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Abstract 

Background : With bipolar disorder (BD) having a lifetime pr ev alence of 4.4% and a significant portion of patients being chr onicall y 
burdened by symptoms, there has been an increased focus on uncovering new targets for intervention in BD. One area that has shown 

earl y pr omise is the mitoc hondrial hypothesis. How ever, at the time of publication no studies have utilized positron emission tomog- 
raphy (PET) imaging to assess mitochondrial function in the setting of BD. Case Presentation : Our participant is a 58 year-old male with 

a past medical history notable for alcohol use disorder and BD (unspecified type) who underwent PET imaging with the mitochondrial 
complex I PET ligand 

18 F-BCPP-EF. The r esulting ima ges demonstrated significant overlap between areas of dysfunction identified 

with the 18 F-BCPP-EF PET ligand and prior functional magnetic resonance imaging (MRI) techniques in the setting of BD. That overlap 

was seen in both affective and cognitive circuits, with mitochondrial dysfunction in the fr onto-limbic, v entral affecti v e, and dorsal 
cogniti v e circuits showing particularly significant differences. Conclusions : Despite mounting evidence implicating mitochondria in 

BD, this study r e pr esents the first PET ima ging study to inv estigate this mechanistic connection. Ther e wer e key limitations in the 
form of comorbid alcohol use disorder, limited statistical power inherent to a case study, no sex matched controls, and the absence of 
a compr ehensi v e psychiatric histor y. Howev er, ev en with these limitations in mind, the significant overlap between dysfunction previ- 
ously demonstrated on functional MRI and this imaging provides compelling preliminary evidence that strengthens the mechanistic 
link between mitochondrial dysfunction and BD. 

Ke yw or ds: mitoc hondria; bipolar disorder; PET ima ging; fr onto-limbic circuit; v entral affecti v e circuit; dorsal cogniti v e circuit; default 
mode network; central executi v e network; salience network; sensorimotor network 
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Bac kgr ound 

Bipolar disorder (BD) has a lifetime pr e v alence of 4.4% and a sig- 
nificant portion of patients are chronically burdened by symp- 
toms despite standard treatment (Vieta et al., 2016 ; Merikangas 
and Lamers, 2012 ). Although pharmaceutical interventions have 
saved countless lives, much work remains to uncover improved 

tar gets for interv ention. In r ecent years, the mitoc hondrial hy- 
pothesis of BD has been gaining increasing momentum in the sci- 
entific community, with mounting evidence supporting the k e y 
role of mitochondria in the pathogenesis of BD. 

In post-mortem samples of BD patients, downregulation of mi- 
toc hondrial electr on tr ansport c hain (ETC) complexes I, IV, and V 

has been observed (Das et al., 2022 ; Sun et al., 2006 ). Furthermore,
a study assessing leukocytes obtained from individuals with BD 

compared to those derived from healthy controls found lo w er mi- 
tochondrial DN A (mtDN A) cop y number and higher degrees of ox- 
idativ e dama ge in cells deriv ed fr om individuals with BD (Chang 
et al., 2014 ). Another study building on that work showed that 
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tDN A cop y number w as lo w er in cohorts of both manic and de-
ressed individuals with BD when compared to individuals with 

D in a euthymic state . T hey also found a negative correlation
etw een mtDN A cop y number and the number of r ela pses expe-
ienced by the participants in a manic state (Wang et al., 2018 ). The
AMKK2 single nucleotide pol ymor phism (SNP), whic h r egulates
itochondrial function, has also been associated with BD and cor-

elated with impaired mitochondrial function in several studies 
Atakhorrami et al., 2016 ; Kaiser et al., 2023 ). Induced pluripotent
tem cells (iPSCs) generated from the fibroblasts of individuals
linicall y dia gnosed with type 1 BD while in a manic state were
ound to have hyperexcitable neurons with increased mitochon- 
rial activity and a corresponding up-regulation of mitochon- 
rial genes; mor eov er, this hyper excitability was ca pable of be-

ng r e v ersed via administr ation of lithium (Mertens et al., 2015 ). A
tudy linking these findings and clinical symptoms found a signifi-
ant negativ e corr elation with l ymphocyte ETC complex II activity
nd a Hamilton depression score (Valvassori et al., 2018 ). Finally,
School of Medicine/West China Hospital (WCSM/WCH) of Sichuan Uni v ersity. 
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Figure 1: PET imaging of a 58-year-old male with BD disorder obtained via the 18 F-BCPP-EF mitochondrial Complex I PET ligand. Warmer colors 
r epr esent gr eater mitoc hondrial activity in the br ain and colder colors r epr esent decr eased mitoc hondrial activity. 
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linical studies have revealed that individuals with mitochondrial
ytopathies have a higher risk of developing BD (Marazziti et al.,
012 ; Fattal et al., 2007 ). 

As a related consideration, the overlapping pharmacothera-
ies utilized for both BD and e pile psy suggest that a mechanistic
v erla p may exist between these conditions. Mitochondrial dys-
unction has been implicated in various forms of e pile psy (Rah-

an, 2018 ; Madired d y, 2023 ). As a r esult, r esearc hers hav e in-
r easingl y focused on elucidating the role of a parallel process,
hat of mitochondrial dysfunction in BD. With ∼50% of a neu-
onal ATP utilized by the Na + /K 

+ ATPase (Zhang et al., 2009 ), any
eficiencies in mitochondrial-dependent ATP generation may re-
ult in altered membrane stability. Mitochondria also play a k e y
ole in the synthesis and regulation of neurotransmitters, epi-
enetic r egulatory mec hanisms, and calcium mec hanisms cen-
ral to neuronal excitability (Ly and Verstreken, 2006 ; Lee et al.,
018 ; Guo et al., 2017 ; Vos et al., 2010 ; Storozhuk et al., 2005 ;
sordás et al., 1999 , T homas , and Hajnóczky, 1999 ; J eanneteau
nd Ar ango-Lie v ano, 2016 ; Minoc herhomji et al., 2012 ). Alter ations
f these fundamental processes may dri ve d ysfunctional pat-
erns of neuronal activation and resultant changes in neural
etworks. 

Despite the mounting evidence supporting a role for mitochon-
rial dysfunction in BD, no positron emission tomogr a phy (PET)

maging study to date has investigated this mechanistic connec-
ion. This gap in the current literature can be addressed by us-
ng the 2- tert -butyl-4-c hr olo-5-(6-(2-(2-18F-fluor oetho xy)-etho xy)-
 yridin-3-ylmethoxy)-2 H -p yridazin-3-one ( 18 F-BCPP-EF) PET lig-
nd, whic h binds mitoc hondrial complex I to serv e as a pr oxy for
itochondrial function. Prior research has investigated the appli-

ation of this tracer in neur odegener ativ e disorders (Terada et al.,
022 ; Terada et al., 2021 ) and autism spectrum disorders (Kato et
l., 2023 ). Ho w e v er, no studies in mood disorders have utilized this
maging modality. 
ase Presentation 

he participant is a 58-year-old male with a past medical history
otable for anxiety, depression, migraines, alcohol use disorder

AUD), BD (unspecified type), and COPD who notabl y enr olled as
 control participant for a clinical trial that assessed brain mito-
hondrial function in the setting of neurological disorders via the
8 F-BCPP-EF PET ligand (a PET pr obe for mitoc hondrial complex
). On screening prior to enrollment, he indicated that he had no
rior psychiatric history. Ho w ever, in a subsequent interview, he
isclosed that he has been diagnosed with BD (unspecified sub-
ype) in the past and had been treated with various mood stabi-
izers (all of which he r eportedl y discontinued due to not “believ-
ng” in the disorder). He takes no medication for his anxiety, de-
r ession, and migr aines but does take Tr azadone, Benadryl, and
elatonin to assist with sleep difficulties. He has a smoking his-

ory of 44 pack years, reports frequent marijuana use for the last
7 years, and reports drinking > 10 drinks weekly from the age
f 11. The participant reported a family history that includes a
ousin’s suicide and three siblings who have been diagnosed with
D (unspecified type). 

On mental status exam, he exhibited pr essur ed speec h, irri-
ability, and mildly elevated mood, in addition to reporting a sleep
eficit (with a typical sleep duration of 5 hours per night). During
he interview, he repeatedly insisted that he had enjo y ed w orking
ong hours and had to leave as soon as possible so that he could
et more work done (despite having scheduled the appointment
t the earliest possible time slot that staff could accommodate,
hich fell outside of regular work hours). There was , therefore ,

imited time to undergo a more thorough diagnostic assessment
n this setting, but the symptoms c har acteristic of BD e vident dur-
ng this exchange were noted by all staff with whom the partici-
ant interacted. 

He also completed the Bec k Depr ession Inv entory (BDI-II) with
 r esulting scor e of 34 indicating se v er e depr ession in the pr eced-
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Figure 2: PET imaging of a 57-year-old female healthy control using the 18 F-BCPP-EF mitochondrial Complex I PET ligand. Warmer colors represent 
gr eater mitoc hondrial activity in the br ain and colder colors r epr esent decr eased mitoc hondrial activity. 

Figure 3: PET imaging of a 75-year-old female healthy control using the 18 F-BCPP-EF mitochondrial Complex I PET ligand. Warmer colors represent 
gr eater mitoc hondrial activity in the br ain and colder colors r epr esent decr eased mitoc hondrial activity. 
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ing 2 weeks with predominant features of loss of interest, sad- 
ness, and a gitation. Additionall y, the participant got an alternat- 
ing verbal fluency score of 9/20 and an action verbal fluency score 
of 17/30. Two healthy controls and the participant with BD addi- 
tionally underwent PET imaging. 

PET imaging was performed in 3D imaging mode on a Bio- 
gr a ph 6 TruPoint PET/CT scanner (Siemens Molecular Imaging,
Inc., Knoxville, TN, USA), whic h acquir ed 63 tr ansaxial slices (slice 
thickness 2.4 mm) over a 15.2 cm axial field of view. Images 
were be corrected for scatter and motion. Sixteen frames of dy- 
namic PET imaging data were acquired over 70 minutes from the 
time of injection. The last two frames of the dynamic acquisi- 
ion wer e av er a ged and rigidl y aligned to the participant’s struc-
ur al ma gnetic r esonance ima ging (MRI) scan using adv anced nor-

alization tools . T he F reeSurfer softw are suite w as used to gen-
rate segmentation labels for midsaggital corpus callosum from 

he structural MRI scans . T he a veraged PET frames were subse-
uently normalized by the mean value of the midsaggital corpus
allosum to obtain standardized uptake value ratio images. Last,
egional standardized uptake value ratio values were extracted 

sing FreeSurfer labels, and between-subject percentage differ- 
nces were calculated. Two female normal controls who under- 
ent the same ima ging pr otocol wer e av ailable to pr ovide a p-
r oximate r egional uptake comparisons . T he other male normal
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Figure 4: Relative degree of mitochondrial impairment: inter-participant comparisons. ( A ) and ( C ) The percentage differences in activity between our 
participant and the age matched 57-year-old healthy control. ( B ) and ( D ) A reference for the brain regions under investigation. 
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ontrols who participated in the clinical trial underwent differ-
nt imaging protocols (as the diffusion protocol was still going
hrough an interactive optimization process at the time of this
rial given the recent advent of this technology). T herefore , while
ne of the normal controls with available comparative imaging
ata was a ge-matc hed, no gender-matc hed ima ging data wer e
v ailable for comparison, r epr esenting a k e y limitation in inter-
r eting compar ativ e findings . Nonetheless , e v en when compar ed
o the 75-year old female normal control with compar ativ e ima g-
ng data available (for whom mitochondrial function would be ex-
ected to decline with a ge), mitoc hondrial function was signifi-
antl y mor e impair ed in the younger individual with a history of
D (as depicted in Fig. 1 , Fig. 2 , and Fig. 3 below). 

For the participant presented in this case study, there was an
20% reduction in mitochondrial complex I activity observed in

he v entr olater al pr efr ontal cortex (vlPFC), the dorsolater al pr e-
rontal cortex (dlPFC), and the precuneus region in comparison
o mitochondrial complex I activity observed in the a ge-matc hed
ontr ol. Additionall y, a ∼15% reduction was observed in the amyg-
ala, thalamus, and caudate nucleus. There was mild laterality
bserved in the degree of deficit, but all within 5%. These findings
re visualized in Fig. 4 . 
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F igure 5: Inter connected cir cuits identified as major contributors to mood lability in BD. 
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Conclusions 

It is important to note that an observed deficit in mitochondrial 
complex I activity does not allow us to definitiv el y infer whether 
neurons in a given brain region are more or less active. Deficits in 

mitochondrial function would presumably affect neuronal mem- 
brane stability and result in altered resting membrane potential,
which could manifest as increased frequency of action potentials 
(at least initiall y). Potential mec hanisms include the accumula- 
tion of intracellular sodium, lo w ering the ATP-dependent resting 
membrane potential, or exhaustion of vesicular contents impair- 
ing syna ptic tr ansmission. The need to r estor e homeostasis may 
explain the temporal relationship observed between hypomanic 
and de pressi ve e pisodes . Moreo ver, given the complex web of in- 
hibitory and excitatory pathways throughout the central nervous 
system, inhibition of a giv en neur al network may result in para- 
doxical excitation of associated regions. 

When investigating dysfunctional neural circuits implicated in 

BD, neur oima ging r esearc hers often categoricall y separ ate neur al 
circuits into three domains: emotional regulation, cognition, and 

psyc homotor c hanges (Bi et al., 2022 ). When considering emotional 
regulation and function, there are three interconnected circuits 
that have been identified as major contributors to mood lability 
in BD. These are detailed in Fig. 5 . 

The first is the fronto-limbic circuit, which is primarily com- 
posed of connections between the amygdala and the vlPFC,
with the vlPFC assessing whether the amygdala has pr operl y r e- 
sponded to a situation and then adjusting its output (Kohn et al.,
2014 ). In individuals with BD, the amygdala shows increased ac- 
tivity, r esulting fr om either dysfunction in the vlPFC, the amyg- 
dala, or both (Vai et al., 2019 ). In our imaging case study, both 

the vlPFC and amygdala demonstrated significant decreases in 

mitochondrial function. It follows that such alterations may be 
related to symptoms involving emotional lability/impulsivity (e.g. 
pr essur ed speec h and irritability). 

The second circuit depicted, the v entr al affectiv e circuit, is 
involved in identifying salient emotional stimuli and mediating 
r esultant autonomic r esponses (Townsend and Altshuler, 2012 ; 
Blond et al., 2012 ). It includes the orbital frontal cortex, the tha- 
lamus, and the ventral striatum. PET imaging of our participant 
exhibited significant mitochondrial dysfunction in both the tha- 
lamus and the frontal pole. Given the role of the orbital frontal 
cortex, these deficits point to a process that affects emotional re- 
actions to both internal and external cues (Yamasaki et al., 2002 ). 

The third, dorsal cognitive circuit, is composed of the dlPFC,
the dorsomedial pr efr ontal cortex, the dorsal caudate, and the 
thalamus . T his circuit, which is responsible for selective at- 
ention, planning, and explicit emotional regulation, is broadly 
ypoactive in patients with BD independent of their current 
ood state (Kohn et al. , 2014 ; K urtz et al. , 2021 ). In our case

tudy, mitochondrial deficits are observed in all four of these re-
ions, possibly contributing to deficits in cognitive regulation of 
motion. 

Beyond emotional regulation and function, symptoms related 

o both cognitive and psychomotor changes are hallmarks of BD.
ognitiv e c hanges include deficits in executiv e function, memory,
ocial cognition, and response timing. Psychomotor changes seen 

re state-dependent, with mania involving symptoms of hyper- 
ctivity, r ec kless action, impulsivity, and a gitation, wher eas de-
r essiv e episodes involv e decr eased activity le v els, volitional in-
ibition, physical and mental sluggishness, and, in mor e extr eme
pisodes , akinesia. T hese symptoms have been associated with
our networks: the default mode network (DMN), the central ex- 
cutive network (CEN), the salience network (SN), and the senso-
imotor network (SMN); the first three networks are predominant 
ontributors to cognition, with the SMN primarily being responsi- 
le for psychomotor symptoms (Martino and Magioncalda, 2022 ; 
artino et al., 2016 ; Seeley et al., 2007 ; Mamah et al., 2013 ; Wang,
 ang, W u, et al., 2020 ). 
Coordination and switching among these four networks is con- 

idered to be an underlying framework for cognition (Park and
 riston, 2013 ; Sy an et al., 2018 ). The DMN, composed of medial pre-
rontal cortex, the hippocampus, the lateral temporal cortex, the 
recuneal cortex, and the posterior cingulate cortex, is widely re-
erred to as the “task-negative network” given that it exhibits ac-
ivation at baseline and deactivation during engagement with a 
ask. This is in contrast to the CEN, which is viewed as an antag-
nistic circuit to the DMN given that it is primaril y activ e during
ctivities (Smith et al., 2009 ). The CEN comprises the dlPFC, the dor-
al anterior cingulate cortex, the posterior parietal context, and 

he inferior temporal gyrus, and exhibits increased activity dur- 
ng attention-demanding and working memory tasks that r equir e
op-down modulation (Menon, 2011 ). At the center of these two
etworks is the SN, which plays a central role in switching be-
ween the DMN and CEN and comprises the insular cortex, the
orsal anterior cingulate cortex, the amygdala, and the temporal 

obe (Seeley et al., 2007 ). Dysfunctions in these networks have been
hown to be correlated with the cognitive deficits observed in BD
Zovetti et al., 2020 ; Liu et al., 2021 ; Wang, Wang, Huang, et al., 2020 ).
otably, in this case study, 18 F-BCPP-EF PET imaging revealed evi-
ence of mitochondrial dysfunction within the precuneus cortex,
hich is a k e y part of the DMN. Additionally, the amygdala, which

s a part of the SN, exhibited mitochondrial dysfunction. These
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itochondrial deficits could theoretically be contributing to the
articipant’s alternating verbal fluency score of 9/20. 

As with cognition, psychomotor behavioral features manifest-
ng in BD are thought to be caused by alterations in networks,
pecifically the DMN and the SMN (Mamah et al., 2013 ; Northoff
t al., 2021 ; Meda et al., 2014 ). One study found that individu-
ls with BD had r educed r esting state cohesiv eness of the SMN
Doucet et al., 2017 ) and another found reduced functional within-
onnectivity in both the right and left primary somatosensory ar-
as (clusters in the somatosensory network) in individuals with
D (Ishida et al., 2017 ). The ratio between DMN activity and SMN
ctivity as measured by blood flow has also been an area of in-
estigation, with studies showing that the DMN/SMN activity ra-
io was significantl y incr eased in depression and significantly de-
reased in mania, with computed ratios in both cases correlating
ith the degree of de pressi ve or manic symptoms, respectively

Russo et al., 2020 ; Martino et al., 2016 ). For our participant in the
ase study, there were mitochondrial deficits observed in k e y re-
ions in the DMN as detailed in the prior par a gr a ph. Ho w e v er, cal-
ulating a DMN/SMN activity ratio to derive potential correlations
ith symptom se v erity would r equir e a differ ent ima ging modal-

ty, which falls outside the scope of this case study. 
While this case study establishes the first use of the 18 F-BCPP-

F PET ligand in the setting of BD, se v er al k e y limitations must be
oted. Namely, in addition to the limited statistical po w er inher-
nt to a case study, no sex-matc hed contr ols wer e av ailable for
omparison. While matching for age is vital when assessing mi-
oc hondrial function, matc hing for biological sex may pr ov e to be
articularly important as well as more data emerge. A study ex-
mining mitochondrial enzyme activities in post mortem brains
ound that the activities of citrate synthase, succinate dehydroge-
ase, and mitochondrial reductase were higher in female vs male
rains (Harish et al., 2013 ). Accompanying this increased mito-
hondrial activity is evidence showing that female mitochondria
r oduce fe wer r eactiv e oxygen species than male ones (Malorni et
l., 2007 ; Ventur a-Cla pier et al., 2017 ). Ho w e v er, the effects of aging
eem to have one of the largest effects on mitochondrial function
Chistiakov et al., 2014 ) and substantial differences were still seen
etween the 75 year old healthy control and the 58 year old BD par-
icipant. Additionally, binge drinking behavior was comorbid with
D in this case study, making it difficult to discern to what extent
bserv ed mitoc hondrial deficits may be associated with underly-
ng BD pathophysiology vs consumption of alcohol. Ethanol is a
nown mitochondrial toxin and much of the neurodegeneration
een in alcohol use disorder is thought to be secondary to oxida-
iv e dama ge, a bipr oduct of mitoc hondrial dysfunction (Kamal et
l., 2020 ; Cr e ws et al., 2015 ). This pattern of neur odegener ation is
r edominantl y seen in the hippocampus, frontal lobe, and the cor-
us collosum that do ov erla p with se v er al of the dysfunctional
ircuits seen in this case study (Harper and Matsumoto, 2005 ; Ka-
ogiannis et al., 2012 ). Finally, given the participant’s mental sta-
us at the time of examination and pr efer ence to quic kl y r eturn to
 ork follo wing the standar d assessment, collecting a more com-
r ehensiv e psyc hiatric history was not feasible. 

Even with these limitations in mind, this case study provides
xciting preliminary results due to the mounting evidence im-
licating mitochondria in the pathogenesis of BD. This has been
stablished utilizing se v er al tec hniques, including assessments
ertaining to mtDN A cop y number, SNPs, ETC complex activity

n peripheral cells, post-mortem analyses of ETC function, and
PSC-deri ved biomark ers , among others . Despite this compelling
vidence, at the time of this publication no studies have utilized
ET imaging to assess mitochondrial function in the setting of BD.
his renders the 18 F-BCPP-EF mitochondrial complex I PET lig-
nd an exciting new tool to further c har acterize the role of mi-
ochondrial dysfunction in BD. This case study opens the door
or future lines of r esearc h to build on these pr eliminary r esults.
ur imaging findings demonstrated significant overlap between
reas of dysfunction identified with the 18 F-BCPP-EF PET ligand
nd areas of dysfunction pr e viousl y identified in the setting of BD
ith functional MRI techniques . T hat o verlap was seen in both af-

ective and cognitive circuits, with mitochondrial dysfunction in
he fr onto-limbic, v entr al affectiv e, and dorsal cognitiv e circuits
howing particularly significant differences . T his was true even
hen comparing imaging with the much older healthy control,
hom one would expect to have a greater degree of impairment as
 function of aging. The compelling ov erla p between prior imaging
utcomes and our findings in this case study warrant further in-
estigation via an expanded study featuring an increased number
f participants and measures aimed at controlling for confound-
ng variables. Expanded research in this domain has the potential
o better c har acterize the r ole of mitoc hondrial function in the
athogenesis of BD, with the ultimate goal of identifying clinically
seful biomarkers and impr ov ed ther a peutic tar gets to benefit pa-
ients suffering from BD. 
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