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Bipolar disorder (BD) is a complex psychiatric disorder 
characterized by dominant symptom swings across differ-
ent phases (manic, depressive, and euthymic). Different 
symptoms in BD such as abnormal episodic memory recall 
and psychomotor activity have been related to alterations 
in different regions, ie, hippocampus and motor cortex. 
How the abnormal regional distribution of neuronal activ-
ity relates to specific symptoms remains unclear, however. 
One possible neuronal mechanism of the relationship is 
the alteration of the global distribution of neuronal activ-
ity manifested in specific local regions; this can be meas-
ured as the correlation between the global signal (GS) and 
local regions. To understand the GS and its relationship 
to psychopathological symptoms, we here investigated the 
alteration of both GS variance and its regional topogra-
phy in healthy controls and 3 phases of BD. We found 
that the variance of GS showed no significant difference 
between the 4 groups. In contrast, the GS topography 
was significantly altered in the different phases of BD, ie, 
the regions showing abnormally strong topographical GS 
contribution changed from hippocampus (and parahippo-
campus/fusiform gyrus) in depression to motor cortex in 
mania. Importantly, topographical GS changes in these 
regions correlated with psychopathological measures in 
both depression and mania. Taken together, our findings 
demonstrate the central importance of GS topography 
for psychopathological symptoms. This sheds lights on 
the neuronal mechanisms of specific psychopathological 

symptoms in BD, and its relevance in the relationship 
between global and local neuronal activities for behavior 
in general.
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Introduction

Bipolar Disorder and the Brain’s Spontaneous Activity

Bipolar disorder (BD) is an affective disorder that is 
characterized by extreme mood swings ranging from 
depression over euthymia to mania.1 However, psycho-
pathological symptoms extend far beyond mood swings 
including cognitive changes and abnormal motor behav-
ior. They, for instance, include strong rumination and 
extreme focus on recalling of the own autobiographical 
contents in depression2–4 whereas mania can be charac-
terized by the abnormal dominance of motor behavior 
as in psychomotor excitation.1,5,6 The neural origin of 
such dominance of one specific behavioral function, ie, 
symptom, in the different phases of BD remains unclear 
though.

Several resting-state functional magnetic resonance 
imaging (fMRI) studies reported alterations in functional 
connectivity (FC) of a single resting-state network such 
as default-mode network (DMN),7–12 and, most recently, 

D
ow

nloaded from
 https://academ

ic.oup.com
/schizophreniabulletin/advance-article-abstract/doi/10.1093/schbul/sby138/5114616 by Zhejiang U

niversity user on 04 O
ctober 2018

http://orcid.org/0000-0002-3591-3219
mailto:georg.northoff@theroyal.ca?subject=


Page 2 of 9

J. Zhang et al

sensorimotor network9,13 in BD. However, as in other 
mental disorders such as depression14,15 and schizophre-
nia,16–21 altered resting-state activity is not limited to sin-
gle networks in BD. Instead, the overall topographical 
pattern with the relationship between different networks 
as between DMN and somatomotor network seems to be 
altered in BD.9 Therefore, the exclusive focus on specific 
regions/networks may overlook the importance of topo-
graphical activity pattern across the whole brain, which, 
on the psychopathological level, may reflect the abnormal 
dominance of one particular behavioral function relative 
to others.

The Spontaneous Activity’s Global Signal: 
Psychopathological Relevance

The brain global activity can be measured by what is 
described as the global signal (GS) in fMRI (see later 
for methodological details). For data-cleaning purpose, 
GS must be eliminated and is therefore regressed out of 
the data.22–24 Studies combining electrocorticography/
electrophysiology and fMRI, however, demonstrate a 
direct relationship between local electrophysiological 
measures and GS in fMRI.25,26 This suggests that GS is 
not merely nonneuronal physiological noise but also an 
important source of the neuronal activity itself. That has 
been proven to be relevant in psychiatric disorders such 
as schizophrenia where the variance of GS is abnormally 
elevated (while it showed normal levels in a group of 
euthymic BD), which, relying on computational model-
ing, was related to increased local and global functional 
connectivity (GFC).18

Moreover, the spatial topography of GS, ie, the rep-
resentation of GS in specific regions, has also been 
examined in schizophrenia. Yang et al.19 observed abnor-
mally elevated GS representation in association regions 
whereas sensory regions showed preferential GS-related 
reductions in schizophrenia. That leaves open the top-
ographical pattern of GS in other psychiatric disorders 
such as BD including the relationship of GS topography 
to the different symptoms in depressed, euthymic, and 
manic phases. That is especially relevant as, for instance, 
psychomotor hyperactivity in mania and increased auto-
biographical memory recall in depression are related to 
abnormal activity in different regions, ie, motor cortex9,13 
and hippocampus.27,28 Whether these abnormal regional 
activities are related to alterations in GS topographical 
distribution remains unclear.

The Spontaneous Activity’s GS: Methodological 
Considerations

GS topography represents the relationship between local 
regions and GS. Two methods are widely used for investi-
gating GS topography: (1) the correlation between GS and 
local voxels, ie, global signal correlation (GSCORR)26,29,30; 

and (2) the mean correlation between each voxel and the 
other voxels, ie, GFC.31,32 Mathematically, the 2 measure-
ments can dissociate from each other. The GSCORR 
topography can be driven by connectivity or amplitude 
based on the definition of GS calculation. The GS is the 
averaging of time course in each voxel within gray matter; 
therefore, the regions with higher amplitude (figure 3A, 
the region in green color) or correlating more with other 
regions (figure  3A, the regions in blue color) can both 
increase their weights in GS. Although for GFC, it is 
only determined by the connectivity in local regions. The 
extent to GS topography is determined by amplitude 
or connectivity remains unclear, by which can be tested 
through the relationship between GSCORR, GFC, and 
amplitude of low-frequency fluctuations (ALFF). If  GS 
topography is more amplitude driven, a higher corre-
lation between GSCORR and ALFF will be observed, 
alternative, a higher correlation between GSCORR and 
GFC will be observed for connectivity driven (figure 3A).

In addition, previous studies show that the GS topog-
raphy is nonuniform but stable across the brain.33,34 But it 
remains unclear whether such a topography relates to the 
distribution of neuronal or nonneuronal components in 
GS, which is crucial to verify the neuronal significance of 
GS topography.

Aims and Hypotheses

The main and overarching aim of this study was to inves-
tigate the relevance of GS for BD with its different phases 
in resting-state fMRI. Specifically, we first investigated 
whether the variance of GS was abnormal in BD across 
phases. Second, we investigated topography of GSCORR 
in 3 phases of BD and checked whether the abnormal 
GS topography is a phase or disease dependent. Third, 
we investigated the relationship between GSCORR and 
the severity of psychopathological symptoms using psy-
chopathological scales (ie, Young Mania Rating Scale 
[YMRS] and Hamilton Depression Scale [HAMD]) 
to confirm whether the abnormal GS topography was 
related to symptoms. Finally, we checked whether the 
GSCORR is amplitude driven or phase driven and veri-
fied the influence of noise on GS topography (see supple-
mentary methods and results).

Methods

Subjects and Clinical Assessment

The study included 64 healthy control subjects (39 
females, age range 19–61 years), and bipolar patients with 
30 in the manic phase, 35 in the depressive phase, and 34 
in euthymic phase (62 females, age range 18–60 years for 
the whole BD group) after head motion checking (sup-
plementary table S1). The details for clinical assessments, 
inclusion, and exclusion can be found in supplementary 
material methods.
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fMRI Data Acquisition

Images were acquired using a 1.5 T GE scanner with a 
standard head coil. Functional images were collected 
using a gradient echo-planar imaging sequence, which 
is sensitive to BOLD contrast (repetition time/echo 
time = 2000/30 ms, flip angle = 90°, field of view = 24 cm). 
In addition, 3-dimensional T1-weighted anatomical 
images were acquired for all participants. For the details, 
see supplementary methods.

fMRI Data Preprocessing

Preprocessing steps were implemented in Analysis of 
Functional NeuroImages (AFNI) software.35 For the 
details, see supplementary methods.

Calculation of GS Variance

The GS was calculated by averaging time courses across 
all voxels in the gray matter after the bandpass filter (0.01–
0.1 Hz). The variance of the GS was then calculated.

Calculation of Global Signal Correlation

The GSCORR was calculated as the Pearson correlation 
between the GS and the voxels in gray matter with Fisher 
z transformation.23 As various artifacts may uniformly 
increase GS representation in a local voxel, the GSCORR 
was spatially normalized as z score within gray matter for 
each subject.

Calculation of GFC

GFC,31,36 also called as global brain connectivity ,32 cal-
culated the correlation (Pearson’s r) of the time series in 
each voxel with every other voxel in gray matter mask and 
storing the mean correlation after Fisher z transforma-
tion. The GFC was also normalized spatially as z score 
within gray matter for each subject.

Calculation of Amplitude of Low-frequency 
Fluctuations

The ALFF was calculated using REST software.37 The 
preprocessed time series was transformed to a frequency 
domain with a fast Fourier transform and the power 
spectrum were then calculated. The ALFF was calculated 
as the averaged square root across 0.01–0.10 Hz at each 
voxel. Similar to GSCORR, the ALFF was normalized 
spatially as z score within gray matter for each subject.

Relationship Between GSCORR, GFC, and ALFF

The relationships between ALFF and GSCORR as 
well as between GSCORR and GFC in the gray matter 
were tested by calculating voxel-based Pearson correla-
tion on all subjects’ average map. In addition, to check 

whether the relationship was clinically relevant, the voxel-
wise group comparison between depression, mania with 
healthy controls for GSCORR, ALFF, and GFC topog-
raphy was calculated and the similarity of significant 
regions was checked (see “Methods” section).

Voxel-wise Group Comparison for GS Topography

The voxel-wise group comparison in this study was car-
ried out by AFNI’s function “3dttest++” for the 2-sam-
ple t test. The results were thresholded at P < .01 after 
AlphaSim correction in AFNI with a minimum cluster 
size of 46 voxels (corrected P < .01).

Voxel-wise Correlations With Disorder Symptom 
Severity and Medication Load

To investigate the correlation between GSCORR and 
disorder symptoms, the total scores of  HAMD and 
YMRS were used to correlate with GSCORR in whole-
brain voxel way for patients with BD in depression, 
euthymia, and mania. The correlation maps were thres-
holded at r > ±3 (P = .0025) with cluster size larger than 
24 voxels, which suggested the effect size of  correlation 
reached medium and corrected P value in this analysis 
was P < .01.38

Results

Variance of GS in BD

We first checked the group difference for GS variance 
between patients BD (n  =  99, including depression, 
n = 35; mania, n = 30, euthymia, n = 34) and healthy con-
trols (n  =  64). A  weak significance was observed when 
we compared BD group (as a whole) with healthy con-
trols (t = 2.4, P =  .017) (figure 1A). In addition, 1-way 
ANOVA between healthy controls and different phases 
in BD showed marginal significance (F = 2.56, P = .057) 
(figure 1B). This replicates the finding from the previous 
study that observed normal GS in a group of euthymic 
BD subjects.18

To assess the contribution of potential motion artifact 
to GS variance, we tested the motion artifacts between 
the 4 groups. No differences in the degree of head motion, 
ie, variance, were observed between the 4 groups in both 
shifting (supplementary figure S1A) (F = 1.33, P = .27) 
and rotating (supplementary figure S1B) (F = 1.1, P = .35) 
movement in 1-way ANOVA.

Topographical Distribution of GS in BD Phases

To investigate specific alterations in GS topography in the 
different phases of BD, we first investigated GSCORR 
topographical distribution in depression by comparing 
it with healthy controls. The 2-sample t test yielded the 
strongest increase in the left hippocampus and para-
hippocampal gyrus in conjunction with fusiform gyrus 
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(figure 1C). The region of interest (ROI) analysis of hip-
pocampus/parahippocampus extracted from the signif-
icant clusters of the comparison further suggested the 
increase of GSCORR in this region is BD phase depend-
ent (depression vs mania: t = 3.3, P = .0089; and depres-
sion vs euthymia: t = 3.7, P =.0011, Bonferroni corrected) 
(figure 1C).

Next, we conducted a 2-sample t test for manic vs healthy 
controls. This yielded strongest GSCORR increases in 
bilateral motor cortex (figure 1D). The ROI analysis of 
the bilateral motor cortex also suggested the increase of 
GSCORR in this region is phase dependent (mania vs 

depression: t  =  2.9, P  =  .012; and mania vs euthymia: 
t = 2.8, P = .015, Bonferroni corrected) (figure 1D).

Finally, we conducted the comparison between euthy-
mic and healthy subjects. This yielded the most promi-
nent reduction of GSCORR in the pregenual anterior 
cingulate cortex (pACC). The ROI analysis of pACC, 
however, suggested that the decrease of GSCORR in 
pACC is phase independent, because it shows no dif-
ference between euthymia and mania (t = –1.0, P = .68, 
Bonferroni corrected) and remains just above significant 
level in the comparison between euthymia and depression 
(t = –2.5, P = .039, Bonferroni corrected) (figure 1E).

Fig. 1. (A) Comparison of global signal (GS) variance in healthy controls and bipolar disorder (BD) subjects. (B). One-way ANOVA for 
GS variance across groups. (C) Voxel-wise group comparison for global signal correlation (GSCORR) between depression and healthy 
controls. The region of interest (ROI) of hippocampus/parahippocampus is extracted from the significant clusters of the comparison of 
depression vs healthy controls. (D) Mania vs healthy controls. The ROI of the bilateral motor cortex is extracted from the comparison 
of mania vs healthy control. (E). Euthymia vs healthy controls. The ROI of pregenual anterior cingulate cortex is extracted from the 
comparison euthymia vs healthy control. The threshold of voxel-wise group comparison was set at P < .01 with cluster size larger than 46 
voxels (corrected P < .01). Error bars represent standard error of the mean. Control (C); depression (D); mania (M); euthymia (E). *P < 
.05, **P < .01, ***P < .001.
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In addition, the robustness of GSCORR to physiologi-
cal noise is checked by calculating the GSCORR in different 
ways: (1) with regression of head motion, white matter (WM) 
and cerebrospinal fluid (CSF) (as main results); (2) without 
regression of WM and CSF; and (3) without regression of 
head motion. After comparing the GSCORR topography 
before and after various regressors, we suggest that our results 
are unlikely altered by physiological (supplementary results).

Correlation of GS Topography With Symptoms and 
Medication

Next, we correlated GS topography with clinical symptoms. 
Conducting whole-brain voxel-wise correlation analyses, 
we observed the significant positive correlation between 
GSCORR and HAMD in the parahippocampus and fusi-
form gyrus (figure 2A). For correlation with YMRS, posi-
tive correlation with GSCORR was observed in the primary 
motor cortex (figure  2B). The correlation based on the 
ROIs extracted from significant voxels further suggested the 
effect size of correlations reached medium in both instances 
(r = .43, P < .001 for HAMD corr. GSCORR; r = .44, P < 
.001 for YMRS corr. GSCORR) (figure 2C).

Relationship Between GSCORR With GFC and ALFF

We next investigated to whether the GSCORR is driven by 
either amplitude (ie, measured by ALFF) or connectivity 

(ie, measured by GFC) (figure 3A). The topography of 
ALFF (averaging across all subjects) showed a different 
pattern when compared with the topography of GSCORR 
(voxel-based Pearson correlation: r = .044, P < .001) (fig-
ure  3B). In contrast, the spatial patterns of GSCORR 
and GFC were very similar (r = .96, P < .001) (figure 3B). 
In addition, the 2-sample t tests for ALFF and GFC fur-
ther confirmed that the difference between depression, 
mania, and healthy controls showed more similarity of 
GFC with GSCORR when compared with GFC and 
ALFF (figure  3C, D). Taken together, our results con-
firm that GS topographical representation, measured 
as GSCORR, is more closely related to FC between the 
local voxel and GS (as measured by GFC) than to the 
amplitude (as measured by ALFF).

Discussion

We here investigated the GS in neuronal activity and its top-
ographical distribution in BD including its different phases, 
ie, depressive, euthymic, and manic groups. Our main find-
ings are as follows: (1) nonsignificance in the variance of 
GS across different phases; (2) abnormal topographical 
representation of GS, ie, GSCORR, in hippocampus (in 
association with parahippocampus and fusiform gyrus) 
in depression, bilateral motor cortex in mania, and pACC 
in euthymia; and (3) significantly positive correlation of 

Fig. 2. Clinical correlation with psychopathological symptoms. Whole-brain voxel-wise correlation of global signal correlation 
(GSCORR) with Hamilton Depression Scale (HAMD) and Young Mania Rating Scale (YMRS) in the bipolar group, including 
depressive, manic, and euthymic groups. The threshold was set at r > ±.3 (P = .0025) with cluster size larger than 24 voxels (corrected P 
< .01). (A) The correlation for HAMD was found in parahippocampus and fusiform area for GSCORR. (B) The correlation for YMRS 
was found in the bilateral motor cortex for GSCORR. (C) Scatter plots for visualization of the correlation in significant regions.
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abnormal GSCORR in parahippocampus/fusiform gyrus 
with depressive symptoms and GSCORR in motor cor-
tex with manic symptoms. The influence of physiological 
noise on results was also checked, and we suggested that 
our results are unlikely generated by physiological noise 
(see supplementary discussion for details).

Topography of GS: Depressive BD

Depressed BD patients showed significantly increased 
GS representation in specifically the left hippocampus 

in association with parahippocampus and fusiform area. 
Several studies reported that hippocampus changes in 
BD are specific for depression, ie, phase specific.27,28 This 
is specified and extended by our finding of altered GS 
topography in the hippocampus in specifically the depres-
sive phase whereas it was not observed in either manic or 
euthymic phases. That is also in line with the central role 
of the hippocampus in depression in general including 
both depressive BD and depression in major depressive 
disorder.14,39

Fig. 3. (A) Schematic illustrations of the relationship between global signal correlation (GSCORR), global functional connectivity 
(GFC), and amplitude of low-frequency fluctuations (ALFF). GSCORR can be amplitude driven, ie, the region with higher amplitude 
correlates more with global signal (GS); or connectivity driven, ie, the regions with more connections to the others correlates more with 
GS. (B) A voxel-based correlation for GSCORR with ALFF and GFC across all subjects. (C) Voxel-wise group comparison for ALFF. 
(D) Voxel-wise group comparison for GFC.
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Recent studies suggest that the hippocampus provides 
temporal organization of episodic memory,40,41 whereas 
the parahippocampus, known as “parahippocampus 
place area,”42 and the fusiform gyrus, whose major func-
tion is visual object recognition,43,44 may provide the 
contents of episodic memory.41 Therefore, presuming 
interplay between their timing and content-related func-
tions, abnormal GS-based hippocampal and parahippo-
campal neuronal activities may be closely related to the 
frequently observed strong intrusions of contents from 
past events, ie, autobiographical memories, into the pres-
ent inner mental life of depressed patients.45,46

Topography of GS: Manic BD

The central role of motor cortex in mania is well in line 
with recent studies.9,13 Moreover, we recently demon-
strated abnormally increased neuronal variability in the 
somatomotor network in manic BD.9 That reflects well 
the clinical presentation as manic patients can be char-
acterized by extreme psychomotor agitation and excite-
ment.1,5,6 Most importantly, such psychomotor excitation 
links with an abnormally strong focus on external sensory 
contents, which dominates these patients’ outer behavior 
(and inner mental life).1,5,6,47

We, therefore, hypothesize the following relationship: 
The more strongly the GS is topographically represented 
in the motor cortex, the more its associated function, ie, 
psychomotor activity and motor execution, shifts into the 
forefront of the overall behavior in these patients (while 
shifting other behavioral functions into the background). 
Such interpretation is well supported by our finding of 
the direct correlation between increased GS representa-
tion in motor cortex and manic symptoms as character-
ized by externally directed behavior.

Topography of GS: Euthymic BD

Finally, we observed decreased GS topographical rep-
resentation in pACC in euthymic state. This is most 
remarkable as pACC is strongly involved in both clinical 
and subclinical mood fluctuations.48 As mood fluctua-
tions are also present in the euthymic state, we suppose 
that they may be traced to abnormally decreased GS rep-
resentation in pACC; this, speculatively, renders pACC 
function unstable leading to mood instabilities even in the 
euthymic state.

Taken in this way, decreased GS representation in 
pACC may serve as a trait-specific marker for mood fluc-
tuations in the euthymic state that predisposes mania and 
depression. In contrast, decreased GS in pACC does not 
reflect a state- or phase-specific marker as we observed 
similar findings in both depression and mania. Hence, 
unlike GS in motor cortex and hippocampus, reduced 
GS in pACC cannot be considered phase specific, ie, state 
marker, but a trait markers of BD in general.

Topography of GS and Clinical Symptoms: 
“Spatiotemporal Psychopathology”

Considering our correlation findings between GSCORR 
and psychopathological symptoms, we assume that 
increased global activity contribution to motor cortex 
and hippocampus is reflected in increased contributions 
of  their respectively associated behavioral functions, 
ie, movement generation in mania and autobiographi-
cal memory recall in depression, to the subjects’ over-
all behavior. Clinically, the resulting overall behavior 
is consequently dominated by movements (in mania) 
and autobiographical recall (in depression). The psy-
chopathological symptoms can thus be traced to an 
abnormal spatial structure in the topographical distri-
bution of  the brain’s global activity—this reflects the 
spatial part of  what is described as “Spatiotemporal 
Psychopathology.”3,49,50

How about the temporal side? Our data clearly show 
that GSCORR is much stronger related to the phase 
coherence (as indexed by GFC) than the neuronal var-
iability (as indexed by ALFF) (figure  3C and D). We 
thus assume that phase coherence is abnormally strong 
between (1) global and motor cortical activity in mania, 
and (2) global and hippocampal activity in depression. 
Abnormal spatial distribution of GS in mania and depres-
sion can thus be traced to temporal abnormalities, ie, 
phase coherence. The respectively associated symptoms 
such as psychomotor excitation and increased autobio-
graphical memory recall may consequently show a truly 
spatiotemporal basis as suggested in Spatiotemporal 
Psychopathology3,49,50 (figure 4).

Fig. 4. The hypothesis of the relationship between GS 
representation topography and dominant behaviors in bipolar 
disorder. The abnormal dominance of extreme psychomotor 
excitation in mania, the mood and self-dysregulation in euthymia, 
and the abnormal autobiographical memory recall in depression 
may be related to corresponding spatial, ie, topographical 
distribution of global neuronal activity. GSCORR = global signal 
correlation.
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Conclusion

BD can be characterized by the abnormal predominance 
of specific behavioral functions in the different phases. 
We here investigated whether such abnormal behavioral 
predominance is related neuronally to the GS and its top-
ographical distribution. Taken together, our results (1) 
illustrate the neuronal and behavioral relevance of the 
brain’s global neuronal activity (as measured by the GS) 
for behavior in general and its alterations in psychiatric 
disorders such as BD; (2) provide a novel mechanistic 
way of understanding psychopathological symptoms in 
terms of the brain’s spatiotemporal mechanisms entail-
ing Spatiotemporal Psychopathology; and (3) show the 
potential clinical utility of the brain’s global topography 
in allowing for distinction between state- or -phase-spe-
cific (ie, motor cortex, hippocampus) and trait-specific 
(ie, pACC) markers of BD.

Supplementary Material

Supplementary data are available at Schizophrenia 
Bulletin online.
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