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Abstract

Unusual language use is a core feature of psychosis, but the nature and significance of this are not
understood. In particular, thought disorder in schizophrenia is characterized by markedly bizarre
speech, but the cognitive components that contribute to this and the brain correlates of these
components are unknown.

A number of studies have demonstrated language abnormalities in single-word processing, but few
have examined speech in schizophrenia at the discourse level. This has been at least partly due to
the difficulty in quantifying content of discourse. Recently, methods in computational linguistics
have been found to be useful for detecting differences in semantic coherence during discourse
between different clinical groups. We build on this work by demonstrating how these methods can
be combined with fMRI in order to tease apart factors that underlie free discourse and its
deviations, and how they relate to brain activity.

Eleven volunteers with schizophrenia and eleven controls participated in an interview during
which they were asked to talk as much as they could about ‘religious belief’. These same
participants underwent fMRI during a word monitoring task, during which modality of monitoring
was manipulated by varying the congruence of auditory and visual stimuli. Semantic coherence
scores, measured from free discourse, were examined for their relationship to brain activations
during fMRI.

In healthy controls, regions associated with executive function were related to coherence. In
persons with schizophrenia, coherence was mainly related to auditory and visual regions,
depending on the modality of monitoring, but superior/middle temporal cortex related to
coherence regardless of task. These findings are consistent with existing evidence for a role of
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superior temporal cortex in thought disorder, and demonstrate that computational measures of
semantic content capture objective measures of coherence in speech that can be usefully related to
underlying neurophysiological processes.

1. Introduction

Disturbances in language are among the core features of schizophrenia. The speech of
people with schizophrenia is often characterized by features such as odd or unusual choice
of words, inappropriate shifts of topic, unusual juxtaposition of associates or concepts, and
other features that suggest poor organization of semantic content (Bleuler, 1950; Harrow et
al., 1983; Elvevag and Goldberg, 1997). While there have been numerous studies of
language and semantic function at the single word level, there have been relatively few that
have examined semantic organization at the discourse level in schizophrenia. This is at least
partly due to the difficulty of objectively quantifying semantic content at this level. Recent
advances in computational methods augur significant progress in this area. These methods,
which we refer to collectively as Computational Semantic Analysis (CSA), have been
employed in a variety of applications, including grading written material (Kintsch, 2002),
examining phenomena in psychology (Wolfe and Goldman, 2003), and extracting context-
based information from large collections of texts such as PubMed (Vanteru et al. 2008).
More recently, CSA methods have begun to be used in clinical applications in psychiatry
and neurology. These investigations have demonstrated that CSA methods can distinguish
among clinical populations (Elvevag et al. 2007; Cohen et al., 2008; Roll et al. 2012) and
detect changes in language use after treatment for depression (Arvidsson et al. 2011). In the
study of Elvevag et al. (2007) CSA methods were shown to be sensitive to differences in
language between individuals with schizophrenia and a control group, and the CSA
measures correlated with clinical measures of thought disorder, as rated by the Thought,
Language and Communication (TLC) scale (Andreasen, 1986). Arvidsson et al. (2011)
employed CSA methods to show that representations of self were significantly different
between depressed young adults and a control group, but that this difference disappeared
after treatment, and was maintained at an 18 month follow-up. However, speech is a
complex process, and numerous cognitive components contribute to the expression of
meaning. The cognitive components that contribute to CSA measures are not known, nor is
it known whether these measures capture features that have a neurophysiological basis.

Multiple lines of evidence indicate that disturbances in both the executive and the semantic
systems may underlie disordered speech in schizophrenia (Kerns and Berenbaum, 2002;
Giovannetti et al. 2003; Barrera et al., 2004; Chan et al. 2010; Kuperberg 2010). Language
abnormalities in schizophrenia have been proposed to be associated with both an increased
automatic spread of semantic associations and decreased executive control operations
(Salisbury 2008; Kiefer et al. 2009; Kreher et al. 2009). One of the key executive functions
of relevance in speech coherence is monitoring, a process in which speech that is being
produced is compared against the intended output (Levelt, 1989). Deficits in monitoring of
speech have been proposed to play a significant role in aberrant speech in schizophrenia
(McGuire et al. 1998; Allen et al. 2007b). For example, it has been suggested that in people
with schizophrenia, deficits in monitoring can result in either associative or phonological
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chaining (glossomania), a phenomenon where meanings or sounds of the most recently
uttered words influence what follows (for a review see Covington et al. 2005).

There is considerable evidence that at least up to the articulation phase, the processes and
brain regions involved in monitoring self-generated and external speech are largely shared
(Levelt, 1999; Indefrey and Levelt, 2004). Together, these considerations suggest that a
monitoring task that involves linguistic stimuli is likely to tap into processes that can
influence the content of speech. The logic behind this approach is that if brain activations
during monitoring are positively related to coherence scores, it provides evidence for the
role of monitoring in the coherence of free speech. Furthermore, monitoring is a composite
process that depends on multiple functional components, such as attention, working
memory, and sensory processing, among other things. A further goal of our approach is to
examine the specificity of the regions that mediate the relationship between monitoring and
speech coherence. The nature of these regions provides evidence for specific mechanisms
that contribute to the effectiveness of monitoring.

The fMRI tasks in the current study involve monitoring linguistic representations in either
the auditory or visual modality. Activations in these tasks are then examined to assess
whether brain regions that mediate automatic processing, auditory monitoring, and visual
monitoring are related to coherence of discourse as measured by CSA methods, in both
individuals with schizophrenia and healthy controls. There are two main hypotheses in this
work. The first is that brain regions related to executive functions will be the primary
regions that are correlated with CSA scores in the healthy control group. This would lend
support to the idea that CSA methods capture underlying processes that contribute to speech
coherence. The second hypothesis is that coherence of free speech in schizophrenia is less
related to these control regions, and instead reflects compensatory processes that primarily
rely on sensory processing.

2. Materials and Methods

The approach taken here is to employ fMRI during various tasks that make demands on
different levels of automatic and controlled monitoring operations. Participants are scanned
while performing three one-back matching tasks that are described in detail below and
illustrated in Figure 2. All stimuli are common words and are presented in both auditory and
visual modalities simultaneously. The controlled processes have either homographs or
homophones as stimuli and require monitoring either auditory or visual/orthographic
properties while simultaneously ignoring the other modality. The resulting activation
patterns are then regressed against CSA scores that were obtained from spontaneous speech
samples outside the scanner.

The rationale for this approach is twofold. First, as reviewed above, contributions from
specific operations can be identified by examining brain activity associated with specific
task components. This reveals brain regions that mediate these cognitive components only if
they contribute to speech coherence during free discourse. Second, continuous free speech is
problematic during fMRI due to motion artifacts related to mouth and throat movements,
and thus scanning during the interviews is likely to cause noise in the data.
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2.1. Participants

Eleven healthy volunteers (HV), 6 men and 5 women (mean age of 47, range 26-60 years)
and eleven volunteers with schizophrenia (SZ), 9 men, 2 women (mean age 40, range 23-54
years; mean duration of illness 25 years, range 7-39 years) participated in the study. There
was no difference between the groups in age (p = .14). All participants gave written
informed consent prior to participation in this study approved by the University of Maryland
School of Medicine Institutional Review Board. Inclusion criteria for the healthy
participants included: (1) no past or present psychiatric disorder as determined with the
Structured Clinical Interview for DSM-1V, Non-Patient Version (SCID-NP; First et al.,
1995); (2) no first-degree relatives with a diagnosis of a psychiatric disorder; (3) no current
or past neurological condition; (4) right-handed as classified by the Raczkowski Handedness
Questionnaire (Raczkowski et al., 1974); and (5) no metal in the body. For the volunteers
with schizophrenia, inclusion criteria 3 to 5 were the same as for the HV. In addition, they
were required to meet DSM-IV for a diagnosis of schizophrenia. Every participant with
schizophrenia had been on a stable dose of antipsychotics for at least 6 months and on their
current antipsychotic for at least 3 months prior to testing. Ten of the eleven SZ were on
stable doses of second-generation antipsychotics and one was on intramuscular haloperidol.
In addition to the antipsychotics, one patient was on serotonin-specific reuptake inhibitor
(SSRI), one on Valproic acid, one on Lamotrigine, and one on SSRI and Benztropine.

2.2. Clinical assessment

All participants with schizophrenia were administered the Brief Psychiatric Rating Scale
(BPRS, Hedlund and Vieweg 1980), and scores are given in Table 1. Importantly, patients in
our sample displayed a wide range of symptoms. Summary subscores were computed as
follows: 1) Thinking disturbance: sum of Conceptual Disorganization, Hallucinatory
Behavior, and Unusual Thought Content; 2) Withdrawal: sum of Emotional Withdrawal,
Motor Retardation, and Blunted Affect; 3) Anxiety: sum of Somatic Concern, Anxiety, Guilt
Feelings, and Depressive Mood; 4) Hostility: sum of Hostility, Suspiciousness, and
Uncooperativeness; 5) Activation: sum of Tension, Mannerisms and Posturing, and
Excitement; 6) Psychosis: sum of Conceptual Disorganization, Suspiciousness,
Hallucinatory Behavior, and Unusual Thought Content. The Positive symptom subscore is
the sum of Conceptual Disorganization, Mannerisms and Posturing, Grandiosity,
Suspiciousness, Hallucinatory Behavior, Unusual Thought Content, and Inappropriate
Affect. The Negative symptom subscore is the sum of Emotional Withdrawal, Motor
Retardation, Blunted Affect, and Poverty of Speech. The total score is the sum of all scores.

2.3. CSA Methods

Speech samples were collected as part of a larger study in which interviews include several
different topics on which participants are asked to speak as much as they can. Preliminary
findings from that study suggest that the question whose scores have the most sensitivity to
detect differences between people with schizophrenia and healthy controls is: “Who or what
do you think God is, and why do you think people believe in God?” Scores from this
question were used here. The speech samples were recorded and transcribed into electronic
texts. They were then checked by a second person to insure integrity of the transcriptions.
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The texts were filtered to include only nouns, verbs, adjectives, and adverbs (content words).
Auxiliary verbs (e.g. “is”, “be”, “were”, and so on) were also removed. The rationale for this
was twofold: 1) functors are highly common, so they inflate scores artificially because of

their frequency, and 2) they carry little or no meaning, so they do not contribute to context.

CSA methods are based on two main steps. First a high dimensional “semantic” space is
constructed from a large corpus of texts. This space consists of vectors that represent the
relationships between the texts and the words that are contained in the texts. The second step
consists of computing a score for a text of interest. Typically this involves measuring the
distance between the vector of this text and another vector that represents some other text. A
higher score reflects more similarity between the texts. In the current work, we use a method
related to Latent Semantic Analysis (LSA) that has recently been developed in our
laboratory. Briefly, the method that is used to construct the vector space is the same as in
LSA, but dimensionality reduction is achieved through a greedy algorithm rather than by
singular value decomposition. In CSA applications, the word-document matrix typically
consists of tens of thousands to millions of texts in one dimension and thousands of terms in
the other. The key to the success of these methods is reduction of dimensionality in a
manner that projects similar meanings to similar vectors. In LSA, singular value
decomposition is used for this reduction. This is a mathematical method that decomposes a
matrix into component parts that include a matrix of eigenvalues associated with the matrix.
By choosing a desired dimension D, typically in the 300-500 range, the projection consists
of a D x D matrix generated by the D largest eigenvalues. However, there is no good rule of
thumb for choosing an ideal dimension, which may depend on the specific corpus, and
different choices of D can result in different results [Landauer et al., 1998; Kakkonen et al.,
2008]. In contrast, we use a greedy algorithm that is based on set covering. For a given term,
the set of documents that contain the term form the cover set for that term. This process is
repeated for successive terms until all documents have been covered. The vectors for these
terms form the basis for the new lower dimensional space. This results in a dimension that
arises naturally from the properties of the corpus.

As in LSA, scores are computed as the cosine of the angle between pairs of vectors, each of
which represents the location of a text in semantic space. Here we chose two words, myself
and ourselves for the comparisons. Abnormalities in self-representation have been
associated with symptoms in various psychiatric disorders and have been shown to be
related to treatment-related clinically relevant changes (Bers et al., 1993; Harpaz-Rotem and
Blatt, 2009). In particular, schizophrenia has long been associated with disturbances in self
or self-representation (Bleuler, 1950; Kircher et al., 2003; Raballo et al, 2011; Waters et al.,
2012) and has even been proposed to be primarily a disorder of self (Sass and Parnas, 2003;
Lysaker and Lysaker, 2010), a hypothesis that has found support in first-person accounts
(Kean, 2009). For example, disturbances in self-reflectivity have been associated with verbal
intrusions (Fridberg et al, 2010) and hallucinations (Waters et al., 2012). Based on these
considerations, we computed the similarity of interview answers to the belief question with
the words "myself" and "ourselves". We refer to this score, computed as the mean of the
cosines between the participant's transcript and each of these words, as the Personal-
Thematic Coherence (PTC) score. The rationale for comparing a text to a specific phrase is
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that this score reflects the degree to which the speaker's conceptual knowledge of the phrase
is integrated with the topic of the theme. As religious belief is a highly personal topic that is
integrated with one's view of oneself [Stein, 2008], we posit that this measure captures an
aspect of coherence that may reflect underlying conceptual organization.

In our current database, which contains interviews from 137 healthy participants and 171
participants with schizophrenia, this metric yields a between-group difference at p = .002.
We have also examined test-retest reliability for this method. Eighty-seven participants have
performed the interview at two different times, ranging from a few months to a year or more
apart. Scores ranged from .642 to .914, and the test-retest reliability score has a value of .82
(see Figure 1). Examples of the answers with the lowest and highest PTC scores for each
group in the current study are given in the Appendix.

2.4. fMRI Experimental design

The experimental design was implemented using E-prime software version 1.1 (Psychology
Software tools, Inc., Pittsburgh, PA). A one-back task with an inter-stimulus interval (1SI) of
one second was used in all task conditions. All task stimuli were monosyllabic three to five
letter words that were presented simultaneously both visually and auditorily (see Figure 2).
Visual stimuli were presented for 500 msec in a black font on a white background and
randomized as follows: Half of the stimuli were lower case and half were upper case, and
fonts were varied over eight different typefaces. This was done to prevent the task from
being performed on a purely visual feature basis, and instead to force orthographic and
lexical representations (Cohen et al., 2002; Price and Devlin, 2003). Auditory stimuli were
pronounced in a male voice. Participants were instructed to press a button whenever the
current stimulus matched the previous one in both spelling and sound, but to ignore the font
type and case. Within a run, each experimental condition was presented in three separate
blocks with 16 stimuli per block, and the order of the blocks was randomized. A baseline
condition consisting of a fixation cross was presented at the beginning of the run, between
task blocks and at the end of the run. The fixation cross between blocks lasted 4000 msec
and the fixation cross at the beginning and the end lasted 8000 msec. All conditions were
repeated in two runs, with different stimuli and block orders in each run.

There were thus three experimental conditions (plus a baseline fixation condition), which
were as follows:

»  Words (WDS): 12-14 different words were presented in each block and 2-4 were
repeated as matches for the one back task.

»  Homophones (HMP): A different pair of homophones, e.g. sale and sail, was
presented in each block. Each word of the pair was presented eight times in pseudo-
randomized order, with 2-4 matches in each block. Since the words sound the
same, participants had to focus on the visual presentation and ignore the sounds of
the spoken words.

»  Homographs (HMG): A different pair of homographs, e.g. bow, pronounced as
either bo or bou, was presented in each block. Each word of the pair was presented
eight times in pseudo-randomized order, with 2-4 matches in each block. In this
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case, the visual presentation needs to be ignored and the matches are based on
sound alone.

2.5. Behavioral data

For behavioral data, hit rate (HR), false alarm rate (FAR) and hit reaction time (HRT)
measures were used to evaluate behavioral performance. ANOVAs of each of these
measures were performed with group as a between-subjects factor and condition as a within-
subjects factor. Post-hoc within-group pairwise comparisons between conditions were
performed using t-tests, as were between-group comparisons within each condition.

2.6. Image acquisition

fMRI data was acquired at the University of Maryland's Anna Gudelsky Magnetic
Resonance Facility under the auspices of the Department of Diagnostic Radiology. Data was
acquired using a 3.0 Tesla Siemens Magnetom Trio equipped with a standard CP head coil
with eighteen channels for parallel imaging. Anatomical images of participants were
collected using a sagittal T1 MPRAGE sequence, slice thickness of 1.0 mm, TR of 1600
msec and TE of 3.37 msec. Whole brain Blood oxygen level-dependent (BOLD) changes
were measured using a gradient-echo T2* BOLD contrast technique with TR = 2100 msec,
TE = 30 msec, FOV = 220 mm?, 64 x 64 matrix. 32 axial slices were collected parallel to
the anterior commissure-posterior commissure plane, ascending interleaved acquisition, 3
mm thick, 1 mm gap, effective voxel size = 3.4 x 3.4 x 4.0 mm.

Data were preprocessed and analyzed using SPM8 (Wellcome Department of Imaging
Neuroscience, London). Slice timing correction to the first slice was performed using
SPM8's Fourier phase shift interpolation. Functional data from each run were realigned to
the first volume. The realigned images were then normalized to the Montreal Neurological
Institute SMP8 EPI template. Finally, functional images were smoothed with a 12-mm
FWHM Gaussian kernel to ameliorate differences in inter-subject localization.

All task and control block conditions were separately convolved with the canonical
hemodynamic response function using the general linear model. A 128-second high-pass
filter was applied to remove low-frequency fluctuation in the BOLD signal, and a one-lag
autoregression (AR(1)) model was used to correct for serial (i.e., temporal) autocorrelation.
A task minus baseline contrast was generated for each of the three tasks for each participant
in a first-level analysis.

For examining relationships of the BOLD response to PTC scores, a whole-brain regression
analysis was performed separately for each condition at the second level. Task minus
fixation baseline contrasts for each subject were entered into the regression analysis as the
dependent variable for each of the three tasks, with the PTC scores as the independent
variables. Analyses were thresholded at p < .001 with a cluster size of at least 10 voxels.
Regions common to all three tasks were also examined by an inclusive mask over the three
conditions, each thresholded at p < .03, yielding an effective threshold of p < 2.7 * 10
across conditions. Between-group contrasts were generated for each of the three tasks at the
second level by entering the PTC scores as regressors and comparing the results of the
regressions between the groups.
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3.1. PTC Scores

Both PTC scores and number of words spoken in response to the interview questions were
lower in the SZ group than in the HV group (see Table 2). The difference between groups
was almost significant in the PTC scores (p = .059), and the difference in the number of
words spoken showed a trend toward significance (p = .084). Within the schizophrenia
group, there were no significant correlations between PTC scores and total BPRS score or
any of the aggregate symptom factors.

3.2. Behavioral Performance in the fMRI Tasks

Reaction times (RT), hit rates (HR), and false alarm rates (FAR) for each condition and each
group are given in Table 3. In the ANOVA, there was no significant effect of group or group
by task interaction for any of these measures, but there was a significant effect of task in the
hit rates (F= 5.3, p= 0.008) and false alarm rates (F= 11.25, p= 7.1 x 10°°.

Post-hoc comparisons were conducted to explore these effects. There were no significant
between-group differences in any of these measures in any task, although there was a trend
toward a difference in the false alarm rate (p =.068, see Figure 3). Comparing the words
condition to each of the other two conditions, both groups showed significant differences in
the false alarm rate (see Figure 3). In the HV group, words versus homophones was p = 4.5
x 10" and words versus homographs was p =1.9 x 10™4. In the SZ group, words versus
homophones was p = .012 and words versus homographs was p =.007. Additionally, the HV
group had significant differences in hit rates between words versus homophones and words
versus homographs, with p-values of .012 and .033, respectively. There were no significant
differences in hit rates between the homophones and homographs conditions in either group.
Overall, the behavioral results demonstrate that the homographs and homophones conditions
were more difficult than the words condition in both groups, supporting the idea that these
tasks required more monitoring that the words condition, in which auditory and visual
stimuli were congruent.

3.3. Correlations of PTC scores with fMRI activations

Correlations of PTC scores with brain activations in each of the three tasks in the HV and
SZ groups are shown in Figure 4 and Tables 4 and 5. All data are thresholded at p<.001 and
a cluster size of 10 voxels. In the healthy control group, no regions were significantly
correlated with the words or homographs conditions, although there was a location in the
anterior cingulate cortex (ACC) that was just above threshold at p=.001, in BA24 (-3, -1,
34). This is near the location found in the homophones condition, shown in Table 4.
Activation in the homophones task was also related to PTC scores in right insula and middle
frontal gyrus (BA 46).

The SZ group showed relationships between PTC scores and brain activations in all three
conditions. Left superior/middle temporal cortex appears in all three conditions. A
homologous region on the right side is present only in the homographs condition. Visual
areas (cuneus and lingual gyrus) are present in both the words and homophones conditions
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in the SZ. A medial superior frontal gyrus area (BA 6/8) is present in both the homographs
and homophones conditions. The homophones condition also has an area in left inferior
frontal gyrus (BA 47).

3.4. Correlations of PTC Scores Common to all Three Conditions

In order to identify regions common to all three conditions, each condition was thresholded
at p <.03, and a conjunction among all three conditions was generated. Results are shown in
Figure 5 and Table 6. In the HV group, relationships between PTC scores and brain
activations included the anterior cingulate (BA 24), right superior temporal cortex (BA 22),
right precentral cortex (BA 4 and 6), left anterior superior temporal cortex (BA 38), and
right middle frontal cortex (BA 46). In the SZ group, regions associated with PTC scores
include bilateral middle superior/middle temporal gyrus (BA 21, 22 and 41), posterior visual
areas (BA 18 and 19), medial superior frontal gyrus (BA 6/8), left middle/superior frontal
cortex (BA 9), and right precentral cortex (BA 6).

3.5. Between-groups Comparisons

Direct between-group analysis comparing the correlation between PTC scores and brain
activations were performed in each of the three conditions. The only comparison with
significant activations was in SZ minus HV in the homographs condition. Five different
clusters were identified, bilateral superior frontal gyrus/supplemental motor area (0, 17, 58),
right supramarginal gyrus (54, -28, 43), right parahippocampal/fusiform gyrus (36, -46, -6),
right superior temporal pole - BA 38 (36, 5, -26) and right culmen / vermis (6, -58, -5).

4. Discussion

The results suggest that CSA methods capture aspects of speech that can be related to
specific functions as reflected by brain activity and task demands. In particular, the
associations of PTC scores in all task conditions with superior temporal activity in the group
with schizophrenia suggests that CSA methods capture processes associated with thought
disorder, which has long been associated with both structural and functional abnormalities in
superior temporal gyrus (STG). Numerous structural MRI studies indicate that volume
reductions in left STG and abnormalities in left-right asymmetry in STG in schizophrenia
are associated with thought disorder (Shenton et al., 1992; Vita et al., 1995; Menon et al.,
1995; Pearlson, 1997; Rajarethinam et al., 2000; Subotnik et al., 2003; Weinstein et al.,
2007; Horn et al., 2009).

Functional abnormalities associated with STG and thought disorder have also been widely
reported in schizophrenia (Pearlson, 1997; Wible et al., 2009). Reduced N200 and P300
have been found in auditory oddball tasks using ERP (O'Donnell et al., 1993; Shenton et al.,
1993) and fMRI (Wible et al., 2001). Most of these studies found relationships between
reduced P300 in auditory oddball tasks and thought disorder scores, suggesting that auditory
functional abnormalities may contribute to thought disorder.

Language tasks and other paradigms have also been used to reveal deviations of temporal
lobe activity and its relationship to thought disorder in schizophrenia. Using fMRI, left
superior/middle temporal lobe activity has been found to be related to thought disorder

Cortex. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Tagamets et al.

Page 10

scores during the listening of speech (Weinstein et al., 2006; Weinstein et al., 2007), in the
generation of speech (Kircher et al., 2002), and during a resting state (using arterial spin
labeling; Horn et al., 2009).

Formal thought disorder has been proposed to be associated with a defective self-monitoring
of inner speech (Jones and Fernyhough 2007). Some studies suggest altered fronto-temporal
activity (McGuire et al. 1995; McGuire et al. 1996; Kumari et al. 2010) and connectivity
(Mechelli et al. 2007). More recently, it has been suggested that a network comprising the
thalamus and fronto-temporal regions underlies the impaired speech monitoring in
schizophrenia (Kumari et al. 2010), while other studies suggest that a failure in the anterior
cingulate to exert a top-down modulation of the left superior temporal gyrus contributes to
the defective inner speech monitoring (Allen et al. 2007a; Simons et al. 2010). Our results
support the latter view, since both anterior cingulate and left temporal cortex activations are
correlated with speech coherence in the healthy control subjects, whereas anterior cingulate
correlations with speech coherence is absent in the group with schizophrenia but left
superior temporal cortical activations show a robust relationship in this group.

Speech is a complex activity that involves semantic retrieval, monitoring context and
sounds, working memory, and attention, among other cognitive operations. The fMRI tasks
used here are designed to examine the contributions of auditory and visual monitoring to
coherence of free discourse, and to compare these to contributions from more automatic
linguistic processes. All tasks presented here require one-back matching, but the types of
stimuli are manipulated in order to tap into different processes involved with recognizing
words. Hearing and seeing homophones simultaneously forces monitoring of the
orthographic properties of the stimuli while ignoring how they sound. In contrast,
performing this task with homographs forces monitoring in the auditory modality and
discounting orthography. Performing this task with words that are neither homophones nor
homographs taps into more automatic processes, since the two sensory modalities are
congruent. It was expected that examining how brain activations in each of these conditions
are related to coherence of discourse, as measured by CSA methods, would reveal whether
the respective operations contribute to semantic coherence and help identify brain regions
that mediate this relationship. Although sensory and semantic functions are generally
considered to be mediated by lower level and higher level cognitive operations, respectively,
theories of semantic disorganization during speech in schizophrenia suggest that faulty
auditory monitoring of self-generated speech can result in apparent semantic incoherence
(Cohen et al., 1974; Covington et al. 2005). The considerable evidence for the role of
superior temporal cortex in thought disorder supports this idea, and our results also concur
with such an interpretation, and moreover suggest that a combination of sensory association
cortical abnormalities and lack of higher level cortical involvement at least partially underlie
the observed semantic incoherence in schizophrenia.

Analyses of each of the three conditions separately demonstrate that in healthy controls,
brain regions associated with executive control play a role in coherent speech. This was
evidenced by findings of a positive relationship between anterior cingulate activity and
coherence scores in the two conditions that require effortful control, albeit in the
homographs condition the significance of the relationship was just above threshold. On the
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other hand, in the words condition, there were no regions that predicted discourse coherence
in the control group. Taken together, these results suggest that executive control processes
play a more significant role in coherence of speech than do automatic processes in the
healthy control group. In contrast, in the schizophrenia group, sensory association regions
primarily contribute to speech coherence. Left superior temporal gyrus activations
(Brodmann areas 21 and 22) were found to predict coherence in the schizophrenia group in
all three conditions. The location of these activations is anterior to classic language regions,
and they are thought to be involved in auditory processing of words rather than semantics. In
addition, visual association area activations in the words condition were found to predict
coherence. The presence of both auditory and visual regions in even the low-demand words
condition suggests that fundamental association cortex deficits may contribute to semantic
incoherence even in the absence of effortful monitoring. In addition to sensory association
areas, both effortful tasks revealed a superior frontal region, the supplementary motor
cortex, to also predict coherence. This may reflect a compensatory mechanism that relies on
a more mechanistic level of control of internal and external speech. Post-scan interviews
from our previous studies show that participants pronounce words internally even when
stimuli are presented only visually (Tagamets et al. 2000; Fisher et al. 2011). This strategy is
expected to be interfered with when both auditory and visual stimuli are present, and may
require more effort.

Differences between the homographs and homophones conditions in the schizophrenia
group are primarily in sensory association areas. In the homophones condition, these are in
visual association areas, which likely reflect the necessity to monitor orthographic properties
of the stimuli. In the homographs condition, the auditory regions that predict coherence are
more extensive than in the other two conditions and extend to the right hemisphere. This
may be attributable to the need to monitor the auditory modality in this condition.
Altogether, the results point to a significant role of the responsiveness of sensory association
cortex to task demands in mediating the choice of words during discourse in schizophrenia.
Although both auditory and visual regions are involved, the results suggest an especially
significant role for auditory association regions in determining coherence of speech in
schizophrenia.

The conjunction analysis across all three tasks reveals regions that predict coherence of
speech regardless of modality or automaticity. In the control group, these regions are
associated with both executive function (frontal cortex) and semantics (anterior temporal
cortex), a finding that is consistent with theories of the brain correlates of language in the
healthy control population (Martin and Chao, 2001; Ferstl et al., 2008; Price, 2010). In the
group with schizophrenia, both auditory and visual association areas are related to coherence
of speech as measured by CSA. In particular, superior temporal lobe activations show a
robust relationship to CSA scores in this group across all conditions, a finding that is
consistent with the well-documented role of this region in thought disorder. In addition,
there is a notable lack of the anterior cingulate involvement, which is seen in the healthy
controls.

Overall, the results support the idea that CSA methods capture semantics and context in a
quantitative manner, and that these measures are influenced by factors that can be quantified
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by brain imaging methods. Brain correlates of coherence of speech have not been examined
in healthy populations. This has been at least partly due to the lack of sufficiently sensitive
measures of coherence. By using CSA methods, a more sensitive and objective measure of
semantic coherence can be achieved, and the current results demonstrate the role of both
executive and semantic processes in semantic coherence in the speech of healthy
individuals. In the schizophrenia group, these results support the role of sensory monitoring
on coherence, and further suggest that sensory association cortex function plays a greater
role than either classically executive or semantic regions, pointing to a fundamental deficit
that ultimately leads to high-level dysfunction that manifests as reduced semantic coherence
in spontaneous speech.

Despite these promising results, more work needs to be done to identify the extent to which
CSA methods reflect neurophysiologically identifiable components of semantic content in
free speech. Group sizes in this study are relatively small. Also, only one specific aspect of
cognitive function that may affect semantic coherence was examined, namely, sensory
monitoring of single words. While CSA methods are objective when compared to clinical
interviews for assessing thought disorder, they do not capture aspects of speech such as
affect, hesitations, tone of voice, or other physical attributes that may accompany a face-to-
face interview. They also do not reflect syntax, grammar, or some of the features that are
sometimes associated with thought disorder, such as stilted speech, neologisms, or blocking.
Despite these limitations, CSA methods capture what is arguably the most difficult aspect of
language to assess objectively, namely, semantic content and context. Our results suggest
that when coupled with appropriate tasks, CSA methods can be used to identify the neural
correlates of how meaning is constructed and how expression of meaning is regulated.
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Demonstration of test-retest reliabilty of the CSA method for assessing coherence during
free speech: PTC scores for two interviews performed at different times are plotted for 87
participants. The correlation coefficient between scores from the different interviews is .82.
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INlustrations of the two main tasks used in the fMRI session. In all cases, visual and auditory
stimuli are presented simultaneously. A. Homographs: In this task, participants need to
ignore the visual display of the words and make matching choices based on the sound. Here,
the third stimulus matches the second in sound. B. Homophones: In this case, the sounds
must be ignored, since the words have the same pronunciation, and matching is based on the

visual form of the word. In this example, the fifth stimulus matches the fourth.
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Figure 3.

False alarms in the fMRI tasks, means and 95% confidence intervals. There were no
significant differences between groups in any condition, but differences between the words
condition and each of the other two conditions were significant in both groups. Black: HV;
Gray: SZ. *: .01 <p<.05; **.001 <p<.01; ***p<.001
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Figure 4.
Correlations of PTC scores with individual tasks. In the control group, only activations in

the homophones condition predicted coherence, and the regions that appear are generally
associated with executive function. In contrast, in the group with schizophrenia, activations
in all three conditions are related to coherence, primarily in visual and auditory regions. Of
note, activation in the left superior/middle temporal cortex in all 3 conditions predicts
coherence in the SZ. Red: homographs; Green: homophones; Blue: words; Yellow:
homographs and homophones; Cyan: homophones and words; White: All 3 conditions
(small area in left temporal cortex in slice 5 of the SZ group). Numbers beneath slices refer
to the z-coordinate in MNI space.

Cortex. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Tagamets et al.

Page 21

Figure 5.
Regions correlated with PTC scores in all 3 task conditions in SZ (red) and HV (green). In

the healthy control group, regions that are primarily associated with executive control, such
as the anterior cingulate and dorsolateral frontal areas, contribute to coherent speech. In
contrast, in the group with SZ, auditory and visual association areas are the strongest
predictors of coherence of speech. Numbers beneath slices refer to the z-coordinate in MNI
space.
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