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1  | INTRODUC TION

Bipolar disorder (BD) is a chronic mental disorder, characterized 
by severe recurring mood swings which cause a reduction in the 

functioning and quality of life. Bipolar disorder can be classified 
along a spectrum defined by the severity of mood elevation, from 
bipolar I to bipolar II (Grande et al., 2016; Kessler et al., 2005). 
Compared with BD I, the depressive phase of BD II is more severe, 

 

Received:	9	June	2020  |  Revised:	1	March	2021  |  Accepted:	9	March	2021
DOI: 10.1002/brb3.2117  

O R I G I N A L  R E S E A R C H

Cerebral glucose metabolism in bipolar disorder: A voxel- based 
meta- analysis of positron emission tomography studies

Chujun Wu1  |   Chutong Ren2 |   Ziwei Teng1 |   Sujuan Li1 |   Floyd Silva3 |   
Haishan Wu1  |   Jindong Chen1

This	is	an	open	access	article	under	the	terms	of	the	Creative	Commons	Attribution	License,	which	permits	use,	distribution	and	reproduction	in	any	medium,	
provided the original work is properly cited.
©	2021	The	Authors. Brain and Behavior	published	by	Wiley	Periodicals	LLC

Chujun Wu and Chutong Ren contributed to the work equally and should be regarded as co- first authors.  

1National Clinical Research Center for 
Mental	Disorders,	Department	of	Psychaitry,	
China National Technology Institute on 
Mental	Disorders,	The	Second	Xiangya	
Hospital	of	Central	South	University,	
Changsha, China
2The	Second	Xiangya	Hospital	of	Central	
South	University,	Changsha,	China
3University	of	New	Mexico	School	of	
Medicine,	Albuquerque,	NM,	USA

Correspondence
Jindong Chen, Department of Psychiatry, 
The	Second	Xiangya	Hospital,	Central	South	
University,	Changsha,	Hunan	410011,	China.
Email: chenjindong@csu.edu.cn

Funding information
National	Natural	Science	Foundation	of	
China,	Grant/Award	Number:	NO.81501163	
and	NO.81971258

Abstract
Background: Previous positron emission tomography studies have reported the 
changes of cerebral glucose metabolism in bipolar disorder. However, the findings 
across studies remain controversial, containing differing results.
Methods: A	systematic	literature	search	of	the	PubMed,	Embase,	Cochrane	Library,	
and	Web	of	Science	databases	was	conducted.	We	conducted	a	voxel-	wide	meta-	
analysis of cerebral glucose metabolism studies, using the seed- based mapping ap-
proach, in patients with bipolar disorder (BD).
Results: We identified 7 studies suitable for inclusion, which included a total of 126 
individuals with BD and 160 healthy controls. The most consistent and robust find-
ings were an increase in cerebral glucose metabolism in the right precentral gyrus and 
a decrease in the left superior temporal gyrus, left middle temporal gyrus, and cer-
ebellum.	Additionally,	the	sex	distribution	and	illness	duration	had	significant	moder-
ating effects on cerebral glucose metabolism alterations.
Conclusions: Cerebral glucose metabolism alterations in these brain regions are likely 
to reflect the disease- related functional abnormalities such as emotion and cognition. 
These findings contribute to a better understanding of the neurobiological underpin-
nings of bipolar disorder.
Limitations.
This study was done at a study level and cannot be addressed at the patient level. 
Subgroup	analysis	of	BD	I	and	BD	II	is	not	possible	due	to	limited	literature	data.
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while the manic phase mainly manifests as hypomanic state (Tondo 
et al., 2017). In 2019, the results of a mental health survey in China 
showed that the lifetime prevalence of bipolar disorder was 0.6% 
(Huang et al., 2019). Bipolar disorder frequently begins with depres-
sive episodes, easily misdiagnosed as depression, which increases 
the	difficulty	in	the	management	of	the	disease	(Murray	et	al.,	2012).	
Therefore, improving the informed and accurate diagnosis of BD is 
significantly important in managing the disease.

Brain functional imaging refers to the process of using various 
imaging techniques to characterize the functional activities of the 
brain. The application of neuroimaging technology is considered as a 
possible method for diagnosing mental illnesses as it can contribute 
to the understanding of the neurobiology and to the development 
of pathophysiologic models (Bhardwaj et al., 2010). Neuroimaging 
technology currently being implemented in the diagnosis of mental 
illnesses	includes	magnetic	resonance	imaging	(MRI),	positron	emis-
sion tomography (PET), electroencephalography (EEG), and magne-
toencephalography	 (MEG)	 (Roalf	 &	Gur,	 2017).	 Positron	 emission	
tomography (PET), as opposed to other methods, can create func-
tional connectivity maps of distinct spatial distributions of brain 
regions and measure cerebral glucose metabolism in vivo (Patlak 
et	al.,	1983),	and	is	therefore	the	focused	imaging	modality	of	our	
study.	Synthesized	first	in	1976,	2-	deoxy-	2-	[18F]	fluoro-	D-	glucose	
(FDG)	has	become	the	most	widely	available	tracer	in	the	utilization	
of	 PET	 (Ido	 et	 al.,	 1978)	 and	 is	 now	being	 utilized	 in	 conjunction	
with PET to further study patients with mental disorders (Davison 
&	O'Brien,	2014).	The	measurement	of	cerebral	glucose	metabolism	
using	FDG-	PET	 can	be	used	 to	 assess	 changes	 in	 thinking	 activi-
ties	and	disease	states	under	noninvasive	conditions	(Mergenthaler	
et	 al.,	 2013;	 Scholl	 et	 al.,	 2014).	 In	major	 depressive	disorder	 pa-
tients,	 the	 uptake	 of	 FDG	 is	 reduced	 in	 the	 bilateral	 insula,	 right	
cingulate	 gyrus,	 caudate,	 left	 putamen,	 and	 extranuclear,	 indicat-
ing	 reduced	 metabolism	 in	 these	 areas;	 however,	 FDG	 uptake	 is	
increased in the bilateral thalamus, right anterior gyrus, and left an-
terior	gyrus,	suggesting	increased	metabolism	(Aihara	et	al.,	2007;	
Brody et al., 2001; Kegeles et al., 2003; Kennedy et al., 2001; 
Saxena	et	al.,	2001).

In BD patients, the changes of cerebral glucose metabolism 
were mostly found in the basal ganglia, limbic system, cerebellum, 
anterior	 cingulate	 cortex,	DLPFC,	 and	medial	 temporal	 structures,	
but	 there	 is	no	consensus	on	the	results	 (Brooks	&	Vizueta,	2014;	
Maggioni	 et	 al.,	 2017).	A	 review	written	by	Brook	et	 al	 (Brooks	&	
Vizueta,	2014)	 reported	that	 the	metabolism	of	depressed	BD	pa-
tients	is	altered	in	the	amygdala	and	dorsolateral	prefrontal	cortex	
(DLPFC),	while	the	metabolism	of	manic	BD	patients	seemed	to	be	
altered	in	the	anterior	cingulate	cortex,	DLPFC,	and	medial	temporal	
structures. Therefore, the aim of our meta- analysis is to elucidate 
the differences of cerebral glucose metabolism between BD patients 
and	healthy	subjects.	Finally,	we	aim	to	develop	an	understanding	of	
the	pathophysiology	of	BD	 in	 the	context	of	 its	 link	with	cerebral	
glucose metabolism.

2  | METHODS

2.1 | Literature search and inclusion criteria

This systematic review and meta- analysis were conducted accord-
ing	 to	 the	 Preferred	 Reporting	 Items	 for	 Systematic	 reviews	 and	
Meta-	Analyses	 (PRISMA)	 statement	 (Liberati	 et	 al.,	 2009).	 Two	 of	
the	 authors	 (WCJ	 and	 RCT)	 independently	 searched	 on	 PubMed,	
Web	of	Science,	Embase,	and	 the	Cochrane	Library	up	 to	January	
2019,	using	the	following	searching	terms	“(bipolar	disorder	[Title/
Abstract])	AND	glucose	metabolism	 [Title/Abstract]”.	No	 language	
restrictions	were	applied.	After	that,	an	additional	search	was	made	
in	 PubMed	 using	 “(((((bipolar	 disorder[Title/Abstract])	 AND	 18	 F-	
Fluorodeoxyglucose[Title/Abstract]))	 OR	 ((bipolar	 disorder[Title/
Abstract])	 AND	 FDG[Title/Abstract]))	 OR	 ((bipolar	 disorder[Title/
Abstract])	AND	positron	emission	tomography[Title/Abstract]))	OR	
((bipolar	disorder[Title/Abstract])	AND	PET[Title/Abstract])”.	Finally,	
reference lists of reviews published on similar themes were checked. 
After	a	screening	based	on	titles	and	abstracts,	full	texts	were	read	
intensively to judge whether the article should be included accord-
ing	to	the	inclusion	criteria.	A	third	researcher	(TZW)	was	consulted	
for resolution when disagreements occurred.

All	studies	had	to	meet	the	following	criteria:	(a)	BD	patients	ful-
filled	the	diagnostic	criteria	of	the	Diagnostic	and	Statistical	Manual	
of	Mental	 Disorders,	 4th	 edition	 (DSM-	IV)	 or	 the	 Diagnostic	 and	
Statistical	Manual	of	Mental	Disorders,	5th	edition	(DSM-	V);	(b)	the	
research design is reasonable and the statistical analysis method is 
correct	 according	 to	 the	Newcastle–	Ottawa	 Scale	 (NOS),	 and	 the	
experiment	 involves	 patients	 with	 both	 bipolar	 disorder	 (BD)	 and	
healthy controls (HC); (c) the BD groups and HC groups are age and 
sex	matched;	 (d)	cerebral	glucose	metabolism	was	measured	using	
FDG-	PET;	(e)	results	were	presented	in	Talairach	space	or	Montreal	
Neurological	Institute	(MNI)	coordinates;	and	(f)	there	were	at	least	
10 subjects in each group.

We	excluded	 studies	 by	 the	 following	 criteria:	 (a)	 studies	with	
incomplete data, such as dissertations and conference abstracts; (b) 
studies reporting only patients but not healthy controls; (c) studies 
using regions of interest (ROIs) analysis; and (d) if data from the same 
patients had been published in multiple literatures, we only retained 
the	literature	with	the	most	exhaustive	information	to	avoid	dupli-
cate publication bias.

2.2 | Study quality assessment

In	 order	 to	 exclude	 possible	 information	 bias,	 a	 basic	 appraisal	 of	
study	quality	was	assessed	using	 the	NOS.	Two	researchers	 (WCJ	
and RCT) independently conducted the quality assessments, and the 
final score of each study was averaged. Good quality was defined by 
achieving a minimum score of 7 on this scale. The results of study 
quality assessment are shown in Table 1.
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2.3 | Meta- analysis methods

Meta-	analyses	 were	 performed	 using	 the	 Review	 Manager	 5.3	
(Revman	5.3)	and	the	Seed-	Based	Mapping	(SDM)	software	package	
(www.sdmpr oject.com).

Revman was used to analyze general demographic information 
between the groups and show the results by stem- and- leaf plot.

SDM	uses	a	voxel-	based	meta-	analytic	procedure	 that	 is	 im-
proved	compared	to	other	existing	methods	(Radua	et	al.,	2012).	
SDM	 used	 the	 reported	 peak	 coordinates	 and	 effect	 sizes	 to	
recreate new brain maps based on the spatial correlation be-
tween	neighboring	voxel	 and	accounts	 for	 sample	 size	and	vari-
ance	 as	 well	 as	 between-	study	 heterogeneity	 (Lim	 et	 al.,	 2014;	
Radua,	2014).

The	 SDM	 methods	 have	 previously	 been	 described	 in	 detail	
(Radua,	2014).	Here	is	a	brief	summary.	First,	the	peak	coordinates	
and effect values (such as t value) of BD patients which were dif-
ferent	 from	 healthy	 controls	 were	 extracted	 from	 each	 data	 set.	
Second,	 we	 recreated	 a	 standard	Montreal	 Neurological	 Institute	
map for each study by means of an anisotropic Gaussian kernel. By 
doing	this,	the	voxels	that	are	more	strongly	correlated	with	peaks	
are assigned higher effect sizes. Third, a map of the effect size vari-
ance was derived for each study from its effect values and sample 
size.	Fourth,	the	mean	map	was	obtained	by	voxel-	wise	calculation	
of the random- effects mean of the study maps.

Additionally,	a	jackknife	sensitivity	analysis	was	conducted	to	as-
sess the reproducibility of the results and meta- regression analyses 
with	age,	sex,	and	duration	as	 regressors	 to	help	characterize	het-
erogeneity with simple linear regression models. We did not analyze 
the	average	years	of	education,	Hamilton	Depression	Scale	(HAMD),	
or	Young	Manic	Rating	Scale	(YMRS)	because	there	are	only	three	
or four studies that have reported this information among all the in-
cluded ones.

3  | RESULT

3.1 | Included studies

As	showed	in	Figure	1,	seven	studies	were	included	into	this	meta-	
analysis comprising 126 individuals with BD and 160 healthy con-
trols	(Altamura	et	al.,	2017;	Bauer	et	al.,	2005;	Boen	et	al.,	2018;	
Brooks	et	al.,	2008;	Delvecchio	et	al.,	2019;	Li	et	al.,	2012;	Mah	
et	al.,	2007).	Among	these	studies,	all	patients	met	the	DSM-	VI	cri-
teria	for	BD	type	I	or	II.	Of	these,	two	studies	(Cheng	Li	et	al.	2012;	
Delvecchio et al., 2019) included BD patients in the euthymic 
phase	while	scanning.	The	euthymic	phase	patients	of	Giuseppe's	
study	 met	 the	 standard	 that	 HAMD	 was	 lower	 than	 10	 points,	
while	 the	 YMRS	was	 lower	 than	 12	 points.	 The	 study	 by	Cheng	
et	al	defined	a	HAMD	score	of	less	than	9	points	and	YMRS	of	less	
than 7 points as euthymic phase. Three studies (Bauer et al., 2005; 
Brooks	et	al.,	2008;	Linda	et	al.	2007)	included	BD	patients	in	de-
pressive	 phase.	 Additionally,	 the	 study	 of	 Boen	 et	 al	 did	 not	 re-
strict	 the	period	 in	which	 the	patients	were	 included,	while	A.C.	
Altamura	et	al	did	not	mention	the	stage	in	which	the	patients	were	
enrolled.	All	7	studies	consisted	of	adult	BD	samples.	The	demo-
graphic and clinical characteristics of the participants are shown in 
Table	1,	Figure	2,	and	Figure	3.

As	shown	in	Table	1,	among	all	7	studies,	2	studies	focused	on	BD	
II patients and 1 study was only focused on BD I patients. Giuseppe 
Delvecchio	et	al	did	not	report	the	type	of	BD	patients.	Additionally,	
3 other studies included both BD I patients and BD II patients, but 
only one of them reported the neuroimaging changes of BD I and BD 
II	patients,	respectively.	Five	of	the	studies	showed	the	duration	of	
the BD patients. The shortest duration among these 5 studies was 
11.4	± 7.0, and the longest was 22.9 ± 12.0.

We then used Revman 5.3 to analyze the differences in age and 
sex.	The	results	are	shown	in	Figure	2	and	Figure	3.	As	the	figures	

TA B L E  1   Clinical characteristics and quality of the 7 studies included in the meta- analysis

Study Type of BD
BD patients 
(female)

HC 
(female)

Mean Age 
(SD)(years)

Duration 
(SD)(years) Threshold Quality

Bauer (2005) BD I (9)+BD 
II (1)

10 (10) 10 (10) 39.3	(7.8) 20.4	(7.0) Uncorrected ★★★★★★★★★

Linda	Mah	(2006) BD II 13 (11) 18	(13) 43.0	(8.4) 22.9 (12.0) Uncorrected ★★★★★★★★

Brooks	(2008) BD I (6)+BD 
II (9)

15	(8) 19 (7) 36.1	(10.4) NA Uncorrected ★★★★★★★★★

Cheng (2012) BD I (17)+BD 
II (17)

34	(22) 17 (12) 43.9	(11.9) 13.5 (11.9) SVC ★★★★★★★★

A	C	Altamura	
(2017)

BD I 17 (13) 27 (13) 38.7	(8.2) 11.4	(7.0) FWE-	corrected ★★★★★★★★

Boen	(2018) BD II 22 (17) 21	(14) 32.6 (6.0) NA FWE-	corrected ★★★★★★★★★

Giuseppe 
Delvecchio 
(2019)

unclear 15	(8) 48	(33) 59.8	(7.1) 17.7 (9.7) FWE-	corrected ★★★★★★★★

Abbreviations:	BD,	bipolar	disorder;	FWE-	corrected,	peak	family-	wise	error	correction;	HC,	healthy	controls;	SVC,	small-	volume	correction.

http://www.sdmproject.com
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show,	there	were	no	significant	differences	in	age	(Z	= 0.31, p =.75) 
and	 sex	 (Z	=	 1.08,	 p =.28)	 between	 BD	 patients	 and	HC	 group.	
Among	 all	 the	 individuals	 in	 this	 meta-	analysis,	 the	 BD	 patient	
group	included	a	total	of	89	female	patients	and	37	male	patients.	
In	contrast,	the	HC	group	contained	102	female	individuals	and	58	
males.	The	OR	of	sex	between	these	two	groups	was	1.34	with	a	
95% confidence interval (95% Cl) of 0.79– 2.30. The results of the 
analysis	on	age	showed	 that	 the	OR	was	−0.80	with	a	95%	Cl	of	
−5.85–	4.24.

3.2 | Regional differences of brain 
glucose metabolism

We	 obtained	 coordinates	 for	 the	 SDM	 analyses	 from	 all	 seven	
studies.	As	shown	in	Table	2	and	Figure	4,	patients	with	BD	had	
significant cerebral glucose metabolism changes compared with 
healthy controls. The increases were mainly seen in the right 
precentral	gyrus	(BA	6),	left	anterior	cingulate/paracingulate	gyri	
(BA	 24),	 and	 left	 optic	 radiations.	 Also,	 BD	 patients	 showed	 a	

F I G U R E  1  Flow	diagram	of	studies	identified,	included,	and	excluded
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(n =5)
2 Sample duplicates

3 Not cerebral glucose 
metabolism as an 

outcomeStudies included in 
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significant decrease in bilateral brain glucose metabolism com-
pared	to	the	HC	group	in	the	left	middle	temporal	gyrus	(BA	21),	
left	 superior	 temporal	 gyrus	 (BA	48),	 and	 the	middle	 cerebellar	
peduncles.

3.3 | Reliability

To assess the reliability of this study, we analyzed the heterogeneity 
and	sensitivity	of	this	meta-	analysis	by	SDM.	The	heterogeneity	analy-
sis	is	shown	in	Figure	5.	Jackknife	sensitivity	analyses	revealed	that	the	
deficits	in	BA48	were	highly	robust,	as	it	was	replicable	in	all	7	studies.	

Differences	 in	BA21,	BA6,	and	cerebellum	were	highly	replicable,	as	
they	remained	significant	in	5	studies.	In	BA24	and	the	left	optic	radia-
tions,	the	differences	are	less	replicable	with	only	4	studies	remaining	
significant (Table 3).

3.4 | Meta- regression analysis

We conducted several regressors of moderating variables across 
studies,	 including	 sex	 distribution,	 mean	 age,	 and	 illness	 duration.	
Statistical	thresholds	at	uncorrected	p <.001	and	cluster	extent	of	20	
voxels	were	used	(Table	4).

F I G U R E  2   The stem- and- leaf plot of age difference between BD patients and healthy controls

F I G U R E  3  The	stem-	and-	leaf	plot	of	sex	difference	between	BD	patients	and	healthy	controls

MNI coordinate SDM- Z p Voxels Description

58,8,10 1.890 .000 262 Right	rolandic	operculum(BA	6)

2,36,14 1.783 .001 264 Left	anterior	cingulate	/	paracingulate	
gyri,	BA	24

16,−20,72 1.653 .001 220 Right	precentral	gyrus,	BA	6

−22,−32,2 1.837 .001 117 Left	optic	radiations

4,−18,56 1.645 .001 57 Right supplementary motor area, 
BA	6

18,−50,−32 −1.719 .000 2030 Middle	cerebellar	peduncles

−42,−14,−10 −1.535 .002 74 Left	superior	temporal	gyrus,	BA	48

−60,−32,−4 −1.522 .003 67 Left	middle	temporal	gyrus,	BA	21

Abbreviations:	BA,	Brodman's	area;	SDM,	signed	differential	mapping.

TA B L E  2   Regional differences in 
cerebral glucose metabolism between 
individuals with BD and healthy controls
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The results of meta- regression analysis on illness duration 
showed that a higher female ratio of BD patients was related to in-
creased cerebral glucose metabolism in the right lenticular nucleus, 
putamen,	BA48,	and	left	optic	radiations,	as	well	as	decreased	cere-
bral glucose metabolism in the right anterior cingulate and paracin-
gulate	 gyri.	 The	 results	 on	 sex	 distribution	 showed	 that	 a	 longer	
illness duration of BD patients was related to increased cerebral glu-
cose metabolism in the right inferior frontal gyrus, triangular part, 
BA45,	 left	superior	frontal	gyrus,	dorsolateral,	and	BA10.	The	cor-
relation between a longer illness duration and decreased cerebral 
glucose metabolism was shown in the right inferior network and 
inferior	longitudinal	fasciculus.	According	to	our	findings,	there	was	
no correlation between the mean age of BD patients and changes in 
cerebral glucose metabolism.

4  | DISCUSSION

This meta- analysis was aimed to investigate the reported character-
istics of cerebral glucose metabolism in BD patients. To the best of 
our knowledge, our work is the first meta- analysis of whole- brain 
voxel-	based	 morphometry	 studies	 regarding	 the	 cerebral	 glucose	
metabolism in BD patients compared with healthy controls. Our 
main result showed that BD patients have higher cerebral glucose 
metabolism in certain brain regions including the right precentral 
gyrus	(BA	6),	left	anterior	cingulate/paracingulate	gyri	(BA	24),	and	
left optic radiations; additionally, the metabolism was lower in the 
left	 middle	 temporal	 gyrus	 (BA	 21),	 left	 superior	 temporal	 gyrus	
(BA48),	and	the	middle	cerebellar	peduncles.	Among	all	the	regions,	
the most plausible result was the altered level of cerebral glucose 

F I G U R E  4  The	regions	that	cerebral	glucose	metabolism	change	from	BD	patients	to	healthy	control.	*Slices	are	shown	in	axial	view	and	
marked with the z coordinate as distance in millimeters from the anterior– posterior commissure. The right side of the image corresponds to 
the right side of the brain. Higher cerebral glucose metabolism is indicated in red and lower cerebral glucose metabolism in blue

F I G U R E  5  Heterogeneity	analysis	between	BD	patients	and	healthy	controls.	*Slices	are	shown	in	axial	view	and	marked	with	the	z	
coordinate as distance in millimeters from the anterior– posterior commissure. The right side of the image corresponds to the right side of the 
brain

TA B L E  3   The Jackknife sensitivity analysis

Discarded study BA48 BA21 BA6 cerebellum BA24
Left optic 
radiations

Bauer (2005) Yes Yes Yes No No No

Linda_Mah,	(2006) Yes Yes Yes Yes Yes No

Brooks,	(2008) Yes No Yes Yes Yes Yes

Cheng, (2012) Yes Yes Yes Yes No Yes

A_C_Altamura,	(2017) Yes No No Yes No No

Boen,	(2018) Yes Yes No No Yes Yes

Giuseppe_Delvecchio,	(2019) Yes Yes Yes Yes Yes Yes

Total 7 out of 7 5 out of 7 5 out of 7 5 out of 7 4	out	of	7 4	out	of	7

Abbreviation:	BA,	Brodmann	area
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metabolism	in	the	 left	superior	temporal	 (BA	48).	We	also	found	a	
relationship between cerebral glucose metabolism of BD patients 
and	their	sex	and	illness	duration,	which	might	be	the	source	of	het-
erogeneity between the literature.

Previous neuroimaging studies on BD have shown that there 
are clear functional and structural changes in neural circuits related 
to	emotion,	 reward,	and	cognitive	processing	 in	patients	 (Fournier	
et al., ,,2013, 2016). Our study further supports this conclusion from 
the perspective of cerebral glucose metabolism.

The results of our study showed that there were significant alter-
ations in cerebral glucose metabolism levels in the left superior tem-
poral gyrus and middle temporal gyrus as well as the left cingulate 
and paracingulate gyrus in BD patients. This result is similar to the 
results	of	previous	studies	on	bipolar	disorder.	A	study	by	Delvecchio	
et	 al	 (Delvecchio	 et	 al.,	 2012)	 on	 functional	MRI	 changes	 showed	
that bipolar disorder was associated with hyperactivity of the limbic 
system. The DTI study also found that the white matter of the limbic 
system, especially the cingulate gyrus, is affected by bipolar disorder 
(McKenna	et	al.,	2015;	Sarrazin	et	al.,	2014).	In	addition,	the	findings	
of	structural	MRI	have	also	revealed	certain	changes	in	the	volume	
of the prefrontal lobe, the parahippocampal gyrus, and the cingu-
late	cortex	in	BD	patients	(Lan	et	al.,	2014;	Redlich	et	al.,	2014).	Our	
study demonstrates that functional changes in the limbic system are 
common to BD patients at all stages of the disease. This reflects the 
changes in emotion management and cognitive function in patients 
with bipolar disorder, and suggests that the functional changes in 
the limbic system might be one of the disease characteristics of bi-
polar disorder and provide some reference value for the diagnosis of 
bipolar disorder.

The frontal lobe is the most advanced part of the brain, account-
ing	 for	 40%–	50%	 of	 the	 entire	 brain	 volume.	 The	 frontal	 lobe	 is	
closely related to human advanced neuropsychiatric activities, es-
pecially	speech	fluency,	memory,	and	executive	function	(Whitfield-	
Gabrieli	&	Ford,	2012).	Among	the	Brodmann	areas,	BA	9,	10,	and	
11 mainly perform cognitive- related functions and have a clear 

relationship with controlling emotions, dealing with problems, and 
processing	and	recalling	information.	The	function	of	BA6	is	closely	
related	to	sports,	learning,	planning,	and	working	memory,	and	BA21	
is responsible for auditory processing and language acceptance. 
Previous imaging studies have found abnormalities in the frontal 
lobe	 of	 patients	with	 BD.	 A	meta-	analysis	 suggested	 a	 significant	
reduction in the volume of the prefrontal lobe in patients with BD 
(Selvaraj	 et	 al.,	 2012).	 Some	 studies	have	also	 found	 that	 cerebral	
blood perfusion in the anterior frontal lobe of BD patients is signifi-
cantly	lower	than	normal	(Alústiza	et	al.,	2017;	Arnone,	2009).	Our	
results	show	that	cerebral	glucose	metabolism	in	BA6	brain	regions	
is significantly higher in BD patients than in normal controls, which 
may be closely related to the cognitive behavioral changes such as 
changes in learning ability and increased planning in BD patients.

Many	studies	have	confirmed	 that	 there	 is	 a	 relationship	be-
tween the cerebellum and advanced cognitive processing and 
emotional	function	(Shakiba,	2014).	Schmahmann	JD	et	al	(Gomez-	
Beldarrain	&	Garcia-	Monco,	1998)	proposed	cerebellar	cognitive	
emotion	syndrome,	which	includes	executive	dysfunction,	spatial	
cognitive impairment, speech difficulties, and personality changes. 
Studies	have	suggested	that	these	changes	are	associated	with	the	
regulation	of	damage	in	the	cerebellar	nerve	circuit	(Schmahmann	
et al., 1999). The results of a retrospective study also suggest that 
lesions	 in	 the	 cerebellar	 lobules	 VI,	 VII,	 VIII,	 etc.	 are	 associated	
with cognitive impairment (Parker et al., 2013). In another study, 
transcranial magnetic stimulation was performed on one side of 
the cerebellum of healthy volunteers, and cerebellar changes were 
detected by PET (Cho et al., 2012). The results show that the cra-
nial magnetic stimulation of the cerebellum is directly related to 
changes	 in	 the	 excitability	 of	 the	 cognitive	 and	 emotion-	related	
brain regions, further demonstrating the role of the cerebellum in 
advanced	cognitive	function	and	emotion.	An	existing	morpholog-
ical study of patients with bipolar disorder found that the cerebel-
lar crania volume and gray matter density of BD patients changed 
significantly	 compared	 with	 the	 HC	 group	 (Loeber,	 1999),	 but	

MNI coordinate SDM- Z p Voxels Description

Effect of duration

24,6,−6 2.495 .000 209 Right lenticular nucleus, 
putamen,	BA48

−22,−32,−6 2.439 .000 43 Left	optic	radiations

8,34,20 −2.500 .000 295 Right anterior cingulate/
paracingulate gyri

Effect	of	sex

−20,60,16 2.767 .000 119 Left	superior	frontal	
gyrus, dorsolateral, 
BA10

42,34,26 2.376 .000 71 Right inferior frontal 
gyrus, triangular part, 
BA45

32,−2,−22 −3.350 .000 625 Right inferior network, 
inferior longitudinal 
fasciculus

TA B L E  4  Meta-	regression	results	
showing an association between 
education/gender and cerebral glucose 
metabolism of BD patients
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the results are still controversial and call for further elucidation. 
Functional	imaging	studies	have	also	suggested	that	cerebellar	ce-
rebral blood volume and cerebral blood flow in BD patients are 
different from HC groups, but the specific changes have differing 
results with the treatments and changes in mania and depression. 
Our results suggest that the level of brain glucose metabolism in 
patients with BD is lower than that of HC. Whether or not this 
change is related to the changes in emotion and cognition of BD 
patients requires further investigation.

In addition to acting as a processing center for auditory infor-
mation, the temporal lobe is also an important brain region for the 
cognitive	 regulation	 of	 emotions	 (Clark,	 2018).	 Previous	 studies	
have shown that patients with temporal lobe damage may show 
signs of depression, mania, and other mood disorders (de Oliveira 
et	al.,	2010;	Salzberg	et	al.,	2006).	 In	addition,	previous	studies	on	
depression have shown alterations in temporal lobe function in 
depressed	 patients	 (Ramezani	 et	 al.,	 2014).	 Considering	 that	 the	
temporal lobe is one of the major brain regions involved in seizures 
(Allone	et	al.,	2017;	Pascual,	2007),	and	previous	studies	have	shown	
a clear role for antiepileptic drugs such as valproate in the treatment 
of	bipolar	disorder	(Anderson	et	al.,	2012;	Müller	&	Leweke,	2016),	
does this mean that there are similar neurocirculatory changes in bi-
polar	disorder	 and	epilepsy?	What	are	 its	possible	 changes?	All	of	
these	need	to	be	further	explored.

The basal ganglia receive the evoked potential of the cerebral 
cortex	and	pass	through	the	efferent	projection	fibers	to	form	the	
basal	ganglion	circuit,	which	is	then	returned	to	the	cerebral	cortex	
by	the	thalamus	 (Graybiel,	2004).	Through	this	neural	circuit,	 the	
basal ganglia coordinate the regulation of the body, limbic system, 
and	prefrontal	function.	Many	studies	have	shown	that,	in	addition	
to participating in autonomous movements, the basal ganglia play 
an important role in a variety of advanced cognitive functions such 
as thinking, language, emotion, memory, and learning. Previous 
studies have also suggested that significant changes in the volume 
of basal ganglia and cerebral blood perfusion are present in BD pa-
tients	(Pompei	et	al.,	2011;	Toma	et	al.,	2018).	It	is	generally	believed	
that cerebral blood perfusion is directly proportional to the level of 
glucose metabolism. However, many studies have suggested that 
cerebral	blood	perfusion	in	the	lower	cortex	of	the	peripheral	body	
is negatively correlated with the level of brain glucose metabolism 
(Devor	et	al.,	2008),	but	more	research	is	needed	to	prove	whether	
or not there are similar characteristics in the brain metabolism of 
BD patients. However, our study did not find obvious differences in 
cerebral glucose metabolism in the basal ganglia.

There	have	been	few	reports	on	sex	differences	in	neuroimaging	
in bipolar disorder patients. The results of our study showed that 
alterations in glucose metabolism in the inferior frontal gyrus in BD 
patients	were	sex-	dependent	and	are	more	pronounced	in	females	
than	 in	males.	 A	 previous	 study	 of	 brain	 volume	 and	 structure	 in	
BD patients showed that the brain regions of male patients were 
larger than those of male controls, while the brain regions of female 
patients were smaller than those of healthy controls with the same 
sex	 (Mackay	et	al.,	2010).	Whether	 there	 is	a	correlation	between	

this volume change and the level of glucose metabolism in the brain 
needs to be further confirmed by more gender- specific studies. In 
addition, altered glucose metabolism in the right cingulate gyrus and 
medial temporal lobe in BD patients was significantly correlated with 
the duration of the disease. This suggests that altered cingulate glu-
cose metabolism may be one of the potential indicators of disease 
duration and may be useful in determining the progression and out-
come of bipolar disorder.

In conclusion, the results of this study showed that bipolar dis-
order mainly affects emotion management functions and cognitive 
functions. The alterations of cerebral glucose metabolism in the lim-
bic network might be a new possible way for the identification of this 
disease. In addition, altered cerebral glucose metabolism levels were 
more pronounced in female patients and altered cingulate glucose 
metabolism may be one of the potential indicators of disease dura-
tion and may be useful in determining the progression and outcome 
of bipolar disorder.

4.1 | Limitations and perspectives

Some	limitations	of	the	current	study	should	be	noted.	First,	although	
SDM	is	a	new	coordinate-	based	meta-	analytic	approach	with	strong	
power in identifying the convergence across neuroimaging studies, 
it was based on coordinate data from published results rather than 
original	images.	Second,	some	patients'	HAMA,	HAMD,	YAMRS,	and	
the information on the medication were incomplete, so it was impos-
sible to judge the relationship between the severity of the disease 
and the treatment mode and the level of changes in cerebral glu-
cose metabolism. Third, due to the incomplete description of disease 
staging in patients with bipolar disorder in the included literature, it 
was	not	possible	to	perform	relevant	analyses.	Fourth,	the	study	is	
based on clinical topics, so the mechanisms involved in the changes 
in	cerebral	glucose	metabolism	need	further	study.	Fifth,	this	meta-	
analysis was done at a study level and cannot address findings at 
the	patient	level.	Finally,	due	to	the	current	research	on	the	changes	
of cerebral glucose metabolism in BD patients, some controversial 
results still need to be confirmed by more studies.

There have been many studies on cerebral blood flow, cerebral 
glucose metabolism, cerebral morphology, and other cerebral met-
abolic processes in BD patients, but there is currently no relevant 
research on the relationship between these factors. The pathogen-
esis of mental illness has always been a significant focus of research 
in the field, and whether or not these pathogeneses can be further 
elucidated through neuroimaging studies, which can further aim to 
provide new diagnostic and therapeutic ideas, is an area of psychia-
try that remains to be discovered, calling for more studies.

5  | CONCLUSION

Cerebral glucose metabolism alterations in the brain regions are 
likely to reflect the disease- related functional abnormalities such 
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as emotion and cognition. The most consistent and robust findings 
of this study were an increased cerebral glucose metabolism in the 
right precentral gyrus and the decrease in the left superior temporal 
gyrus,	the	left	middle	temporal	gyrus,	and	cerebellum.	Also,	the	gen-
der distribution, mean age, and illness duration had significant mod-
erating effects on cerebral glucose metabolism alterations. These 
findings contribute to a better understanding of the neurobiological 
underpinnings of bipolar disorder and may help to develop a new 
method in accurately diagnosing BD.
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