatonic schizophrenia, parkinsonism,

Table 4. Group Differences (AH+ > AH-) in ROI-to-ROI Functional Connectivity Between the Left and Right AV Nucleus and

the Whole Brain Using Harvard-Oxford Atlas

Left AV Nucleus

Right AV Nucleus

t Value p Value p Value FDR t Value p Value p Value FDR
Left pSMG 3.66 .0005 .0307° 3.61 .00057 .0382°
Left FOrb 3.65 .0005 .0307° 3.43 .0010 .0382°
Left aSTG 3.59 .0006 .0307° 3.42 .0011 .0382°
Left sLOC 3.51 .0008 .0307° 3.41 .0012 .0382°
Left PT 3.46 .0009 .0307° 3.53 .0007 .0382°
Left AG 3.42 .0010 .0307° 3.16 .0023 .0502
Left Language.pSTG 3.31 .0015 .0336" 3.18 .0022 .0502
Right TP 3.29 .0016 .03367 2.98 .0040 .0649
Left DMN.LP 3.26 .0017 .03367 3.03 .0034 .0649
Right PT 3.04 .0034 .0586 3.18 .0022 .0502

Only statistically significant results are reported.

AG, angular gyrus; AH+, with auditory hallucinations; AH—, without auditory hallucinations; aSTG, anterior superior temporal gyrus; AV,
anteroventral; DMN.LP, default mode network, seed lateral parietal cortex; FDR, false discovery rate; FOrb, orbitofrontal cortex; Left
Language.pSTG, language network, seed posterior superior temporal gyrus; pSMG, posterior supramarginal gyrus; PT, planum temporale; ROI,

region of interest; sLOC, lateral occipital cortex; TP, temporal pole.
a
p < .05.
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and endocrine diseases. Another nucleus exhibiting a bigger
volume in 22qdel carriers was the Pc, one of the intralaminar
nuclei reciprocally connected with a broad set of cortical
and subcortical regions (68). Interestingly, the Pc is sup-
posed to have a role in so-called cognitive awareness, given
that lesions in this nucleus lead to the dysexecutive syn-
drome that well aligns with executive function disturbances
in 22qgdel carriers (69).

Overall, 22qdel carriers were found to have a pattern of
decreased volume in sensory nuclei and increased volume in
some of the nuclei involved in higher cognitive functions and
motor planning, with a developmental trajectory parallel to that
of HCs, suggesting an early occurrence of these abnormalities.
Translational studies demonstrated that the development of
thalamic nuclei is already defined in utero and is finely
orchestrated by a set of genes coding for transcription factors
(70,71). Although none of the genes known to guide the dif-
ferentiation of the thalamus is located within the 22q11.2 re-
gion, possibly cross-genes interaction led by regulatory genes
(72) might account for the early abnormalities of thalamic
nuclei in 22qdel carriers.

AHs Are Related to Abnormal Development of
Distinct Thalamic Nuclei

In agreement with the literature on psychosis, the most
affected thalamic nuclei in 22qdel carriers experiencing AHs
pertained to the domains of working memory and auditory
stimuli processing, suggesting a causal nexus. Concerning
nuclei involved in cognitive functions, we found a lateralized
involvement on the left side, consistent with previous studies

Maturation of the Thalamus in 22q11DS

Figure 4. Functional connectivity
(FC) of the medial geniculate nucleus
(MGN). (A, B) FC of the left and right
MGN with cortical regions. Only re-
gions of interest (ROIs) with a statis-
tically significant increased FC with
MGN in patients with 22g11.2 dele-
tion syndrome (22qdel carriers) with
auditory hallucinations are shown. t
Values of ROI-to-ROlI FC are
expressed with a color code dis-
played in the figure. (C) Correlation
between left MGN volume and values
of FC between the left MGN and the
left anterior superior temporal gyrus
(@STG I) on the left and boxplots of
left MGN volume in 22qdel carriers
with and without auditory hallucina-
tions (hal+ and hal—, respectively).
(D) Same description as (C) but for
the right MGN. DMN.LP, default
mode network, seed lateral parietal
cortex; L, left; PT I, left planum tem-
porale; R, right; sLOC, lateral occipi-
tal cortex; TOFusC |, left temporo-
occipital fusiform cortex; TOFusC r,
right temporo-occipital fusiform cor-
tex; TP r, right temporal pole.

(30,32,52,73). As we hypothesized, MGN volume was bilater-
ally lower in the group with AHs and the extent of the volume
loss increased over time. Even in HCs, there was a propensity
to a linear volume decrease; however, in patients with AHs, the
atrophy rate was accentuated and the developmental trajec-
tory diverged from that of 22qdel carriers without AHs during
childhood. Therefore, the maturation of MGN in those subjects
who will experience AHs is aberrant throughout a wide period
spanning from late childhood to adulthood.

On the other hand, the only other nucleus with a significant
deviant development was the nucleus medioventral reuniens;
in subjects with AHs, we found a substantially divergent tra-
jectory with the point of inflection during late adolescence.
Interestingly, the MV-Re facilitates the communication be-
tween the prefrontal cortex and hippocampus during memory
processes (74,75) and has been proposed as a central hub of a
thalamo-hippocampal-ventral tegmental area loop that
possibly underlies psychotic symptoms (Figure 6). According
to this theory, a primary NMDA receptor hypofunction dis-
inhibiting the MV-Re would lead to a hyperactivation of the
hippocampus and consequently an aberrant activation of the
dopamine system with heightened dopamine release in the
thalamus and thereby a positive feedback loop (76). In line with
this theory, we found a sharp volume drop of the hippocampus
during late adolescence, starting from the CA1 subfield in a
largely overlapping sample of 22qdel carriers with psychotic
symptoms (45), and our data seem to confirm the existence of
a correlation between CA1 and MV-Re volume (Table S11).
Remarkably, the MV-Re and CA1 are reciprocally connected,
and therefore their divergent developmental trajectories during
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late adolescence might account for the emergence of this
positive loop concomitantly with the onset of positive psy-
chotic symptoms. In line with this hypothesis, early abnor-
malities of CA1 that can be rescued only during a critical time
window comprising late adolescence have been reported in
mouse models of 22q11DS (77).

Thalamic circuits involved
in psychosis
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Figure 5. Functional connectivity
(FC) of the anteroventral (AV) nu-
cleus. FC of the left AV nucleus (A)
and right AV nucleus (B) with cortical
regions is shown. Only regions of
interest (ROIs) with a statistically
significant increased FC with AV in
patients with 22g11.2 deletion syn-
drome with auditory hallucinations
are shown in the figure. t Values of
ROI-to-ROI FC are expressed with a
color code displayed in the figure. AG
I, left angular gyrus; aSTG, anterior
superior temporal gyrus; FOrb |, left
orbitofrontal cortex; L. left;
Lang.pSTG, language network, seed
posterior superior temporal gyrus;
pPSMG |, left posterior supramarginal
gyrus; PT |, left planum temporale; PT
r, right planum temporale; R, right;
sLOC |, left lateral occipital cortex;
TP r, right temporal pole.

Of all the nuclei with a different volume in 22qdel carriers
with AHs, only the AV did not differ in the comparison be-
tween HCs and the whole group of individuals with 22g11DS.
The AV nucleus contributes to reciprocal hippocampal-
prefrontal interactions and has been suggested to have a
crucial role in promoting synaptic plasticity in the

— T~ Extended auditory circuit

= === Thalamo-hippocampal-VTA loop

Working memory circuit

Figure 6. Thalamic circuits possibly involved in psychosis in patients with 22q11.2 deletion syndrome. Extended auditory circuit: increased connectivity
from the medial geniculate nucleus and anteroventral nucleus to the auditory cortex and Wernicke’s area. Thalamo-hippocampal-ventral tegmental area (VTA)
loop: positive feedback circuit that has been proposed to underlie the onset of psychotic symptoms starting from a dysfunction of the nucleus medioventral
reuniens. Working memory circuit: where the dorsolateral prefrontal cortex can communicate with the hippocampus only through the nucleus medioventral

reuniens.
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hippocampus to such an extent that its lesion may cause
episodic memory deficits (5,78). A lower volume of the ante-
rior thalamus is one of the most replicated findings within the
psychosis continuum, from subjects at clinical or genetic risk
for schizophrenia to patients with chronic disease (1-3,52),
and memory deficits are now considered as part of the core
symptoms of schizophrenia.

When other positive symptoms of psychosis were taken into
account, no correlation with the volume or development of
thalamic nuclei was observed. Consequently, it is possible that
aberrant thalamocortical structure development is selectively
implied in the pathophysiology of AHs but is partially indepen-
dent from brain dynamics underlying other psychotic symptoms.

Deletion Carriers With AHs Have an Immature
Pattern of Thalamocortical Connectivity

The 22qdel carriers experiencing AHs have an increased tha-
lamocortical connectivity from the MGN to the left AC and
associative areas within Wernicke’s area (79). Remarkably, the
strong left cortical lateralization, rather than being related to
differences in the proportion of left-handedness in the two
groups, most likely reflects the involvement of language-
associated brain areas. Indeed, the hyperactivity of
language-related regions has been mechanistically implied in
the origin of auditory verbal hallucinations (14,22,80) as well as
increased thalamic connectivity with the AC (23). More broadly,
a pattern of thalamocortical dysconnectivity with sensory re-
gions has been consistently reported as a hallmark of psy-
chosis (33,81) and has been previously revealed in 22qdel
carriers (82). Our findings point toward a specific involvement
of regions intercalated in the auditory pathway and language
network in 22qdel carriers at their first experience of AHs. In
other words, we showed that the MGN is hyperconnected not
only to the AC but also to speech processing areas, providing
a conceptual framework for the emergence of AHs in 22qdel
carriers.

Interestingly, an fMRI study during an auditory task based
on monitoring self-generated speech highlighted the hypo-
activation of the MGN in patients with schizophrenia and poor
performance (83). Taken together with our findings, the MGN
seems to be hypoactive during speech tasks but hyper-
connected to the AC and brain areas involved in language
perception during rest. This is in line with the concept of par-
adoxical activation proposed by Kompus et al. and corrobo-
rated by the multimodal findings of increased neural activity at
rest and disengagement during task of the AC in patients with
AHs (9,84). The left AC was the area with the highest para-
doxical activation by means of an intersection analysis of many
studies (9). We further propose that such a pattern might be
mediated by either an increased or decreased recruitment of
the AC by the MGN. Moreover, in our sample, we also
demonstrated that the left MGN was hyperconnected to the
default mode network (DMN), a network implied in self-
referential processing that is activated at rest but disengaged
during the execution of externally directed cognitive tasks
(85,86). In patients with idiopathic schizophrenia as well as in
22qdel carriers, several studies have identified a failure to
deactivate the DMN during active task and a decreased within-
network and increased between-network connectivity at rest
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(87-94). Hence, it has been hypothesized that abnormal ac-
tivity in the DMN might contribute to the generation of AHs by
activating the AC at rest (95,96). Our data suggested that the
aforementioned recruitment of the auditory system may occur
even lower in the auditory hierarchy at the level of the sensory
thalamus. Overall, abnormalities primarily attributed to the AC
in subjects experiencing AHs may be a consequence of
aberrant thalamocortical connectivity to the AC.

When looking at the connectivity of LP, VA and AV nuclei, only
the latter exhibited a different pattern of thalamocortical con-
nectivity in subjects with AHs. Strikingly, we found an increased
FC with the AC, Wermnicke’s area, DMN, and language network.
While the interpretation of the hyperconnectivity of the MGN with
the AC and Wernicke’s area is straightforward, the AV nucleus is
not anatomically connected to these regions in a direct way.
However, rs-fMRI is more likely to represent polysynaptic con-
nectivity than monosynaptic connectivity (97,98). Moreover, the
contribution of recent studies to the development of thalamo-
cortical connectivity in the general population may shed light on
our findings. Indeed, thalamocortical FC undergoes profound
refinement from childhood to adulthood, including a weakening
of connectivity with the AC and a transition from a widespread
pattern to a localized pattern of projections from the thalamus
(99). During childhood and puberty, anterior and midline thalamic
nuclei are projecting to the temporal cortex; however, during
adulthood, only a posterior region of the thalamus corresponding
to the MGN is connected to the temporal cortex, and the
strength of such connectivity is less than that in children (99).
Therefore, considering that the mean age of 22qdel carriers
experiencing AHs is shifted toward early adulthood, we can
speculate that the emergence of AHs might be favored by an
immature pattern of thalamocortical connectivity with the AC.
Another explanation is that our findings could reflect an abnor-
mally increased axonal branching related to genes located within
the 22g11.2 region such as the NGR1 gene (100,101).

A Developmental Framework for Thalamic
Abnormalities

Altogether, our results point to an aberrant development of the
thalamic nuclei that are hyperconnected to the AC and
speech-related brain areas. Moreover, we found the distinct
results of deviant developmental trajectories of left MGN vol-
ume and the immature pattern of its connectivity with the AC to
be inversely correlated; that is, the smaller the MGN volume,
the higher its connectivity to the AC. A negative correlation
between thalamic volume and its increased connectivity has
consistently been reported in a sample of individuals at clinical
high risk for psychosis (24). Where interactions between the
thalamus and cortex are concerned, an increased level of
complexity is brought by the reciprocal influence on the
development of each structure. Indeed, thalamocortical axons
are known to finely shape the organization of primary sensory
cortices, and the altered size of thalamic nuclei can influence
the size of their cortical targets and lead to ectopic innervation
of cortical regions from other unrelated thalamic nuclei (71).
Interestingly, cortical areas targeted by the MGN and AV in our
study—such as the AC—undergo a remarkable volume loss in
patients with idiopathic schizophrenia and 22qdel carriers
experiencing AHs (102-104). Overall, an early accelerated
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volume decrease of the MGN may put in place a series of
regulatory mechanisms that determine both the aberrant
comaturation of target cortical regions and an immature
pattern of connectivity that can favor the emergence of AHs by
recruiting the AC at rest.

Limitations and Conclusions

Several limitations need to be highlighted. First, the segmen-
tation technique employed in the current study is based on a
probabilistic atlas constructed from MRI of adults and showed
different rates of test-retest reliability depending on the nu-
cleus. Therefore, we ensured that the magnitude of volumetric
differences between the groups tested was higher than the
margin of error of the test-retest reliability of the segmentation
technique (Table S2). However, because the values for test—
retest reliability were available for only some of the thalamic
nuclei (35), our results need replication.

Second, two types of scanner were used during the longi-
tudinal study; however, we covaried all the analyses for the
type of scanner, and the proportion of scans acquired with
each scanner did not differ between the groups. Similarly, we
ensured that all the possible confounds such as demographic
characteristics, psychiatric comorbidities, and medication
intake, as well as motion parameters, deafness, and laterality in
the case of rs-fMRI, did not differ between groups tested.
Similarly, antipsychotics and sex were added as covariates in
all the analyses.

Third, even though we employed an unconventional method
to investigate the FC of small thalamic nuclei, we ensured that
the thalamic segmentation was precisely aligned to the func-
tional images and we applied more strict inclusion criteria
regarding motion with respect to previous studies (93). More-
over, measures of head motion were not correlated with FC
values (Table S9). Unfortunately, we did not have longitudinal
rs-fMRI data comprising time points before and after the onset
of AHs; therefore, our results should be confirmed in a longi-
tudinal sample.

Finally, there are some concerns on a more theoretical level.
Despite one of the most consistent findings in patients with
schizophrenia being a reduced volume of the mediodorsal
nucleus (2), in our sample the mediodorsal nucleus was un-
damaged. In this regard, some studies support the possibility
that mediodorsal nucleus atrophy is state related, that is, the
consequence of many years of chronic schizophrenia (52).

In conclusion, we showed that 22qdel carriers have selec-
tive alterations of nuclei involved in sensory and cognitive
functions. Moreover, 22qdel carriers with AHs exhibit deviant
developmental trajectories of the MGN and nuclei playing a
pivotal role in memory, accompanied by an immature pattern
of thalamocortical connectivity with the AC and speech pro-
cessing regions. Such augmented connectivity with temporal
regions might provide a mechanistic explanation for the pre-
disposition of 22qdel carriers to experience AHs and link it to
the neurodevelopmental hypothesis of schizophrenia (105).
Therefore, we have demonstrated that thalamic structural and
functional abnormalities have the potential role to elucidate
complex temporal dynamics on a broader developmental
scale, including the deviant comaturation of the thalamus and
its cortical targets. Future studies in humans and animal
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models should further explore the multifaceted developmental
interaction between the thalamus and the cortex.
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