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A B S T R A C T

Background: Neuroimaging of cerebral blood flow (CBF) can inform our understanding of the pathophysiology of
bipolar disorder (BD) as there is increasing support for the concept that BD is in part a vascular disease. Despite
numerous studies examining CBF in BD, there has not yet been a review of the literature on the topic of CBF in
BD.
Methods: A systematic review of the literature on CBF in BD was performed using the Preferred Reporting Items
for Systematic Reviews and Meta-Analysis (PRISMA). Studies included measured CBF by single-photon emission
computerized tomography (SPECT), positron emission tomography (PET), arterial spin labelling (ASL) or per-
fusion weighted imaging (PWI) in a group of BD patients.
Results: Thirty-three studies with a total of 508 subjects with BD and 538 controls were included (n= 15 SPECT;
n= 8 PET; n= 7 ASL; n= 1 PWI; n= 2 other). The majority of studies in BD depression and mania reported
widespread resting hypoperfusion in cingulate gyrus, frontal, and anterior temporal regions in comparison to
healthy controls (HC). Findings in euthymic BD subjects and in symptomatically heterogeneous groups were less
consistent. Studies that examined CBF responses to cognitive or emotional stimuli in BD subjects have reported
hypoperfusion or different regions involved in comparison to HC.
Limitations: Important methodological heterogeneity between studies, and small number of subjects per study.
Conclusions: The most consistent findings to date are hypoperfusion in BD mood episodes, and hypoactive CBF
responses to emotional or cognitive challenges. Future studies examining CBF are warranted, including pro-
spective studies, studies examining CBF as a treatment target, and multimodal imaging studies.

1. Introduction

Bipolar disorder (BD) is a severe chronic impairing condition whose
burden is associated with recurrent mood episodes, neurocognitive
dysfunction as well as psychiatric comorbidity such as anxiety and
substance use disorder (Grande et al., 2016). Despite an increased risk
of suicide, cardiovascular disease (CVD) is the leading cause of mor-
tality in BD, with a mortality rate ratio of over two and an occurrence of
mortality over ten years earlier than in the general population(Schaffer
et al., 2015; Westman et al., 2013). Individuals with BD also develop
CVD significantly earlier than control subjects, and in excess of what
can be explained by cardiovascular risk factors such as hypertension,
obesity, dyslipidemia, cigarette smoking, and use of psychotropic
medication(Goldstein et al., 2009, 2015; Kilbourne et al., 2004;

Kraepelin, 1921; Tsuang et al., 1980). The extent of cardiovascular risk
in BD has also been linked with BD subtype and symptomatic burden
(Fiedorowicz et al., 2014, 2012, 2009).

Questions arise as to the putative involvement of vascular factors in
BD pathophysiology at the neurofunctional level, and as to the best
method of assessing vascular function in BD and linking neurovascular
changes and BD disease course. Although the exact pathophysiology of
BD is unknown, recent models of BD, informed by structural and
functional imaging studies, evoke circuit disruptions involving the
amygdala and the prefrontal cortex (Strakowski et al., 2012).

Measure of cerebral blood flow (CBF) may be a useful additional
functional neuroimaging measure in BD, directly capturing perfusion
(synonymous with CBF) at a regional level, with opportunities for
quantification. CBF is commonly defined as the volume of blood
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delivered to the brain tissue per minute, and is a core metric of brain
health (Peterson et al., 2011; Fantini et al., 2016). As the brain has high
energy demands alongside limited energy reserves, cerebrovascular
circulation must supply the metabolically active regions with glucose
and oxygen, adapt to changes in systemic blood pressure, and ensure
homeostasis via brain temperature regulation and disposal of toxic
metabolites (Iadecola, 2017; Paulson et al., 2009). CBF is proportional
to brain activity, and there is normally a coupling between metaboli-
cally active regions and CBF (Hoge et al., 1999; Leenders et al., 1990).
However, in abnormal disease states such as hypertension, cerebral
microvascular disease, or Alzheimer's disease, a decoupling is observed
(Girouard, 2006; Østergaard et al., 2013). Lower CBF is also associated
with a higher cardiometabolic risk profile, and with white matter hy-
perintensities, possibly predating the onset of these lesions (Brickman
et al., 2009; Jennings et al., 2013; Shi et al., 2016). Both absolute CBF
and CBF regulation in response to stimuli have been found to decrease
with age and vascular pathology especially in regions associated with
neurocognitive impairment (Leoni et al., 2017; Shaw et al., 1984). CBF
abnormalities have been previously described in patients with Major
Depressive Disorder (MDD) and Schizophrenia (Liddle et al., 1992; Liu
et al., 2016; Videbech, 2000).

CBF can be measured using different methods. Single-photon
emission computerized tomography (SPECT) is a functional nuclear
tomographic imaging technique in which a gamma-ray emitting
radiotracer is injected, allowing for an assessment of three-dimensional
distribution of the radiotracer, reflecting CBF (Juni et al., 2009). SPECT
is more widely available and less costly than other methods, but only
provides relative, not absolute, measure of CBF with spatial resolution
limitations (Wintermark et al., 2005). Positron emission tomography
(PET) is a functional nuclear imaging technique detecting gamma-rays
using substances of interest labeled with positron emitting radio-
isotopes, followed by a scan and an anatomical correlation with CT or
MRI (Raichle et al., 1983). PET allows for quantitative measurement of
CBF and repeated measures, and allows for the study of multiple
parameters including glucose uptake by using different substances of
interest labelled with radiotracers (Wintermark et al., 2005). Further-
more, 15O-water PET is considered the gold standard for quantitative
measurement of CBF (Herscovitch et al., 1983). However, both PET and
SPECT are associated with exposure to radiation and require avail-
ability of radiotracers (Wintermark et al., 2005). Finally, dynamic
susceptibility contrast (DSC) from an intravenous contrast agent and
arterial spin labeling (ASL) are examples of MRI methods. ASL has the
advantage of being a completely non-invasive MRI method using
magnetically labeled water as an endogenous tracer to measure abso-
lute CBF (Borogovac and Asllani, 2012; Detre et al., 2009; Liu and
Brown, 2007). ASL is quantitative, amenable to intra- or inter-session
repeated acquisitions and is available on clinical MRI scanners. There is
good concordance between 15 O-water PET and ASL measures of CBF
(Zhang et al., 2014). Disadvantages include the requirement for a high
signal to noise ratio, possible inaccuracy of measurement in context of
particularly high or low CBF, and contraindications to MRI
(Wintermark et al., 2005).

Studies using various methods have investigated CBF in BD, but
there is no review of the literature on BD and CBF across methodolo-
gies. The aim of this review is to compare CBF findings in BD and
healthy subjects, at rest and in response to cognitive and emotional
tasks. Furthermore, we aimed to summarize the data reporting CBF
across mood states in BD, and to report on studies comparing BD with
other psychiatric groups. The study of cerebrovascular function with
investigation of CBF could inform our understanding of the pathophy-
siology of BD in the context of its link with vascular pathology.

2. Methods

We conducted a systematic review of the literature using the
Preferred Reporting Items for Systematic Reviews and Meta-Analysis

(PRISMA). We used the databases MEDLINE, Cochrane Database of
Systematic Reviews (CDSR) and PsycInfo using the search terms: “bi-
polar disorder” cross referenced with “cerebral blood flow” or “perfusion”
or “single-photon emission computerized tomography” or “perfusion
weighted imaging” or “positron emission tomography” or “arterial spin la-
belling” or “transcranial Doppler”. Study eligibility was assessed by the
lead author with the review of titles and abstracts in accordance with
PRISMA, followed by the consideration of full text when applicable.
Given the nascent state of the field, limited exclusion criteria were
applied. Studies were included if they presented original data, were
published in English between 1980 and September 2017, investigated
primary BD (not secondary to a medical condition or medication) and
presented data for more than 3 BD subjects in a distinct group. Studies
assessed CBF using the following methods were included: SPECT, PET,
ASL, DWI and transcranial doppler. We included studies measuring
blood volume, as this is a measure correlated with perfusion
(Levin et al., 1996). Studies included assessed CBF at rest or during
emotional or cognitive tasks and studies of differential blood flow were
also included. Finally, we included studies with participants in different
mood states, of all ages, with or without healthy and/or active control
groups. For studies with multiple psychiatric groups, they were in-
cluded if data for BD subjects was presented separately. Near Infrared
spectroscopy studies were excluded as this method measures activation
rather than blood flow.

Study quality was assessed using the following six items informed
by the Newcastle-Ottawa quality assessment scale (Wells et al., 2013):
BD criteria established via diagnostic interview; mood states defined
using scales; well-defined CBF method; quantitative measure of CBF;
similarity between BD participants and controls, and/or controlling for
covariates; control group assessed with standardized diagnostic inter-
view. Good quality was defined by achieving a minimum score of four
on this scale, or over 50% in cases where certain items were not ap-
plicable.

3. Results

Our search identified a total of 451 articles (see Fig. 1). An addi-
tional two articles were identified through references of included arti-
cles (Almeida et al., 2013; Dunn et al., 2005). After removal of dupli-
cates (n=132), title and abstract screening excluded an additional 264
articles. 55 articles were fully reviewed, of which 33 were included in
this review. Reasons for exclusion were: absence of separate BD group
(n= 13), no measure of CBF (n= 2), no original data (n= 1), irrele-
vant topic (technical and methodological focus) (n= 1), missing data
(n= 3) and atypical method (n= 2). The studies included presented
data separately for 508 participants with BD, and 538 controls. Of the
studies included: 15 used SPECT (Benabarre et al., 2005; Bhardwaj
et al., 2010; Bonne et al., 1996; Culha et al., 2008; Delvenne et al.,
1990; Ebert et al., 1993; Goodwin et al., 1997; Gyulai et al., 1997; Ito
et al., 1996; Migliorelli et al., 1993; Rubin et al., 1995; Silfverskiöld and
Risberg, 1989; Tutus et al., 1998; Uytdenhoef et al., 1983; Varga et al.,
2009), 8 PET (Berns et al., 2002; Deckersbach et al., 2006; Drevets
et al., 1997; Dunn et al., 2005; Dye et al., 1999; Krüger et al., 2006,
2003; Rubinsztein et al., 2001), seven ASL (Almeida et al., 2013;
Cantisani et al., 2016; Dev et al., 2015; MacIntosh et al., 2017; Venza
et al., 2016; Zhao et al., 2017, 2016), one PWI (Agarwal et al., 2008),
and two employed alternative methods (xenon 133 inhalation with
detection with “probes” (Wood and Flowers, 1990), and functional
dynamic susceptibility contrast MRI (fMRI) measure of blood volume
(Loeber et al., 1999). Twenty-five of the studies included an assessment
of CBF of the participants at rest (Agarwal et al., 2008; Almeida et al.,
2013; Bhardwaj et al., 2010; Bonne et al., 1996; Cantisani et al., 2016;
Culha et al., 2008; Deckersbach et al., 2006; Delvenne et al., 1990;
Drevets et al., 1997; Dye et al., 1999; Ebert et al., 1993; Goodwin et al.,
1997; Gyulai et al., 1997; Ito et al., 1996; Loeber et al., 1999; MacIntosh
et al., 2017; Rubin et al., 1995; Silfverskiöld and Risberg, 1989; Tutus
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