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Abstract

Psychotic Disorders such as schizophrenia (SZ) and bipolar disorder (BD) are characterized by
abnormal functional connectivity (FC) within neural networks such as the default mode network
(DMN), as well as attenuated anticorrelation between DMN and task-positive networks (TPN).
Bioenergetic processes are critical for synaptic connectivity and are also abnormal in psychotic
disorders. We therefore examined the association between brain energy metabolism and FC

in psychotic disorders. 31P magnetization transfer spectroscopy from medial prefrontal cortex
(MPFC) and whole-brain fMRI data were collected from demographically matched groups of SZ,
BD, and healthy control (HC) subjects. The creatine kinase (CK) reaction flux calculated from
spectroscopy was used as an index of regional energy production rate. FC maps were generated
with MPFC as the seed region. Compared to HC, SZ showed significantly lower CK flux, while
both BD and SZ patients showed decreased anticorrelation between MPFC and TPN. CK flux
was significantly correlated with FC between MPFC and other DMN nodes in HC. This positive
correlation was reduced modestly in BD and strongly in SZ. CK flux was negatively correlated
with the anticorrelation between MPFC and TPN in HC, but this relationship was not observed

in BD or SZ. These results indicate that MPFC energy metabolism rates are associated with
stronger FC within networks and stronger anticorrelation between networks in HC. However, this
association is decreased in SZ and BD, where bioenergetic and FC abnormalities are evident. This
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pattern may suggest that impairment in energy production in psychotic disorders underlies the
impaired neural connectivity.

INTRODUCTION

Schizophrenia (SZ) and bipolar | disorder with psychotic features (BD) are often
conceptualized as “dysconnection syndromes” characterized by abnormal within-network
connectivity and between-network anticorrelation : 2, The default mode network (DMN),
including the medial prefrontal cortex (MPFC), posterior cingulate cortex (PCC), and
bilateral inferior parietal lobule (IPL), has been implicated in these disorders characterized
by impaired perception, delusions, thought disorder, abnormal emotion regulation, altered
motor function, and impaired drive 1. Functional connectivity (FC) refers to the relationship
of neural activities between spatially distinct brain regions and is usually measured during
resting-state fMRI. FC can be analyzed based on the temporal similarities of time series

of Blood-Oxygen-Level-Dependent (BOLD) signal in anatomically distinct brain regions. A
positive FC value indicates co-activation of these regions, while a negative FC value shows
anticorrelation in which one region is activated while the other is deactivated. Although
there are some discrepancies in the literature, most studies report abnormal FC within DMN
and reduced anticorrelation between DMN and task positive networks (TPN) in both BD and
SZ patients 3.

Other lines of evidence have implicated bioenergetics and mitochondrial dysfunction in BD
and SZ 4. Adenosine triphosphate (ATP) is the brain’s primary energy source. Although
ATP is generated de novo by oxidative phosphorylation in mitochondria, its HEP moiety

is rapidly transferred to creatine to generate phosphocreatine (PCr) in a reaction catalyzed
by the reversible enzyme creatine kinase (CK). PCr diffuses throughout the cytosol and

is used to regenerate ATP locally via the CK reaction as required for cellular reactions.
Therefore, PCr acts as a HEP reservoir and maintains stable ATP levels despite changes

in neuronal activity; the CK reaction is the main source of ATP generation in the cytosol.
The flow of metabolites through the CK reaction (abbreviated CK flux) can be quantified in
vivo using a technique called 31P magnetization transfer magnetic resonance spectroscopy
((IP-MT-MRS) 45,

Although much progress has been made in the evaluation of bioenergetic and FC changes in
psychotic disorders 46, no study has directly assessed whether regional energy metabolism
is related to FC in SZ or BD. Sustaining normal brain circuit function places a large

energy demand on the brain, but we do not have direct evidence for any relationship
between bioenergetic dysfunction and abnormal connectivity. Here, we used 3!P-MT-MRS
to determine CK flux in MPFC, and BOLD-fMRI to measure resting-state FC using a MPFC
seed. Since energy metabolism and related mitochondrial functions are critical for sustaining
fundamental neuronal mechanisms (including maintenance of ion gradients, intracellular
signaling, and synaptic neurotransmission) and BOLD signal is correlated with local field
potential and synaptic activity 7, we hypothesized that FC would be associated with regional
bioenergetic activity indicated by CK flux, and this relationship would be abnormal in
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psychatic disorders. To control for potential confounding from white matter abnormalities,

we also examined white matter integrity using diffusion tensor imaging (DTI).

MATERIALS AND METHODS

Subjects

Participants were 27 SZ patients, 39 BD | patients with psychotic features, and 29 healthy
controls (HCs). This study was approved by the McLean Hospital Institutional Review
Board. All participants provided written informed consent. Patients were recruited from
McLean Hospital (Belmont, MA). Diagnostic assessments were carried out using the
Structured Clinical Interview for DSM-1V for patients and HCs. The Positive and Negative
Syndrome Scale (PANSS), the Young Mania Rating Scale (YMRS), the Montgomery-
Asberg Depression Rating Scale (MADRS), and the Multnomah Community Ability Scale
(MCAS) scores were collected. Sociodemographic and clinical characteristics of participants
are presented in Table 1. Except for 10 patients (5 BD and 5 SZ), all patients were using
psychiatric medications at the time of the scan (see Supplementary Table 1). No patients

had significant past or current neurological or medical disorders, intellectual disability, or
history of head trauma with loss of consciousness; or had received electroconvulsive therapy
within the previous year. We also excluded individuals using supplements such as creatine
that affect high-energy phosphate (HEP) levels. The HC group met the same criteria and in
addition had no personal or first-degree relative history of any psychotic disorders. We had
previously reported data from ten of the patients in the BD group °.

Magnetic Resonance Imaging

All participants underwent brain structural and functional imaging on a 3.0-Tesla MRI
scanner (Siemens Tim-Trio, Erlangen, Germany), as well as MRS on a 4.1-Tesla scanner.
All subjects were at awake and eyes-open (without fixation) condition. Foam pads were
used to minimize head motion during scanning. High-resolution T1-weighted images,
BOLD-fMRI, and diffusion tensor imaging (DTI) data were acquired for each subject (see
Supplementary materials).

In Vivo 31P-MT-MRS Experiments

The 31P-MT-MRS data were collected using a 4.0-Tesla whole-body imaging system (Unity/
Inova; Varian NMR Instruments, California, USA) with a specially designed half-helmet
surface coil with dual tuned proton and phosphorus frequency channels placed on the
forehead. The MRS voxel was positioned on the frontal lobe and localized shimming

was performed. The 31P-MT pulse sequence and experimental design have been described
previously (see Supplementary materials, and Supplementary Figure 1) 46,89,

fMRI Data Processing

Prior to FC analysis, fMRI data were preprocessed using SPM12 (http://
www.fil.ion.ucl.ac.uk/spm) software (see Supplementary materials). For FC analysis, a
spherical region of 10 mm radius located in the MPFC (MNI coordinate, [0, 44, 31]) was
selected as the seed region. FC between regional mean time series for the MPFC seed region
and all other voxels was calculated with a canonical correlation approach. Individual FC
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maps were converted into z-scored maps with Fisher’s-z transformation and subjected to
second-level, random-effects analysis to generate group-level statistical maps.

Since global signal regression may enhance anti-correlation between DMN and TPN10. 11,
we performed the same fMRI analyses with/without regressing out the global signal. We
also quantified the amplitude of global signal and tested its correlation with CK flux.

In addition to FC, we also quantified local neural activity using additional approaches:
Regional Homogeneity (ReHo) 1213, Amplitude of Low Frequency Fluctuation (ALFF) 14,
and fractional ALFF (fALFF) 1415 Please see Supplementary materials for details.

DTI Data Processing

The diffusion tensor was computed at each voxel, the resultant eigenvalues were used to
compute the fractional anisotropy (FA) 16. Whole-brain tract-based spatial statistics (TBSS)
was performed for multi-subject analysis of FA (see Supplementary materials).

31p_.MRS Data Processing

The data processing was performed using FID-A 17. The detailed calculation of chemical
exchange reaction among PCr and ATP as well as the relative chemical reaction parameters,
which has been described in our previous publications 46918 are described in the
Supplementary materials.

Statistical Analyses

All data processing of above was blinded to diagnosis before statistical analyses.
Demographic and clinical data were examined using Chi-square (categorical values) and
independent samples t-tests (numerical values). Our primary outcome measures were CK
flux (F) and FC. We tested group differences in CK flux using an ANCOVA with diagnosis
as a between-subjects factor and with age, sex, and medication dose (see Supplementary
materials) as covariates.

We performed two-sided one-sample t-tests on the FC maps of patients and controls
combined, to examine brain areas that were significantly correlated or anticorrelated with
the MPFC [covariates, age and sex; False discovery rate (FDR) corrections for multiple
comparisons, p<0.05]. We compared the FC maps between SZ and controls, BD vs. controls,
and SZ vs. BD subjects respectively using analysis of covariance (ANCOVA,; covariates, age
and sex; FDR, p<0.05).

We further examined cross-subject partial correlations between the FC maps and CK flux

in each group. Since the fMRI and MRS data were collected from different scanners

on different dates, the difference of days apart between the scans of the two modalities
(15.5£16.9 days) was included as a covariate in addition to age, sex, and medication (FDR
corrections for multiple comparisons, corrected p<0.05). The average FC values within the
DMN and TPN areas derived from one-sample t-tests were extracted for each participant,
and their cross-subjects correlation with CK flux was calculated for each group. ANCOVA
was used to test whether the correlation between CK flux and FC was significantly different
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among the three groups. The same correlation analyses with CK flux were performed for the
local brain activity measurements (ReHo, ALFF, fALFF) in MPFC as secondary analyses.

For DTI data, the skeletonized FA maps were fed into a group-level analysis in FSL.
Family wise error (FWE) was calculated using the non-parametric permutation test with
5000 permutations. Different white matter regions of interest (ROIs) are defined according
to the Johns Hopkins University white matter atlas 1°. The average FA values within these
ROIs were extracted from the individual skeletons and included as covariates in a second
correlation analysis between CK flux and FC.

Demographic and clinical variables

CK flux

There were no statistically significant differences in age or sex between groups (Table 1).
Among the clinical measures, some expected differences were observed; e.g. SZ patients had
significantly higher PANSS negative scores than BD patients, and both SZ and BD patients
showed lower MCAS scores compared to HC. All the data in the manuscript were expressed
as meanz standard deviation.

CK Flux was statistically significantly lower in SZ (45.7+11.1 mol/g/min) compared to

HC (52.2+£10.9 mol/g/min) (F1 50,=5.59, p=0.022, an:O.lo) and BD (50.9+10.6 mol/g/min)
(F1,62=4.27, p=0.043, np2:0.064), but not significantly different between HC and BD
(F1,64=0.69, p=0.41, an:0.0ll). The variances of CK flux were similar between SZ and
HC (F26,28:0-911 p:1.04), BD and HC (F38,28:0-95: p:O.86), SZ and BD (F26,38:0.76,
p=1.11).

Functional Connectivity

In healthy controls, MPFC showed significant positive FC with the canonical DMN areas,
including PCC, bilateral angular gyrus, lateral orbital frontal cortices, and inferior temporal
cortices, and significant negative correlation with TPN areas, including bilateral superior
parietal lobule (SPL), supra marginal gyrus, dorsal lateral prefrontal cortices, supplementary
motor areas (SMA), superior temporal gyrus, insula, lingual gyrus, and middle occipital
gyrus (Figure 1A, see Supplementary Figure 2 for whole-brain t-map without thresholding).

Compared to HC, both BD and SZ groups showed significant decreased anticorrelation
between MPFC and bilateral SPL (Figures 1B and C, respectively). The SZ group showed a
further reduction in the anticorrelation between MPFC and SPL when compared to the BD
group (Figure 1D). Whole-brain t-maps without thresholding are shown in Supplementary
Figure 3-5.

Correlation between CK flux and FC

For clarity, we present positive and negative correlation results separately in Figure 2.
Higher CK flux was positively correlated with FC between MPFC and PCC, and bilateral
angular gyrus in HC. The pattern of correlation was weaker in BD, where it was only seen
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between MPFC and PCC/right angular gyrus, and even weaker in SZ where it was found
only between MPFC and PCC (Figure 2A).

Higher CK flux was associated with stronger negative FC between MPFC and multiple TPN
areas in HC, including SPL, supramarginal gyrus, SMA, insula, lingual gyrus, and middle
occipital gyrus. This association pattern between CK flux and negative FC was weaker in
BD and SZ groups. In BD, CK flux was correlated with negative FC between MPFC and
SPL/left middle occipital gyrus; in SZ CK flux was correlated with negative FC between
MPFC and SPL/lingual gyrus (Figure 2B). Whole-brain r-maps without thresholding are
shown in Supplementary Figure 6-8.

We next used an ROI analysis to better understand the relationships between CK flux and
MPFC connectivity at the network level. Among HC, CK flux was significantly correlated
with positive FC between MPFC and other nodes of DMN (r=0.72, p<0.001). This
positive correlation was reduced but still significant in BD (r=0.47, p=0.0032), and further
diminished in SZ (r=0.34, p=0.079) (Figure 3A). ANCOVA showed that the correlation
coefficients between CK flux and within-DMN FC were significantly different among the
three groups (covariates: age and sex, F, g7=6.13, p=0.0032, np2:0.12). Post-hoc analysis
showed this correlation was significantly higher in HC than in SZ (F1 50=13.28, p<0.001,
np2:0.21). CK flux was also statistically significantly correlated with the negative FC
between MPFC and TPN in HC (r=-0.68, p<0.001), but not in BD (r=—0.088, p=0.60)

or SZ (r=—-0.19, p=0.35) (Figure 3B). ANCOVA showed that the correlations between CK
flux and MPFC-TPN FC were significantly different among the three groups (F2 g7=11.55,
p<0.001, np2:0.21). Post-hoc analysis showed this correlation was significantly stronger in
HC than in SZ (F1 50=13.29, p<0.001, np2:0.21) and BD (F1,62=16.6, p<0.001, np2:0.21);
and for an alpha level of 0.05, our sample achieved 97.6% and 97.5% power (1-beta) to
detect differences in the FC-CK flux correlations between SZ and HC, as well as BD and
HC respectively.

It is notable that the above results did not change significantly when the global signal

of fMRI was not regressed out (Supplementary Figure 9). There is no significant group
difference in global signal amplitude between SZ and HC (t=0.86, p=0.40), BD and HC
(t=0.97, p=0.33), or SZ and BD (t=—-0.10, p=0.92) in our sample. Therefore, we performed
correlation analyses between CK flux and the amplitude of global signal across all the
subjects (n=95) and found that this correlation was not statistically significant (r=-0.16,
p=0.11).

Correlation of flux with local activity

DTI

There was a significant positive correlation between CK flux and ReHo in the ventral MPFC
(but not ALFF and fALFF) within the HC group. No significant correlations were observed
for any of the MPFC local activity measurements in BD or SZ (Supplementary Figure 10).

TBSS showed no statistically significant difference in FA between any of the three groups
(Supplementary Figure 11). Furthermore, including the mean FA values within different
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white matter templates (Supplementary table 2) as covariates did not change the results of
correlation analysis between flux and FC in all of three group subjects.

DISCUSSION

In the current study, we report significant abnormalities in brain bioenergetics, brain circuit
connectivity, as well as a breakdown in the relationship between these two processes in
SZ and BD. The bioenergetic and connectivity findings have been previously reported
2,45 However, the analysis of the relationship between the two here provides novel
insights into the neurobiology of psychotic disorders. We also recognize a pattern where
reported abnormalities are typically less pronounced in BD than in SZ when compared
with HC, despite the fact that our BD group includes only patients with bipolar I disorder
with psychotic features, i.e. patients more similar to SZ in presentation and outcome than
those with other subtypes of BD. Our findings are even more striking because we found
no evidence for impaired white matter integrity in our patient samples. In other words,
the FC abnormalities exist in the absence of a commensurate breakdown in white matter
microstructure.

Reduced CK flux in SZ is consistent with our previous studies in chronic SZ # and first
episode BD with psychotic features °, suggesting that this is a common feature across
psychatic disorders. It is also consistent with post-mortem studies highlighting reduced

CK activity and immunoreactivity 20 and reduced CK brain isoenzyme content 21 in SZ.
Moreover, mitochondrial CK activity is tightly coupled to oxidative phosphorylation 22, and
the activity of both CK isoforms are reduced by oxidative damage 23. Therefore, lower CK
flux reflects an abnormal bioenergetic state in psychotic disorders which is characterized
by impaired mitochondrial energy production, lower brain metabolic rate, and increased
oxidative stress 24,

It was not surprising that we detected decreased anticorrelation between the DMN and the
TPN in the BD and SZ patients. Multiple studies have found these significantly reduced
anticorrelations in psychotic patients 2 3 25 26 Evidence from experiments with healthy
subjects using resting-state and task-based fMRI suggested that the anticorrelation between
the DMN and TPN are important for distinguishing or switching between external stimuli
or task and self-referential thoughts 1°. In line with these studies, our results suggest that
the loss of a TPN-DMN anticorrelation may reflect insufficient segregation of internally and
externally focused states and disturbance of cognition in psychotic disorders 26.

The anti-correlation between DMN and TPN may be associated with the global signal

of the resting-state fMRI 11: 27 Our results showed global signal regression did enhance
anticorrelation in this study. However, the difference of FC between patients and HC, as
well as the correlations between FC and CK flux did not change significantly before and
after global signal regression, indicating that the impaired functional segregation between
DMN and TPN is an intrinsic feature of psychotic disorders. Moreover, converging evidence
suggests a link between the global signal and brain vigilance level, i.e. lower vigilance
states, such as light sleep stage 28, hypnotic drugs usage 2% 30, are characterized by a larger
amplitude of global signal fluctuation; while elevated vigilance levels are associated with a
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weaker global signal component31. It has been reported that schizophrenia patients show a
stronger global resting-state fMIRI component than healthy controls32. In our data sample,
there was no significant between-group difference in the amplitude of global signal. Indeed,
we found a trend of negative correlation between CK flux and the amplitude of global signal
across all the subjects. This is in line with previous reports and may indicate that higher
brain energy metabolism is associated with higher vigilance level.

Given the role of PCr/CK system in maintaining ATP, reduced CK flux in psychotic
disorders indicates a susceptibility for failing to meet energy requirements. Failure to
produce or utilize energy can impair energy-dependent brain functions, such as synaptic
activity and depolarization of axons, ultimately leading to reduced ability to synchronize
neuronal activity across remote sites resulting in abnormal FC. In addition, energy
metabolism and mitochondrial activity are closely linked to other critical mechanisms,
including redox imbalance and signaling, neuroinflammation and calcium ion homeostasis.
These factors may further affect neural activity and lead to impaired FC in SZ and BD 33: 34,

We observed a strong association between MPFC regional CK flux and FC in this study.
Although this correlation was decreased in the SZ and BD, the flux was still significantly
correlated with the FC between MPFC and PCC, as well as the anticorrelation between
MPFC and parts of the TPN. These results suggest that the faster the energy metabolism the
stronger the functional integration/segregation within circuits, especially for long-distance
and large-scale neuronal communications. Previous studies found that CK flux is correlated
with brain activity levels, i.e. reduced when activity is limited during anesthesia  and
increased with brain activation 3°. Studies combining positron emission tomography and
MRI also reported that higher glucose metabolism was associated with higher degree of
functional centrality 36. Together with these studies, our results indicate that the tight
association between bioenergetic metabolism and FC might be a general principle of brain
energy-activity organization.

On the other hand, the breakdown of the relationship between CK flux and FC in psychotic
disorders is striking. Here, using in vivo 31P-MT-MRS, we found a reduction in the activity
of a critical enzyme involved in brain energy metabolism (CK) and a breakdown of the
normal relationship between CK flux and FC. Since greater CK flux is associated with
greater positive FC within and greater negative FC between networks in the healthy brain,
it is not surprising that respective impairments in bioenergetics and FC are associated with
a breakdown of the normal relationship. The parallel findings in our ReHo analysis further
indicate that both remote and local neural synchronization are regulated by regional energy
metabolism. Situated between the SZ and controls, BD showed a moderate correlation
between CK flux and FC. We also note that the breakdown between CK flux and FC

in psychotic disorders was most pronounced for anticorrelations. This may indicate that
functional segregation between brain networks is more energetically costly than functional
integration within a network.

What are the potential explanations for loss of metabolism-neural activity coupling in
psychatic disorders? One is a limited capability to utilize the regional PCr reservoir to
maintain local and remote neural synchronization, and thus a higher demand of glycolysis

Mol Psychiatry. Author manuscript; available in PMC 2021 September 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Song et al.

Page 9

or other oxidative phosphorylation processes. Another is that brain cells may need more
energy for maintaining basic “housekeeping” functions in psychotic patients, siphoning
resources away from functional coupling mechanisms. In general, most of the ATP energy
budget (40-60%) in the brain is spent for neuronal synapses, maintaining and restoring
the transmembrane Na*/K* ion gradients that are diminished by neuronal firing associated
with spontaneous brain activity 37. The rest of ATP is used for “housekeeping” functions
that maintain basic cellular integrity in the brain, such as phospholipid metabolism, DNA
transcription, and proteins synthesis. Thus, brain “housekeeping” activities and spontaneous
neural activity each use approximately half of the total brain ATP °. It is possible that
“housekeeping” activity consumes more energy in SZ and BD, resulting in less energy
available for building up local or remote neural synchronization.

Although there’s substantial evidence of abnormalities in white matter in BD and SZ 38,
our current findings cannot be explained by white matter abnormalities. In previous work,
some studies report reduced FA in SZ and BD in frontal and temporal regions 39 40, whereas
others do not 41743, and some even find increased structural connectivity in psychotic
spectrum patients 44, Explanations for these inconsistent results include the large variability
in DTI data acquisition, processing and analysis protocols, and the heterogeneity of subject
populations 4°. In the current study, we did not find any statistically significant difference
in DTI between HC, BD, and SZ. In addition, including the mean FA values as covariate
did not significantly change the correlation between CK flux and FC. Taken together,

this suggests that the FC abnormalities in our data cannot be explained by white matter
abnormalities but instead are associated with bioenergetic processes.

Several limitations should be mentioned. First, the spatial resolution of 31P-MT-MRS is
limited due to the low intrinsic detection sensitivity. The methodological limitations of
traditional 31P-MT-MRS approaches 46 as currently implemented necessitate long scanning
times required for acquiring reliable data. This results in poor spatial resolution, as
evidenced in the fact that our MRS measurement signal came from a large frontal region.
There have been efforts to develop more efficient methods 6. We have suggested a novel
31p_MT-approach-T;"°™ aimed at rapidly mapping energy-ATP metabolic fluxes 4’. This
approach has been used to map CK/ATPase activity in the human brain with 3D spatial
mapping 8 but is technically challenging and has not been implemented in clinical studies.
Therefore, the current work is a foundation for future studies at 7T where shorter scans

are possible. Second, our DTI data were of relatively low quality. To shorten experiment
time, we used 6-direction diffusion gradients. This precludes any high-resolution fiber
tracking and illustration of fiber projections from MPFC to correlated nodes. However, FA
should be accurate enough with 6-direction diffusion gradients, and this would not change
our observation that we find no significant changes when FA was added to the model.
Third, our MRI and 31P-MRS data were collected during different experimental sessions
because we optimized data collection with fMRI at 3T and MRS at 4T. Although the
number of days between scans was regressed out as a covariate, it may introduce spurious
sources of variance into our analyses. Finally, there is the issue of heterogeneity of patient
populations, a common challenge in clinical research. We included all available unmedicated
or medicated patients, including chronic and first episode patients. Since some subjects were
taking multiple medications, it is difficult to study the exact link between FC/CK flux and a
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specific type of drug, considering the limited sample sizes. Nevertheless, we used ANOVA
to test the association between FC/CK flux and the medications usage in all the patients,

the results (Supplementary Table 3) showed no significant relationship between any specific
type of medication and FC/CK flux. Moreover, including the medication information as
covariates in the correlation analyses did not change the relationship between FC and CK
flux. We note that our patient groups are in their mid-20s, indicating that on average they can
be characterized as “early phase”. This mitigates, although does not exclude, any potential
effects of disease duration and taking medications on MRI/MRS measures.

In conclusion, by combining in vivo 31P-MT-MRS and fMRI, we report significant
correlations between MPFC energy metabolic rate and its FC with long-distance and
large-scale brain networks and a breakdown of this relationship in psychotic disorders.
The tight association between bioenergetics and FC might be a general principle of brain
energy-activity organization and reduced flux through the CK reaction may disrupt FC
in SZ and BD. Further research is needed to develop treatment approaches targeting this
metabolism-neural synchrony pathway.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:
(A) Default mode network and the anticorrelated task-positive network in healthy controls

(HC), indicated by cold and warm colors respectively. (B) Areas with decreased anti-
correlation with medial prefrontal cortex (MPFC) in bipolar disorder (BD, n=39) compared
to HC (n=29). (C) Areas with decreased anti-correlation with MPFC in schizophrenia (SZ,
n=27) compared to HC (n=29). (D) Areas with decreased anti-correlation with MPFC in SZ
(n=27) compared to BD (n=39). In all figures, threshold was set to FDR corrected p<0.05. In
the plot of (B) to (D), the differences were indicated by the warm colors. Images are shown
in radiological convention with left side of the brain displayed on the right side of the image.
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Figure 2:
(A) Brain areas whose functional connectivity (FC) with medial prefrontal cortex (MPFC) is

significantly correlated with CK Flux, in healthy controls (HC, n=29), bipolar disorder (BD,
n=39), and schizophrenia (SZ, n=27). (B) Brain areas whose FC with MPFC is negatively
correlated with CK Flux, in HC (n=29), BD (n=39), and SZ (n=27). Images are shown in
radiological convention with left side of the brain displayed on the right side of the image.
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Figure 3:
(A) Correlation of CK flux and the functional

connectivity (FC) between medial prefrontal

cortex (MPFC) and other default mode network (DMN) areas, in healthy controls (HC,
n=29, bipolar disorder (BD, n=39), and schizophrenia (SZ, n=27). (B) Correlation of CK
flux and the FC between MPFC and task-positive network (TPN) areas in HC (n=29), BD

(n=39), and SZ (n=27).
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Demographic and clinical data for schizophrenia (SZ), bipolar disorder (BD), and healthy control (HC)
subjects (p-values not corrected for multiple comparisons).

Variables SZ(n=27) | BD(n=39) | HC(n=29) | p-valuesSZ vs.BD | pvaluesSZ vs. HC | pvaluesBPvs.HC
Mean age (years) 256 7.5 242+42 22.7+3.3 0.35 0.063 0.11

Sex (Male: Female) 19:8 25:14 17:12 0.60 0.37 0.65

Disease duration (years) | 4.6 +6.2 26+24 - 0.078 - -

PANSS General 26.3+75 224+6.0 — 0.026 - -

PANSS Positive 12.0£5.1 10.2 £4.7 - 0.15 - -

PANSS Negative 129+6.1 9.0+3.1 — 0.002 - -

YMRS 55+5.0 54+6.9 - 0.98 - -

MADRS 8.6+6.8 78+6.7 — 0.63 - -

MCAS 456 6.7 48.7+6.0 54.8+0.4 0.065 <0.0001 0.001

Mean =+ standard deviation
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