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A B S T R A C T

Combining structural (sMRI) and functional magnetic resonance imaging (fMRI) data in schizophrenia patients
with and without auditory hallucinations (9 SZ_AVH, 12 SZ_nAVH), 18 patients with bipolar disorder, and 22
healthy controls, we examined whether cortical thinning was associated with abnormal activity in functional
brain networks associated with auditory hallucinations. Language-task fMRI data were combined with mean
cortical thickness values from 148 brain regions in a constrained principal component analysis (CPCA) to
identify brain structure-function associations predictable from group differences. Two components emerged
from the multimodal analysis. The “AVH component” highlighted an association of frontotemporal and cingulate
thinning with altered brain activity characteristic of hallucinations among patients with AVH. In contrast, the
“Bipolar component” distinguished bipolar patients from healthy controls and linked increased activity in the
language network with cortical thinning in the left occipital-temporal lobe. Our findings add to a body of evi-
dence of the biological underpinnings of hallucinations and illustrate a method for multimodal data analysis of
structure-function associations in psychiatric illness.

1. Introduction

Auditory verbal hallucinations (AVH), the perceptions of external
speech in the absence of any stimulus, are experienced by a majority of
people with schizophrenia and an estimated 23%−31% of patients
with bipolar disorder with psychotic features during the course of their
illness (Smith et al., 2017; Waters et al., 2012). Schizophrenia and bi-
polar disorder share a genetic predisposition and considerable symptom
overlap, but typically differ in phenomenology and severity of psy-
chotic symptoms, including AVH. The common and distinct neural
mechanisms underlying psychotic features in these disorders remain
unclear (Baethge et al., 2005; Barrett et al., 2009; Bellack et al., 1989;
Murray et al., 2004; Rosen et al., 2012, 1983). The current study aims
to detect structure-function associations distinguishing hallucinating
schizophrenia patients (SZ_AVH) from non-hallucinating schizophrenia
patients (SZ_nAVH), non-hallucinating bipolar patients (BP), and
healthy controls (HC).

Previous studies of the biological underpinnings of hallucinations

have mainly employed a single imaging modality, namely functional
(fMRI) or structural (sMRI) magnetic resonance imaging (e.g.,
Gaser et al., 2004; Goldstein et al., 1999; Lawrie et al., 2002;
Lennox et al., 2000; Neckelmann et al., 2006). sMRI investigations have
consistently reported widespread changes in cortical gray matter (GM)
in patients with schizophrenia and bipolar disorder relative to healthy
controls (Bora et al., 2011; Chan et al., 2011; Ellison-Wright et al.,
2008; Glahn et al., 2008; Hanford et al., 2016; Van Erp et al., 2018),
with GM loss more extensive and profound in schizophrenia relative to
bipolar disorder (Ivleva et al., 2013; Nenadic et al., 2015; Yuksel et al.,
2012). AVH severity is most consistently associated with fronto-
temporal GM loss (DeLisi et al., 2006; Kubera et al., 2014;
Modinos et al., 2013; Mørch-Johnsen et al., 2017; Neckelmann et al.,
2006; Padmanabhan et al., 2014; Palaniyappan et al., 2012), though
associated GM reductions in the bilateral insula, anterior and posterior
cingulate cortex (ACC and PCC), and other regions have also been re-
ported (Allen et al., 2008; Martí-Bonmatí et al., 2007; Nenadic et al.,
2010).
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In fMRI research, AVH are associated with aberrant activity in
frontotemporal regions related to speech perception and speech gen-
eration (Allen et al., 2012; Ćurčić-Blake et al., 2017; Dierks et al., 1999;
Waters et al., 2012). Meta-analyses of symptom capture studies have
concluded that the acute AVH state is characterized by frontotemporal
hyper-activity (Allen et al., 2012; Jardri et al., 2011b). However, stu-
dies comparing patients with and without frequent AVH have reached
mixed results regarding the direction of connectivity change associated
with AVH traits. Resting-state symptom association studies have re-
ported both hyper-activity (e.g., Chang et al., 2017; van Lutterveld
et al., 2014) and hypo-activity (Clos et al., 2014; Sommer et al., 2012)
in prefrontal and temporal regions among patients who experience
AVH. In the task-based symptom association literature, degree of con-
trol over verbal processing may reconcile seemingly-contradictory
findings, as SZ_AVH patients tend to show reduced frontotemporal ac-
tivity during controlled verbal processing or monitoring of inner speech
(Curcic-Blake et al., 2013; McGuire et al., 1995; Shergill et al., 2003;
Woodward et al., 2015) but increased activity during passive speech
perception (Alderson-Day et al., 2017; Copolov et al., 2003;
Lavigne et al., 2015; Lavigne and Woodward, 2018; Sanjuan et al.,
2007; Zhang et al., 2008).

For example, in a previous task-based fMRI study, we found that
SZ_AVH showed increased activation of a language functional network
and stronger co-deactivation of the default mode network during a
passive speech-perception task compared to HC, BP, and SZ_nAVH pa-
tients (Lavigne et al., 2015). This pattern was not observed in SZ_AVH
patients during silent thought generation (Lavigne et al., 2015), sug-
gesting that exerting control over inner verbal thought processes de-
creases the severity or likelihood of hallucinations (Pynn and
DeSouza, 2013).

While sMRI and fMRI approaches have advanced our understanding
of the neurobiology of AVHs, single-modality studies cannot explore the
interplay of anatomical and functional brain characteristics in the
manifestation of psychotic symptoms. Methods combining multiple
neuroimaging modalities, including diffusion tensor imaging with fMRI
(Hermundstad et al., 2014; Koch et al., 2011; Schlosser et al., 2007),
and sMRI with fMRI (Kubera et al., 2019; Schultz et al., 2012b) have
begun to uncover potential structure-function relationships in brain
pathologies related to psychosis (Liu et al., 2015). A general trend of
these studies is that patients with schizophrenia exhibit different
structure-function associations compared to HC (Calhoun and
Sui, 2016; Schultz et al., 2012a; Sui et al., 2015, 2012). Studies are now
needed to investigate the biological correlates of AVH from a multi-
modal neuroimaging perspective. Further, psychiatric comparison
groups (e.g., bipolar disorder) are needed to clarify the extent to which
any structure-function abnormalities are specific to schizophrenia.

Previous explorations have mainly used ROI-based analyses
(Benetti et al., 2015), focused on regions where functional and struc-
tural abnormalities coincide (Martí-Bonmatí et al., 2007), or studied
resting-state connectivity (Kubera et al., 2019). However, functional
connectivity - and as a consequence, observable structure-function as-
sociations - may be task-dependent, with brain structure differentially
shaping spontaneous and task-evoked functional connectivity (e.g.,
Fornito et al., 2012; Hermundstad et al., 2013, 2014). To our knowl-
edge, no study has investigated structure-function relationships un-
derlying AVH with an fMRI task specifically designed to recruit AVH-
related brain networks and a structural analysis not restricted to a
limited number of pre-specified ROIs.

Using a novel application of constrained principal component ana-
lysis (CPCA; Hunter and Takane, 2002; Takane and Hunter, 2001;
Takane and Shibayama, 1991) we investigated the structure-function
relationships differentiating SZ_AVH patients from SZ_nAVH and con-
trol groups (BP, HC). We hypothesized that hyper-activation of the
language network, and hyper-suppression of the default-mode network
(DMN) during passive speech perception (Lavigne et al., 2015) would
be associated with frontotemporal thinning among patients with AVH.

2. Methods

2.1. Participants

The sample consisted of a subset of participants of our previous
fMRI-only study (Lavigne et al., 2015) who, in addition to functional
imaging, had undergone sMRI scanning. Twenty-one patients (5 in-
patients and 16 outpatients) with schizophrenia, 18 outpatients with
bipolar disorder (BP; 11 males and 7 females, mean age = 38.9;
SD = 11.3), and 22 healthy controls (HC;13 males and 9 females, mean
age = 28.7; SD = 9.4) were included. The schizophrenia sample was
further divided into patients experiencing AVH (SZ_AVH; 5 males, 4
females; mean age = 32.0; SD = 10.2) and patients without AVH
(SZ_nAVH; 5 males, 7 females; mean age = 32.8; SD = 10.2).

Patients’ symptom severity over the past week was assessed using
the Signs and Symptoms of Psychotic Illness scale (SSPI; see
Supplementary Table S1 for means and group differences),
(Liddle et al., 2002). Symptoms of mania in the past 48 h were eval-
uated using the Young Mania Rating Scale (Young et al., 1978). Patients
with SSPI auditory hallucination ratings of 3 (definite hallucinations
that do not pervasively influence thinking or behavior) or 4 (definite
hallucinations that pervasively influence thinking and/or observable
behavior) were included in the SZ_AVH group. One BP patient reported
hallucinations (rating of 2, visual hallucinations only). Of the 9 SZ_AVH
patients, 5 reported experiencing hallucinations in additional sensory
modalities (tactile = 3; tactile & visual = 1; tactile & visual & olfac-
tory = 1).

Among the non-hallucinating clinical groups, 10 of the SZ_nAVH
patients (auditory =7, auditory and olfactory = 2; tactile = 1) and 7
BP patients ( auditory = 1; visual = 3; visual and tactile = 1; auditory
and visual and tactile and olfactory = 1) had a prior lifetime history of
hallucinations. Age F(3, 57) = 3.29, p < .05, but not handedness, χ2

(6, N = 61) = 4.2, p > .05 nor gender, χ2 (3, N = 61) = 1.27, p > .05,
differed among groups. Post-hoc Tukey's HSD tests found BP partici-
pants to be significantly older than HC participants (p < .05; see Table
S2 of Supplementary Material). All participants met MRI compatibility
criteria with experimental procedures approved by the University of
British Columbia (UBC) and UBC Hospital Clinical Research Ethics
Board. Participants received an honorarium and reimbursement for
travel costs.

Exclusion criteria were: (1) a history of neurological disorder; (2) a
diagnosis of substance abuse or dependence; and (3) a history of trau-
matic brain injury with cognitive sequelae or loss of consciousness
greater than 5 min. Participants were excluded from the HC group if
they had a personal or immediate family history of psychiatric illness.
Patient diagnoses were confirmed using the Mini International
Neuropsychiatric Interview (Hergueta et al., 1998) in concordance with
Diagnostic and Statistical Manual of Mental Disorders—Fourth Edition.
All participants had normal hearing and spoke English fluently.

2.2. Task

Participants were asked to either mentally generate (verbal thought
generation; VTG) or listen to (speech perception; SP) a simple definition
of an object (e.g., “Something you sit on”), after being presented with
the object's name (e.g., chair) and its corresponding image (Fig. 2;
Lavigne et al., 2015; Rapin et al., 2012). The conditions were presented
in 15-trial blocks across two runs, totaling 30 trials per condition per
participant.

2.3. Image acquisition

fMRI and sMRI data were acquired within 10 days of each other
using a Philips Achieva 3.0 Tesla MR scanner at the UBC MRI Research
center. Functional image volumes were collected using quasar dual
gradients (maximum gradient amplitude of 80 mT/m and a maximum
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slow rate of 200 mT/m/s) with a T2*-weighted gradient echo spin pulse
sequence (TR/TE 2500/30 ms, 90° flip angle, FOV 24 × 24 cm2,
80 × 80 matrix, 3.00 mm slice thickness, 1.00 mm gap size, 36 axial
slices). 352 functional images were acquired over two runs of 450 s.
Structural images were obtained using a three-dimensional T1-
weighted SENSE-Head-8 sequence with 182 coronal slices (TR/TE 8.1/
3.7 ms, FOV 256 × 200 × 182 mm3, scan duration 382 s)

2.4. Data analysis

Fig. 1 presents an overview of our multimodal data analysis pipe-
line, through which CT values and HDR estimates were produced, re-
presented in matrix form, and analyzed by multimodal CPCA in order to
discover structure-function associations related to group information
(SZ_AVH, SZ_nAVH, BP and HC).

Fig. 1. Visual depiction of the data analysis pipeline. Cortical thickness (CT) values were obtained using cortical reconstruction, and sample-specific hemodynamic
response (HDR) estimates for the language and DMN networks were obtained through an fMRI-CPCA analysis. In the matrix preparation phase, The CT and HDR
values were represented in matrix form and combined into the data matrix Z. Group information was represented in the design matrix G through dummy-coding. In
the regression step of multimodal CPCA, the multivariate data matrix Z was regressed onto G. Singular value decomposition was then applied to the GC matrix
containing group-related variances in the multimodal data. Component loadings were computed to describe patterns of sMRI and fMRI variables related to group
information. Finally, predictor weights were calculated to describe how group differences relate to the multimodal components.
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2.4.1. Hemodynamic response estimation for language and default-mode
networks

An fMRI-only analysis was conducted in order to obtain subject-,
time- and condition-specific estimates of the language and default-
mode networks’ hemodynamic response (HDR) for use in the primary
multimodal analysis. This re-analysis of a subset of participants from
our previous unimodal study (Lavigne et al., 2015) was not conducted
as a primary analysis, but rather in order to derive sample-specific es-
timates of our previously-published networks and their HDR shapes.
Data analysis was carried out using constrained principal component
analysis for fMRI (fMRI-CPCA) with orthogonal rotation (Hunter and
Takane, 2002; Metzak et al., 2011, 2012; Takane and Hunter, 2001;
Takane and Shibayama, 1991; Woodward et al., 2006, 2013), as de-
scribed in the Supplementary Material. Briefly, fMRI-CPCA combines
multivariate multiple regression with principal component analysis
(PCA) of whole-brain activity to reveal independent sources of task-
timing related BOLD activity (i.e., whole-brain functional networks).
Component loadings for each voxel can be overlaid on a brain image
and thresholded to visualize the regions contributing most strongly to
each functional network. fMRI–CPCA also produces estimates of the
engagement of the whole-brain functional networks for each combi-
nation of post-stimulus time bin, condition, and participant. These HDR
estimates can be used to test group, condition, and time effects, and to
verify a biologically plausible HDR shape. In the current study, these
HDR estimate were retained as the fMRI variables included in our
multimodal CPCA analysis.

2.4.2. Cortical reconstruction for cortical thickness
We examined cortical thickness (CT) as our measure of GM in-

tegrity, as decreases in CT (not surface area) most strongly account for
the reductions in cortical volume observed in schizophrenia and bipolar
disorder (Rimol et al., 2012). CT has a genetic origin distinct from that
of cortical surface area and may represent an endophenotype
(Panizzon et al., 2009; Rimol et al., 2012; Winkler et al., 2010).

Cortical reconstruction for CT was conducted using the Freesurfer
image analysis suite (version 5.3.0, http://surfer.nmr.mgh.harvard.edu;
Dale et al., 1999; Destrieux et al., 2010; Fischl and Dale, 2000;
Fischl et al., 1999). This process includes removal of non-brain tissue

from T1-weighted images, automated Talairach transformation, in-
tensity normalization, tessellation of the gray/white matter boundary,
automated topology correction, inflation, registration to a spherical
atlas and automatic parcellation with identification of 74 distinct gyral
and sulcal regions per hemisphere (Destrieux et al., 2010). CT was
calculated as the distance between the gray and white matter bound-
aries at each vertex. Mean CT was automatically calculated for each
region, and the final cortical reconstruction was visually inspected for
accuracy. One schizophrenia subject was excluded from analysis due to
poor image quality. Due to the potential confound between age and
cortical thinning, CT in all regions was regressed onto age, and the
residuals were used in all subsequent analyses.

2.4.3. Multimodal structure-function analysis
Comprehensive theorems and proofs behind CPCA as a general

methodology have been published previously (Hunter and
Takane, 2002; Takane and Hunter, 2001; Takane and
Shibayama, 1991). Briefly, CPCA uses multiple linear regression to
constrain variance in an observed data matrix Z (here, multimodal
sMRI-fMRI data) to that which is predictable from a design matrix G
(group information); next, the predicted scores from the regression are
submitted to singular value decomposition (SVD) to discover patterns of
intercorrelation in the data that are related to the design matrix G. The
current study applies CPCA methodology to a multimodal analysis to
uncover structure-function associations related to group differences
present in the data (Hunter and Takane, 2002; Lavigne et al., 2013;
Luk et al., 2018).

To prepare for our novel multimodal CPCA analysis, the sMRI-fMRI
data were arranged into a 2-dimensional data matrix, Z. The rows of Z
represented the 61 participants, and the columns of Z contained the
subject-specific network HDR estimates, and the CT values obtained
during the HDR estimation and cortical reconstruction analyses, re-
spectively. Thus, to form Z, two matrices Z1 and Z2 were horizontally
concatenated with Z1 (a 61 × 148 matrix) containing standardized
mean CT values for the 148 gyral and sulcal regions and Z2 (a 61 × 36
matrix) containing 36 HDR estimates from the fMRI-only analysis [9
post-stimulus time bins * 2 conditions (VTG and SP) * 2 networks
(language network and DMN)]. Therefore, with 61 participants and a

Fig. 2. Visual depiction of the experimental procedure. Two conditions, mentally generating a definition (verbal thought generation; VTG) or listening to a definition
of a word (speech perception; SP) were cued with the phrases “something you…” or “listen…” during their respective condition-specific blocks. .
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total of 184 structural and functional variables, the full data matrix Z
had dimensions of 61 × 184.

The design matrix G was a 61 × 4 matrix, with each row corre-
sponding to each participant who forms a row in Z. Group information
(HC, BP, SZ_nAVH and SZ_AVH) was encoded in the columns of G by
means of dummy coding, wherein membership in a particular group is
coded with a value of 1, and non-membership in the group is coded
with a value of 0 (Cohen et al., 2013). Dummy coding incorporates the
categorical variable of group membership into the multivariate re-
gression step of CPCA.

In the multivariate least squares regression analysis step of CPCA, Z
is regressed onto G to partition the total variance into that which can be
explained by G (here, group information) and that which cannot (ma-
trix E); Z = GC + E. In the regression model, C is a matrix of beta
weights, C = (G′G)-1G ′Z, and G*C = Z', where Z' is a matrix of pre-
dicted scores, one for each variable in Z. In the current multimodal
CPCA analysis, GC contains predicted scores for each subject's struc-
tural and functional data, as predicted by group information (i.e.,
whether the participant is HC, BP, H_SZ, NH_SZ).

In the second step of CPCA, SVD (Eckart and Young, 1936)s applied
to the GC matrix to extract the dominant patterns of intercorrelation in
the multimodal data, constrained to variance predictable from the
group memberships specified in G; SVD(GC) = [U, D, V’]. This de-
composition yields a) the right singular vectors (V), b) the diagonal
matrix of singular values (D), and c) the left singular vectors (U). A
scree plot of the singular values is examined to determine the number of
multimodal components to retain (Cattell, 1966). Because group
membership (coded in G) is used as a set of predictor variables, a de-
composition of GC produces a multidimensional solution, each with
component loadings that describe patterns optimized to be predictable
from group membership. Component loadings are computed by re-
scaling the right singular vectors; VD/√(n-1). Component loadings re-
present the contribution of each variable (e.g., CT in region ‘X’ or DMN
activity at time bin ‘Y’) to each GC component, and they therefore hold
the key to identifying structure-function associations related to group
information. Component loadings for structural variables can be over-
laid onto a brain atlas to visualize patterns of cortical thinning/thick-
ening most strongly contributing to each component. Where both
functional (HDR) and structural (CT) variables represent the dominant
loadings for a component, one can conclude that a structure-function
relationship characterizes that component.

Next, predictor loadings are calculated by correlating component
scores with the design matrix. When interpreted together with com-
ponent loadings, predictor loadings indicate how G variables (group
membership) relate to each GC component; they are therefore the key
to understanding how group differences relate to structure-function
associations. For example, predictor loadings nearing the contrasting
values of −1 and 1 for two groups would indicate that the contrast
between those particular groups accounts for most of the variance in
that component. We were therefore particularly interested in char-
acterizing (by interpreting component loadings) any multimodal com-
ponents where predictor loadings indicated that the contrast between
SZ_AVH and other groups accounted for most of the component's var-
iance.

2.4.4. Visualization and characterization of multimodal components
To better understand the group differences highlighted by our

multimodal analysis, independent samples t-tests were conducted on
mean age-corrected CTs. The top 5% of each component's loadings were
tested in this Regions-of-Interest (ROI) analysis (Supplementary Tables
S3 and S4). Brain regions with a significance of p < .005 were overlaid
onto a structural atlas and ranked according to t-values (Figure 4 and 5,
Tables 1 and 2). Similar t-tests were conducted comparing functional
data (HDR estimates) for the dominant 10% of component loadings
(Supplementary Tables S3 and S5).

2.4.5. Permutation testing of the variance accounted for by group
information

Permutation testing investigated whether group information ac-
counted for variance in the multimodal data above chance level. A
10,000 iteration bootstrapping procedure was run whereby G (dummy
coded for group: HC, BP, SZ_nAVH and SZ_AVH) predicted random
permutations of Z (CT and HDR measures). This process builds a null
distribution of variance in Z accounted for by G. A p-value is estimated
as the proportion of times the permuted variance exceeds the observed
variance.

3. Results

3.1. Hemodynamic response estimation for language and default-mode
networks

As anticipated, the spatial and temporal characteristics of the DMN
and language networks (See Fig. 3) closely replicated those obtained in
our original unimodal study (Lavigne et al., 2015). The purpose of the
fMRI-only analysis was solely to obtain sample-specific HDR estimates
on the same sample for which we have structural data, for use in the
multimodal analysis, and this replication is not a novel finding; there-
fore, detailed results of the current study's fMRI-only analysis are pre-
sented in Supplementary Materials (see Supplementary Tables S6-S9
and Supplementary Figure S1).

3.2. Multimodal structure-function analysis

After inspection of the scree plot obtained from SVD of the multi-
modal dataset, two components were retained (Cattell, 1966;
Cattell and Vogelmann, 1977), accounting for 67.3% and 18.8% of the
variance in sMRI-fMRI data predictable from group information, re-
spectively. Permutation testing found that the proportion of variance in
the multimodal data accounted for by group information (9.00%) was
statistically significant (p = .001).

From the graph of the predictor loadings (Fig. 6) it is evident that
component 1 best describes the differences between SZ_AVH and other
patients, whereas component 2 describes the difference between BP and
HC. For ease of reference, these multimodal components will be here-
after be referred to as the “AVH” and “Bipolar” components.

3.3. Visualization and characterization of multimodal components

The sMRI and fMRI component loadings for the multimodal analysis
are depicted in Figs. 4 and 5 and Tables 1 and 2. To facilitate inter-
pretation, structural and functional component loadings are presented
separately but retain their own scale. For the “AVH” component, t-tests
revealed that, among the regions representing the top 10% of sMRI
component loadings, six were significantly thinner in SZ_AVH com-
pared to other psychiatric groups: the right orbital gyrus, the triangular
part of the right inferior frontal gyrus, the left and right middle frontal
gyrus, the left dorsal PCC, and the right middle temporal gyrus (see
Table 1). Aspects of network recruitment during the SP condition
dominated the functional loadings for this component (language time
bin 4 [peak activation] and 9 [post-activation suppression] and DMN
time bins 5 and 6 [return from suppression]), indicating that an inter-
play between the language network and DMN characterized the func-
tional contribution to this multimodal component (See Table 1). t-tests
comparing HDR estimates between SZ_AVH and other patient groups
did not reach significance. Interpreting the multimodal component
loadings and predictor loading together, SZ_AVH patients were dis-
tinguished from non-AVH (BP and SZ_nAVH) patients by an association
of fronto-temporal and PCC thinning with language network hyper-
activity and DMN hyper-suppression during passive speech perception.

For the “Bipolar” component, t-tests on the structural data com-
paring BP to HC revealed that, among the regions representing the top
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10% of loadings, two brain regions – the left middle temporal gyrus and
anterior occipital sulcus– were significantly thinner in BP patients (see
Fig. 5 and Table 2). BP participants had significantly greater Language
network activity relative to HC in both the SP and VTG conditions at
time bins 5 and 6, when hemodynamic activity was returning to base-
line9. Taking these findings together, an association of left temporal-

occipital cortical thinning with increased/prolonged language network
activation distinguished BP from HC participants.

4. Discussion

Combining structural (sMRI) and functional magnetic resonance

Fig. 3. Results of unimodal fMRI-CPCA analysis. (A) Dominant 10% of component loadings for the Language functional network (orange/yellow, threshold = 0.20,
max = 0.38, no negative loadings passed threshold) and the default mode network (DMN; blue, threshold = 0.14, max = 0.25, min = −0.25). Axial slices represent
Montreal Neurological Institute Z-axis coordinates −20, −10, 0, 10, 20, 30, 40, 50, 60. (B and C) Mean predictor weights for speech perception (B) and verbal
thought generation (C) averaged over DMN and Language networks, plotted over peristimulus time. Error bars are SEs; HDR = estimated hemodynamic response.
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imaging (fMRI) data in schizophrenia patients with and without AVH,
patients with bipolar disorder, and healthy controls, we examined
whether cortical thinning was associated with abnormal activity in
functional brain networks associated with AVH. Functional and struc-
tural MRI data were entered into a single data set, and CPCA was used
to discover constructs underlying associations between them. Language
task fMRI data were combined with mean CT values from 148 brain
regions in a constrained principal component analysis (CPCA) to
identify brain structure-function associations predictable from group
differences. Two components emerged from the multimodal analysis.
The “AVH component” highlighted an association of frontotemporal
and cingulate thinning with altered brain activity characteristic of
hallucinations among patients with AVH. The “Bipolar component”
differentiated bipolar patients from healthy controls and associated
hyperactivity in the language network with cortical thinning in the left
occipital-temporal lobe.

The “AVH component” described an association between fronto-
temporal and PCC thinning with anti-correlating DMN and language
network activity during passive speech perception among patients with
AVH. GM reductions in frontotemporal regions have been found in

many studies examining the anatomy of schizophrenia patients who
experience AVH (Allen et al., 2008; DeLisi et al., 2006; Garcia-
Marti et al., 2012; Kubera et al., 2014; Modinos et al., 2013;
Nenadic et al., 2010; Palaniyappan et al., 2012), whereas associations
of PCC abnormalities with AVH have been less consistent
(Calabrese et al., 2008; Martí-Bonmatí et al., 2007; Wang et al., 2007).
The addition of PCC thinning to the ”AVH” component was therefore
not hypothesized, but is interesting considering its role as a key node of
the DMN (Buckner et al., 2008). The posterior DMN, including the PCC,
is associated with semantic and memory functions including auto-
biographical memory and awareness of self-initiated actions such as
speaking (Jardri et al., 2011a; Spaniel et al., 2016; Spreng et al., 2009).
The observed hyper-activation of the language network and hyper-
suppression of the DMN could reflect an abnormal silencing of intern-
ally-focused DMN activity, and a shift toward processing of speech or

Fig. 4. Dominant cortical thickness and hemodynamic response (HDR) com-
ponent loadings for the “AVH” multimodal component of strongly-loading brain
regions that were thinner in hallucinating schizophrenia patients as compared
to non-hallucinating schizophrenia patients (p< .005). Images from top to
bottom indicate a lateral, medial, and fronto-oblique view of the brain re-
spectively. Corresponding regions are presented on Table 1 and color-coded
according to t-value. RH = Right hemisphere. LH = Left hemisphere.

Table 1
Dominant cortical thickness (sMRI) and hemodynamic response (fMRI) com-
ponent loadings for the “AVH” multimodal component, presented alongside t-
and p- values for contrasts of the hallucinating and nonhallucinating patient
groups on raw sMRI and fMRI measures (for the full set of results see
Supplementary Material Tables S4 and S5).

Brain region Component
Loading

t-value p

Left middle frontal gyrus 0.490 4.76 <0.001
Right triangular part of inferior frontal

gyrus
0.528 4.55 <0.001

Right orbital gyrus 0.498 4.44 <0.001
Right middle frontal gyrus 0.494 3.87 0.001
Posterior-dorsal part of the left

cingulate gyrus
0.460 3.56 0.002

Right middle temporal gyrus 0.437 3.33 0.004
Predictor Weight Component

Loading
t-value p

Language SP time bin 4 0.304 −1.55 0.137
Language SP time bin 9 0.261 −1.49 0.153
DMN SP time bin 5 0.228 −0.80 0.433
DMN SP time bin 6 0.221 −0.65 0.521

Note: Dominant cortical thickness and hemodynamic response (HDR) compo-
nent loadings for the “AVH” multimodal component of strongly-loading brain
regions that were thinner in hallucinating schizophrenia patients as compared
to non-hallucinating schizophrenia patients (p< .005) and dominant HDR
component loadings for the “AVH” component. Corresponding brain regions are
shown on Fig. 4. SP = Speech perception condition.

Table 2
Dominant cortical thickness (sMRI) and hemodynamic response (fMRI) com-
ponent loadings for the “Bipolar” multimodal component, presented alongside
t- and p- values for contrasts of the bipolar and healthy control groups on raw
sMRI and fMRI measures (for the full set of results see Supplementary Material
Tables S4 and S5).

Brain region Component
Loading

t-value p

Left middle temporal gyrus 0.239 3.404 0.002
Left anterior occipital sulcus and pre-

occipital notch
0.376 3.232 0.002

Predictor Weight Component
Loading

t-value p

Language VTG time bin 6 0.402 −2.825 0.007
Language VTG time bin 5 0.377 −3.347 0.002
Language SP time bin 6 0.310 −2.136 0.034
Language SP time bin 7 0.251 −1.343 0.189

Note: Dominant cortical thickness and hemodynamic response (HDR) compo-
nent loadings for the “Bipolar” multimodal component of strongly-loading
brain regions that were thinner in bipolar patients as compared to healthy
controls (p < .005) and dominant HDR component loadings for the “Bipolar”
component. Corresponding brain regions are shown on Fig. 4. SP = Speech
perception condition. VTG = Verbal Thought Generation Condition.
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sensory percepts, during AVH-like states. Spontaneous AVH have been
associated with withdrawal of the DMN and hyperactivity of the insula,
frontotemporal and auditory association cortices (Jardri et al., 2013).
Thus, the current study links structural abnormalities in frontotemporal

and PCC regions with altered brain activity characteristic of halluci-
nations.

It is notable that many regions that have been found to be thinner in
AVH patients, such as the left STG (Mørch-Johnsen et al., 2017), did not
load strongly onto the AVH component in the current study. Whereas
thinning in the left STG and other cortical regions may be important for
hallucinations, the right STG and other regions highlighted by our
analysis appear to be more strongly associated with group differences in
brain activity during passive speech perception. The strength of the
multimodal CPCA approach lies precisely in its ability to examine the
relevance of structural abnormalities to functional alterations in diag-
nostic groups.

On the surface, the increased functional connectivity we report
appears inconsistent with the fronto-temporal disconnection hypothesis
of AVH, which holds that a functional disconnection between frontal
and temporal regions results in autonomous network activation and
aberrant perceptions (David, 1994; Woodward and Menon, 2013).
Furthermore, resting-state studies have generally found that schizo-
phrenia patients and at-risk groups have reduced spontaneous antic-
orrelations between the DMN and task-related brain regions, a pattern
that associates with hallucination severity (Manoliu et al., 2014;
Supekar et al., 2019; Whitfield-Gabrieli et al., 2009; Wotruba et al.,
2013). Such seemingly-contradictory findings may be explained by the
highly task-dependent nature of inter- and intra-network functional
connectivity and structure-function associations (Fornito et al., 2012;
Hermundstad et al., 2014). Structure-function associations related to
AVH are likely to be specific to particular cognitive states, with resting
state structure-function associations expected to better reflect trait-
rather than state- markers of hallucination proneness (Kubera et al.,
2019). Future multimodal studies using symptom-relevant fMRI tasks
(e.g., symptom capture studies) will help to further disentangle the
complex structure-function interrelationships characterizing AVH.

The “Bipolar” multimodal component distinguished BP from HC
participants and linked left occipito-temporal lobe thinning with in-
creased activation of the language functional network. That this re-
lationship was most characteristic of the bipolar group may reflect
disease progression specific to this disorder, as reductions in temporal
lobe GM have been found to correlate with functional decline in bipolar
disorder but not schizophrenia (Qiu et al., 2013), and with intellectual
decline and the number of intervening mood episodes in a 4-year pro-
spective longitudinal study (Moorhead et al., 2007).

4.1. Limitations and future directions

The correlational and cross-sectional nature of this analysis pre-
cludes any conclusion as to the directionality of the reported structure-
function associations. Short term state-dependent changes are known to
occur in cortical GM, including the prefrontal cortex, temporal cortex,
and PCC (Holzel et al., 2011; Seminowicz et al., 2013). Cortical thin-
ning could therefore represent a state-dependent change, or may in-
stead reflect traits such as treatment responsiveness, as longitudinal
studies have found associations between frontotemporal GM integrity
and treatment response in psychotic patients (Mitelman et al., 2009;
Palaniyappan et al., 2013). Alternatively, AVH may covary with CT due
to third variables such as psychological distress, in line with evidence
that CBT and mindfulness increase bilateral dorsolateral PFC and PCC
GM respectively (Holzel et al., 2011; Seminowicz et al., 2013). Long-
itudinal multimodal neuroimaging studies will be helpful in clarifying
the directionality of structure-function associations in AVH.

We acknowledge the limitations of small sample sizes and the re-
sultant risks of Type II error and over-fitting based on limited data, as
well as the use of self-report to verify active engagement in the verbal
thought generation condition. Further, we cannot definitively rule out
the possibility that non-AVH differences between groups (e.g., delu-
sions) could contribute to the present results, although our task was
specifically designed to recruit AVH-associated functional networks.

Fig. 5. Dominant cortical thickness and hemodynamic response (HDR) com-
ponent loadings for the “Bipolar” multimodal component of strongly-loading
brain regions that were thinner in bipolar patients as compared to healthy
controls (p< .005). These regions were limited to the left hemisphere (LH).
Corresponding region labels are presented on Table 2 and color-coded ac-
cording to t-value. .

Fig. 6. Predictor weights resulting from multimodal CPCA analysis of cortical
thickness and hemodynamic response variables. Component 1 (AVH) dis-
tinguished hallucinating schizophrenia patients from non-hallucinating pa-
tients. Component 2 (Bipolar) distinguished bipolar patients from healthy
controls.
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Further, bipolar disorder subtypes were not tracked, and several studies
have found significant differences between bipolar I and II in CT and
risk for AVH, suggesting structure-function associations may differ
across subtypes of the disorder (Elvsåshagen et al., 2013; Lyoo et al.,
2006; Rimol et al., 2010). Finally, effects of medication and illness
chronicity were not assessed.

Despite these limitations, the current study has the significant ad-
vantage of using a whole-brain analysis of multimodal data, without
constraining analysis a priori to ROIs.

4.2. Conclusion

Among patients with auditory hallucinations, altered brain activity
characteristic of hallucinations was associated with frontotemporal and
cingulate thinning. This study demonstrates a novel, data-driven
method for combining structural and functional neuroimaging data for
discovering biomarkers of psychotic illness.
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