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Discussion

We report a functional neuroimaging analysis examining
the functional dysconnectivity at different stages of schizo-
phrenia using 6 independent datasets. To our knowledge,
this is the first imaging study to directly examine the effect

PARIETAL

of functional connectivity changes at FE and chronic
stages in schizophrenia with large multi-center datasets,
with large numbers of patients, and with the almost unique
data from drug-naive FE patients with schizophrenia. The
FE schizophrenia patients demonstrated most prominently
localized changes in the frontal lobes, especially Broca’s
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Fig. 2. Significantly altered functional connectivity for chronic stage schizophrenia by meta-analysis involving Datasets 4%, 5%, and 6*.
(a) illustrates altered links involving the thalamus (58 links), and (b) is for links involving the cingulate cortex (49 links). (¢) is for the

remaining significantly different links.
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Fig. 2. Continued

area and the orbital part of the inferior frontal gyrus, indi-
cating that the frontal differences from controls have an
early-onset nature. For the chronic stage of schizophrenia,
much wider functional-connectivity changes were found,
mostly prominently involving the thalamus.

Both thalamic and frontal abnormalities have been
widely reported in schizophrenia. However, the results
for the regions responsible for the core pathogenesis
remain inconsistent, partly due to a number of fac-
tors such as the lack of a staging point of view, small
sample sizes, and confounding factors such as the effects
of medication. The thalamus is connected to all corti-
cal areas and conveys information to the neocortex,
including information from the basal ganglia. Though
a number of other studies have identified thalamic con-
nectivity changes in the chronic stage of schizophre-
nia,!”1%2224 such studies provide little information about
early illness pathophysiology. In contrast, studies of
FE schizophrenia have the advantage to specify brain
changes at illness onset, thus providing crucial infor-
mation about the pathogenesis of schizophrenia. Our
functional-connectivity analysis of 197 FE schizophre-
nia patients (76% being drug-naive, and the results for
the drug-naive subset shown in supplementary table S7)
shows localized changes in the frontal lobes, suggesting
these to be core regions for schizophrenia pathogenesis.
Further, we found that subjects at high risk of psycho-
sis (the prodromal stage) also had functional connectiv-
ity changes primarily associated with the frontal lobes
(especially the inferior frontal gyrus which includes

Functional Connectivity Changes in Schizophrenia
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Broca’s area). These results in combination suggest a key
neuropathological role of the frontal lobe in the onset
of schizophrenia. The data presented in this investiga-
tion provide an important contribution to this evidence,
for we analyzed data from hundreds of FE patients
who were largely drug-naive (ie, who had never received
treatment), and therefore provide key information about
the early changes in the brain in schizophrenia.
Functional abnormalities of the frontal lobe have
been one of the most consistent findings in schizophre-
nia, although they have not generally been localized
to the inferior frontal gyrus.* %44 Part of the impor-
tance of the present investigation is that it shows that
frontal functional connectivity changes involving the
inferior frontal gyrus are present in FE, antipsychotic-
naive patients. A recent review? of functional con-
nectivity changes in schizophrenia involved typically
much smaller sample sizes than those reported here,
and reported typically altered functional connectivity
in patients sometimes involving the frontal lobe, but
without much emphasis on the thalamus, and with no
marked stage-specific differences in functional con-
nectivity. In contrast, with the larger sample size and
brain-wide approach described here, we found that
Broca’s area in the inferior frontal gyrus had increased
functional connectivity, which is the most significant
changes in FE schizophrenia, and that increased tha-
lamic connectivity including with somatosensory and
motor areas in the postcentral and precentral gyrus was
prominent in chronic schizophrenia. We further note
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Fig. 3. The number of significantly different functional connectivity links of each brain region for (a) first-episode (FE) and (b) chronic stage
schizophrenia patients. (a) and (b) were obtained by counting the number of different links in supplementary tables S2 and S3 for each pair
of symmetric brain regions (ie, we added the number of links of the left and right corresponding regions). For FE patients, 46 regions (out of
90 automatic anatomical labelling [AAL] regions) showed differences from controls, and for chronic stage patients, 67 regions demonstrated
differences from controls. Regions marked green are those demonstrating common changes in both FE and chronic stages (these regions
have more than 2.5% altered-links in both stages), including the middle frontal gyrus, posterior cingulate cortex, the fusiform gyrus, and the
temporal pole. Regions marked pink are those demonstrating stage-specific changes. Inferior and medial frontal gyrus changes were found in
FE schizophrenia, and cingulate, subcortical (especially the thalamus), and occipital changes were found in the chronic stage.

the smaller prominence of frontal connectivity changes
in, eg, the inferior frontal gyrus in the chronic stage,
though differences from controls were still evident with
FDR correction as shown in supplementary table S6.
The inferior frontal gyrus, which includes Broca’s area,
is critically involved in speech production and language
processing.*® It is functionally connected with the tem-
poral lobe to form a language network. Our findings of
increased functional connectivity of the inferior frontal
gyrus including Broca’s area with temporal cortex and
cingulate areas, and the correlation of increased func-
tional connectivity with the positive/negative symptoms,
implicate language-related frontal areas as key regions
related to the onset of schizophrenia. As Broca’s area is
important for syntactic functions,*” we suggest that this
increased connectivity may be related to the thought disor-
ders in schizophrenia, as syntax is important in multi-step
thinking.*® It is interesting to note that the predisposi-
tion to schizophrenia may be a component of a Homo
sapiens-specific variation associated with the capacity for
language.” Our results are consistent with this hypothesis.
We note that thalamic changes have been reported in FE
schizophrenia?"* and high-risk subjects.’! In our dataset,
however, we did not find prominent thalamic functional
connectivity differences from controls in FE schizophrenic
patients or high-risk subjects. This seeming discrepancy
may be due to the different methodology we adopted. In
our work we used whole-brain functional-connectivity
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analysis with strict Bonferroni correction. Therefore only
the most significant changes of the whole brain (herein
the functional connectivity alterations of the inferior fron-
tal gyrus) are identified. In contrast, the work?*! used a
seed-based approach and focused exclusively on the thala-
mus, and the changes in other parts of the brain were not
systematically evaluated. Consequently our results do
not contradict previous works, but revealed brain-wide
changes rather than changes associated with pre-defined
regions of interest. It is important to note that we do not
exclude the possible neuropathological role of the thala-
mus in FE schizophrenia or the prodromal stage. In fact
with FDR correction (¢ = 0.05) adopted, thalamic changes
are also present in FE patients in our data, as shown in
supplementary figure S1 and table S6. Our results suggest
that thalamic alterations cannot be ruled out in FE schizo-
phrenia, but are less evident than at the chronic stage.
Several strengths and limitations should be noted.
A strength is that we used the largest multisite dataset
reported with a meta-analytic approach to address inter-site
variations. Meta-analysis is more suitable than traditional
validation approaches that test if the same observation sur-
vives a type-I error, as it considers the effect-size distribution
to be more important than if observations survive arbitrarily
set thresholds. We note that separate analysis in each data-
set (with Bonferroni correction) yields similar results, see
table 2. For FE patients, both dataset 2# and 3 demonstrate
increased connectivity between the inferior frontal gyrus
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(orbital part) and superior frontal gyrus. For the chronic
stage, both datasets 4* and 5% demonstrate decreased con-
nectivity between the thalamus and middle frontal gyrus,
and decreased connectivity between the thalamus and post-
central gyrus. Another strength is the involvement of hun-
dreds of FE patients the great majority of whom were not
receiving medication, and the changes in functional connec-
tivity that we found in these patients provide important data
for understanding the pathogenesis of schizophrenia.

A limitation is that most of the chronic patients were
receiving medication, so it is difficult to be sure about
whether the differences between the FE and chronic
patients are related to disease progress or the effects of
medication on the functional connectivity. Nevertheless,
the data presented here are important, for they provide
insight into how the functional connectivity of untreated
FE patients is different from that of most patients seen
clinically, who will be receiving medication. To provide
some evidence on the possible role of medication, for
FE datasets 3* and 6* (containing both medicated and
drug-naive patients), we examined whether medicated
and drug-naive patients showed significant differences in
functional connectivity, as shown in supplementary table
S8a. Only a few links had P < .05 (uncorrected). We fur-
thermore used only drug-naive FE patients in the meta-
analysis shown in supplementary table S7, and found 62
significantly changed connectivities, 50 of which overlap
with those obtained by using all FE patients (supplemen-
tary table S2). For the chronic dataset 4* (all patients are
medicated), we performed a correlation analysis between
the significantly different functional connectivities and
the medication dosage, as shown in supplementary table
S8b. Only 3 links (out of 162) show correlation with the
dose of medication (P < .05, uncorrected). Furthermore,
though antipsychotic medication may vary across sites,
separate analysis of chronic Datasets 4# and 5% revealed
the same thalamus-post/precentral dysconnectivity
(table 2) that correlated with tension, suggesting that tha-
lamic changes may not depend critically on the type of
medication. Another limitation is that we used the AAL
atlas to define the different brain areas to be analyzed.*
It would thus be interesting to use functional atlases®? or
extend the investigation to voxel-level. Finally, there is no
follow up data in Dataset #1 (high-risk subjects) to indi-
cate the transition, and the sample size is not large. We
also note that the chronic patients in this study had illness
durations that were typically of many years (table 1).

Conclusions

With large multicenter resting-state fMRI datasets and
whole-brain analysis, we demonstrate the utility of a staging
model of schizophrenia. We show that for FE drug-naive
patients, changes are most evident in language regions such
as Broca’s area, which may underlie the thought disorders
central to schizophrenia symptoms. This is consistent with
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the hypothesis that schizophrenia is the price that Homo
sapiens pays for language made by Crow. For the chronic
stage, more widespread changes were found, most promi-
nently in thalamo-cortical connections. These results are of
importance for understanding the pathogenesis of schizo-
phrenia, and for providing sensitive neurobiological mark-
ers crucial for early diagnosis and treatment.

Supplementary Material

Supplementary material is available at http://schizophre-
niabulletin.oxfordjournals.org.
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