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Abstract 

Psychiatric disorders have always attracted a lot of attention fr om r esear c hers due to the difficulties in their diagnoses and treatments. 
Molecular imaging, as an emerging technology, has played an important role in the resear c hers of various diseases. In recent years, 
molecular imaging techniques including magnetic resonance spectroscopy, nuclear medicine imaging, and fluorescence imaging have 
been widely used in the study of psychiatric disorders. This re vie w will briefly summarize the progression of molecular imaging in 

psychiatric disorders. 

Ke yw or ds: molecular imaging; psyc hiatric disorders; ma gnetic r esonance spectr oscopy; fluor escent molecular pr obe; positr on emis- 
sion computed tomography; single photon emission computed tomography 
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Introduction 

Psyc hiatric disorders hav e attr acted attention in r ecent years.
Even though they are chronic or disabling health diseases that 
are not necessarily fatal, psychiatric disorders could still cause 
major health hazard for humans worldwide (Eaton et al., 2008 ).
Common psychiatric disorders that are not accompanied by obvi- 
ous pathological changes include schizophrenia, depression dis- 
order, post-tr aumatic str ess disor ders (PTSD), bipolar disor der 
(BD), and obsessi ve-compulsi ve disorder (OCD). Relying solely on 

pathological and physiological indicators, the diagnosis of these 
kind of psychiatric disorders is v ery c hallenging due to their 
gr eat heter ogeneity and potential confusions between the differ- 
ent psychiatric disorders (Meyer et al., 2020 ). Curr entl y, the dia g- 
nosis of psychiatric disorders relies mainly on “mental disorder 
scales/questionnair es,” whic h ar e susceptible to subjective bias.
Consequentl y, it is imper ativ e to dia gnose and monitor ther a peu- 
tic the psychiatric disorders by objective indicators. 

Molecular imaging is a new imaging research field that emerges 
from the advanced medical technologies such as magnetic res- 
onance imaging (MRI), computed tomography (CT), ultrasound 

(US), and nuclear medicine imaging. It focuses on using endoge- 
nous metabolites or exogenetic probes to monitor physiological 
and pathological activities within the human body at the molec- 
ular le v el to ac hie v e molecular , cellular , and tissue-specific imag- 
ing. In recent years, molecular imaging has shown great po w er 
in the diagnosis of psychiatric disorders due to its unique advan- 
ta ges. First, molecular ima ging is a non-inv asiv e tec hnique that 
could reflect physiological processes in the brain at the molecu- 
lar le v el, whic h is usuall y corr elated with c hanges in clinical be- 
ha viors . Second, molecular imaging can detect some cellular and 
b  
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olecular tar gets, pr oviding a molecular biological basis for sub-
equent tar geted dia gnoses and tr eatments. In addition, as molec-
lar imaging could detect early functional changes in the progres-
ion of diseases, it has great value for the early diagnoses and
reatments of psychiatric disorders (Hwang et al., 2017 ). 

Curr entl y, commonl y used molecular imaging techniques in
he diagnoses of psychiatric disorders mainly include magnetic 
 esonance spectr oscopy (MRS), nuclear medicine ima ging suc h as
ositron emission CT (PET/CT) and single photon emission CT 

SPECT), all of which could provide crucial information for psy-
hiatric disorder diagnosis at the molecular level. 

This r e vie w briefly summarizes the findings fr om the a pplica-
ions of molecular imaging to psychiatric disorders and empha- 
izes the potential of molecular imaging technique in diagnosis 
f psychiatric disorders . T he summary of molecular markers from
hree molecular imaging techniques in the psychiatric disorders 
s shown in Table 1 . 

olecular imaging techniques used in the 

iagnosis of psyc hia tric disor ders 

agnetic resonance spectroscopy (MRS) 
RS is a non-inv asiv e MRI tec hnique that does not r el y on r a-

ioactiv e tr acers and is fr ee of ionizing r adiation. Unlike conv en-
ional hydrogen proton MRI, MRS can provide quantitative esti- 

ates of the concentration and ratio of metabolites, neurotrans- 
itters, and other chemical substances in different regions of in-

erest in the brain, which are of great clinical value and could
e used to e v aluate normal and abnormal metabolic conditions
School of Medicine/West China Hospital (WCSM/WCH) of Sichuan Uni v ersity. 
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Table 1: Summary of molecular markers from three molecular imaging techniques in the psychiatric disorders. 

Psychiatric disorders MRS Nuclear medicine imaging Fluorescent imaging 
Molecular metabolites Radioligand and receptors Probes and markers 

Sc hizophr enia Glu (Merritt et al., 2021 ) 
Glx (Nakahara et al., 2022 ) 
NAA (Reid et al., 2019 ) 
GABA (Kumar et al., 2021 ) 
Cho (Chiu et al., 2018 ) 
MI (Wang et al., 2020 ) 

[11C]DASB and 5-HTT: 
(Erritzoe et al., 2003 ) 
99mTc-TRODAT-1 and DAT: 
(Yang et al., 2022 ) 

H 2 S: (Geng et al., 2022 ) 

Depression disorder Glx (Mirza et al., 2004 ) 
GABA: (Simmonite et al., 2023 ) 

[11C]W AY -100635 and 5-HT 1A : 
(Parsey et al., 2010 ) 
[11C]GR103545 VT and 
ka ppa-opioid r eceptor 
(Miller et al., 2018 ) 

Superoxide anion radical (O 2 
−): 

(Ding et al., 2020 ) 
ozone (O3): 
(Li et al., 2019 ) 
AChE: (Wang et al., 2019 ) 
NE: (Gu et al., 2023 ) 
NMDA: 
(Wang et al., 2020 ) 
BDNF: (Li et al., 2019 ) 

PTSD NAA (Quadrelli et al., 2018 ) 
Glu (Sheth et al., 2019 ) 
Glx (Yang et al., 2015 ) 
GABA (Rosso et al., 2022 ) 
Cho (Karl et al., 2010 ) 

[11C]DASB,[11C]GR205171, 
[11C]AFM, and SERT: (Frick et al., 
2016 ; Murrough et al., 2011 ) 
[ 18 F]FPEB and mGluR5: 
(Holmes et al., 2017 ) 

BD NAA (Chabert et al., 2022 ) 
Glu (Ino et al., 2023 ) 
Glx (Chitty et al., 2013 ) 

[11C]D ASB, [123I]AD AM, and SERT: 
(Cannon et al., 2006 ; Chou et al., 
2016 ) 
[11C]W AY -100635 and 5-HT 1A : 
(Sullivan et al., 2009 ) 
99mTc-TRODAT-1 and DAT: 
(Hsueh et al., 2021 ) 
[123I]5IA-85380 and β2 ∗-n AChR: 
(Hannestad et al., 2013 ) 

OCD NAA (Chitty et al., 2013 ) [11C]MDL 100907 and 5-HT 2A : 
(Simpson et al., 2011 ) 
[11C]-SCH23390 and DAT: 
(Perani et al., 2008 ) 
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n the human brain. By combining the technique with behavioral
nd cognitive changes, this ultimately provides a reference for as-
essing brain health. 

Specifically, the metabolism and molecular compositions of
rain tissues can be characterized by MRS. For example, 1 H-MRS
an be used to c har acterize neur onal density and le v els of in-
egrity neur oc hemicals, suc h as N -acetylaspartate (NAA); measur-
ng the ratio of creatine (Cr) to phosphocreatine (PCr) (Cr/PCr) to
ssess cellular energy levels; and measuring choline (Cho) con-
entration to calculate the level of cell membrane renewal. In ad-
ition, other metabolites could also be detected, such as the ma-

or excitatory neur otr ansmitters including glutamic acid (or glu-
amate, Glu) and glutamine (Gln) (could be collectiv el y r eferr ed
o as Glx), which could reflect neuronal activity and excitotoxicity
Lyoo et al., 2002 ; Yildiz-Yesiloglu et al., 2006 ). 

uclear medicine imaging 

n the field of molecular imaging, PET and SPECT are commonly
sed in nuclear medicine. PET and SPECT c har acterize and mea-
ure biological processes in vivo by using molecular probes with
igh specificity and affinity. Molecular probes of PET or SPECT
re composed of ligand molecules labeled with radioactive iso-
opes, in which the ligand molecule could bind to specific target in
he body to ac hie v e a high specificity and the r adioactiv e isotopes
ould r elease r adioactiv e r a ys . Molecular probes can be detected
y the corresponding scanner, then the localization of the radioac-
ive labeled molecule in the target tissue could be obtained. This
ro vides a non-in vasive wa y to visualize and c har acterize physi-
logical processes in the body and provides an opportunity to ex-
lore them in the entire living brain (Erritzoe et al., 2003 ; Kim et al.,
013 ). 

The main difference between PET and SPECT is the radioac-
ive isotope used to label the tracer. The most commonly used ra-
ioactive isotopes in SPECT are technetium 99m ( 99m Tc), indium
11 ( 111 In), iodine 123 ( 123 I), thallium 201 ( 201 Tl), etc., which have
 elativ el y long half-liv es and decay processes that produce a pho-
on. The most commonly used radioactive isotopes in PET are car-
on 11 ( 11 C), nitrogen 13 ( 13 N), oxygen 15 ( 15 O), and fluorine 18
 

18 F), whic h hav e shorter half-liv es and decay processes that emit
 positr on. Compar ed with SPECT, the r adioactiv e isotopes used
n PET bind more easily to biological molecules and have better
esolution. 

luorescent imaging 

luorescent molecular probes are widely used in biological detec-
ion. They usually consist of three parts: a recognition group, a
uor escent gr oup, and a linker. The r ecognition gr oup, also called
he receptor, is the part that binds to the analyte, determining
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the selectivity and specificity of the probe . T he fluorescent group 

converts the chemical or biological microenvironmental changes 
caused by the recognition group binding to the analyte into sig- 
nals that are easily perceptible by humans (color changes) or de- 
tectable by instruments (fluorescence), determining the sensitiv- 
ity of recognition. The linker connects the fluorescent group and 

the r ecognition gr oup, allowing the r ecognition information to be 
effectiv el y conv erted into a fluorescent signal (such as changes in 

fluor escence intensity, spectr al shift, fluor escence lifetime, etc.),
ther eby ac hie ving effectiv e detection of the anal yte . T he applica- 
tions of fluorescent molecular probes in psychiatric disorders are 
the monitoring and tr ac king the biomarkers of the disease in real- 
time, which is beneficial for the early diagnosis of the diseases. 

Applications of MRS in psychiatric disorders 

Application of MRS in schizophrenia 

Sc hizophr enia is a complex neur opsyc hiatric syndr ome with v ar- 
ious genetic, neurobiological, and phenotypic features (Kraguljac 
et al., 2021 ). It is a se v er e , episodic , and persistent disease , with the
main symptoms during the acute phase being positive symptoms 
suc h as delusions, disorder ed thinking and langua ge, and halluci- 
nations . T he subsequent c hr onic phase is c har acterized by nega- 
tiv e symptoms, suc h as cognitiv e deficits and social impairments 
(Kumar et al., 2020 ). 

Glu, Glx, N AA, gamma-aminobutyric acid (GAB A), Cho, and my- 
oinositol (MI) are commonly used as diagnostic markers in MRS 
for sc hizophr enia. Recent studies hav e focused on c hanges in Glu 

and its metabolites in patients with sc hizophr enia. Multiple stud- 
ies and meta-analyses have shown that patients with sc hizophr e- 
nia have decreased Glu and Glu metabolite levels in the frontal 
cortex (especially the medial prefrontal cortex and the anterior 
cingulate cortex) and increased Glx le v els in the basal ganglia 
compared to healthy controls (Kubota et al. , 2020 ; K umar et al. ,
2020 ; Sm ucn y et al., 2021 ; Merritt et al., 2021 ; Nakahara et al., 2022 ).
Figure 1 shows an example plot of the spectral results and the 
placements of voxels in axial, coronal, and sagittal images from 

one r epr esentativ e study. Ho w e v er, in patients with treatment- 
r esistant sc hizophr enia, ultr a-tr eatment-r esistant sc hizophr enia,
first-episode sc hizophr enia, and sc hizophr enia high-risk patients,
the Glx le v els significantl y incr ease in dorsal anterior cingulate 
cortex, posterior cingulate cortex, medial pr efr ontal cortex and 

basal ganglia (Chiu et al., 2018 ; Kim et al., 2018 ; Chouinard, 2019 ; 
Iwata et al., 2019 ; Romeo et al., 2020 ; Tarumi et al., 2020 ; Wang et 
al., 2020 ; Nakahara et al., 2022 ). 

Regar ding N AA, man y studies hav e shown that sc hizophr enia 
patients have lo w er N AA levels than healthy controls (Brugger et 
al. , 2011 ; Iwata et al. , 2018 ; Reid et al., 2019 ; Romeo et al., 2020 ;
Wang et al., 2020 ). A meta-analysis of 182 studies sho w ed that 
NAA le v els in the frontal, hippocampal, temporal, parietal, and 

thalamic r egions wer e lo w er in c hr onic sc hizophr enia patients 
compared to normal controls. In first episode schizophrenia pa- 
tients, NAA le v els in the frontal and thalamic regions were signif- 
icantly lo w er than untreated first-episode sc hizophr enia patients,
and NAA concentrations in the frontal region were lo w er than in 

healthy contr ols. NAA le v els in the hippocampus of patients with 

high-risk sc hizophr enia wer e significantl y r educed. The r esults 
ther efor e indicated that the changes of NAA in sc hizophr enia a p- 
pear to not only in the hippocampus, frontal cortex, and thalamus,
but also extend to other regions (Whitehurst et al., 2020 ). 

GAB A is har d to quantify due to its lo w concentration in the 
br ain. Fe w studies have shown that first-episode schizophrenia 
atients have reduced GABA concentrations when comparing to 
ealthy controls (Chiu et al., 2018 ; Nakahara et al., 2022 ). In addi-
ion, the le v el of GABA in the anterior cingulate cortex of ultra-
r eatment-r esistant sc hizophr enia patients is higher than that
n tr eatment-r esistant patients, but it is not correlated with the
e v erity of symptoms (Ueno et al., 2022 ). A meta-analysis sho w ed
hat ther e wer e no significant differ ences in GABA le v els between
atients with sc hizophr enia and healthy controls in the medial
r efr ontal cortex, dorsolater al pr efr ontal cortex, and anterior cin-
ulate cortex. Ho w e v er, in the fr ontal cortex, the GABA le v els wer e
o w er in patients with sc hizophr enia than in healthy controls, and
her e wer e significant inter gr oup differ ences in GABA le v els in the
nterior cingulate cortex, which was more pronounced in first- 
pisode sc hizophr enia patients (K umar et al. , 2021 ). 

Compared to healthy controls, schizophrenia patients have 
igher concentrations of Cho in the dorsolateral prefrontal cor- 
ex and medial temporal lobe (Chiu et al., 2018 ; Romeo et al., 2020 ).
ndividuals at high-risk of sc hizophr enia show incr eased MI le v-
ls in the medial pr efr ontal cortex and dorsolateral prefrontal
ortex (Romeo et al., 2020 ; Wang et al., 2020 ), and first-episode
c hizophr enia patients show decreased MI levels (Chiu et al.,
018 ). 

pplication of MRS in depression 

epression is one of the most common and severe mental disor-
ers, with a lifetime pr e v alence of 16% in the USA. It can lead to
an y negativ e consequences, including health and social pr ob-

ems, with suicide being the most serious, accounting for up to
% of cases (Lee et al., 2014 ; Zhang et al., 2016 ). 

In the diagnosis of depression, common metabolites studied in 

RS include N AA, Glx, GAB A, and Cho. For instance, in patients
ith depr ession, the concentr ation of Glx in the anterior cingulate

ortex, amygdala, and hippocampus reduces, and the concentra- 
ion of GABA in the occipital cortex significantl y r educes (Pflei-
erer et al., 2003 ; Mirza et al., 2004 ). A meta-analysis on NAA has
hown no significant difference in NAA le v els in the basal gan-
lia and frontal structures between patients with depression and 

ealthy controls. At the same time, this meta-analysis pointed out
hat the Cho/Cr value in the basal ganglia was higher in adult
epression patients than in normal individuals, and that the re-
ults on Cho each of the original studies were inconsistent (Yildiz-
esiloglu et al., 2006). Ov er all, r esearc h on Glx and GABA may be
he most promising, with most studies finding that the le v els of
lx and GABA in the brain areas of depression patients are lo w er

han those of healthy controls. Ho w ever, a recent meta-analysis
ho w ed that r ostr al MFC GABA decr eased in depr essed patients
ompared with healthy controls, but the significance of this effect
as not present in multiple comparisons after collection (Sim- 
onite et al., 2023 ). 

pplication of MRS in PTSD 

TSD refers to a mental disorder characterized by delayed on-
et and long-term persistence following sudden, threatening, or 
atastr ophic e v ents in life (Rosso et al., 2017 ). PTSD is defined as
n emotional regulation disorder, related to impaired emotional,
hysiological, and neural responses to threatening and traumatic 
tim uli (Kalde waij et al., 2021 ). 

N AA, Glu, Glx, GAB A, and Cho are commonly used as biomark-
rs for diagnosing PTSD with MRS. Regarding NAA, many studies
ave shown that the levels of NAA and NAA/Cr in the hippocam-
us and the pr efr ontal cortex r educed in PTSD patients (Schuff
t al., 2001 ; Mohanakrishnan Menon et al., 2003 ; Li et al., 2006 ; Shu
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Figur e 1: T he voxel placements (ACC, anterior cingulate cortex; Ins , left insula; and Vis , visual cortex) on the br ain of all patients; Illustr ativ e spectr a 
with baseline and residuals from a voxel located in the ACC of subjects from three groups and corresponding fits for Gln, Glu, and glutathione (Kumar 
et al., 2020 ). 
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t al., 2013 , 2008 ; Meyerhoff et al., 2014 ; Rosso et al., 2017 ; Quadrelli
t al., 2018 ; Su et al., 2018 ; Kaldewaij et al., 2021 ). Figure 2 shows
he placement of voxels in the axial, coronal and sagittal views
f the hippocampus during MRS scanning and shows the spec-
rum result of the single patient. Some studies have also com-
ared the NAA/Cr ratios in the left and right hippocampus and
ound that the NAA/Cr ratio in the left hippocampus of PTSD pa-
ients was significantly smaller than that in the right hippocam-
us, suggesting that the hippocampal dysfunction in PTSD pa-
ients is lateralized. In addition, a meta-analysis has shown that
he absolute concentration of NAA decreased in the left hip-
ocampus in PTSD patients compared with healthy controls (Karl
t al., 2010 ). As for other brain regions , PTSD patients ha ve lo w er
AA/Cr ratios in the basal ganglia (Lim et al., 2003 ; Karl et al.,
010 ). The concentration of NAA in the right amygdala was signif-
cantly higher in PTSD patients than in trauma-exposed controls,
nd the concentration of NAA in the left amygdala was higher in
lder PTSD patients than in tr auma-exposed contr ols (Wang et al.,
019 ). 

Glu and its metabolites have been studied more in recent years
nd se v er al studies hav e shown that the concentr ations of Glu
nd its metabolites and their ratios with Cr in the brain are sig-
ificantl y decr eased in PTSD patients, with the pr efr ontal cortex
nd hippocampus being the most affected regions (Meyerhoff et
l., 2014 ; Yang et al., 2015 ; Rosso et al., 2017 ; Sheth et al., 2019 ).
tudies have also shown that the Glx/Cr le v el in the pr efr ontal
ortex reduce significantly in PTSD patients compared with re-
p  
o very subjects , and the changes in the Glx/Cr ratio may stem
r om br ain functional impairment in the curr ent sta ge and r ecov-
ry in the relief stage (Michels et al., 2014 ). A study sho w ed that
he le v els of GABA in the pr efr ontal cortex and dorsolater al pr e-
r ontal cortex incr eased in PTSD patients, but subsequent studies
ave shown that the levels of GABA in the brain decreased in PTSD
atients, with the medial pr efr ontal cortex, insula, parietal lobe,
empor al lobe, and pr efr ontal cortex being the most affected areas
Fig. 3 ) (Meyerhoff et al., 2014 ; Sheth et al., 2019 ; Rosso et al., 2022 ,
014 ). Man y r esearc h r esults hav e shown no significant difference
n the concentration of Cho or Cho/Cr between PTSD patients and
ealthy controls, but some studies have shown that the Cho/Cr

e v el is significantly higher in the prefrontal cortex of PTSD pa-
ients (Seedat et al., 2005 ). Additionally, a meta-analysis has shown
hat the Cho/Cr le v el was higher in the left hippocampus in PTSD
atients compared with healthy controls, with no significant dif-
erence in the prefrontal cortex (Karl et al., 2010). 

pplication of MRS in BD 

D is a major affective disorder characterized by severe emo-
ional fluctuations (manic or de pressi ve e pisodes) and a tendency
o w ar d remission and recurrence. NAA, Glu, and Glx are com-

only used biomarkers for diagnosing BD with MRS. Regarding
AA, m ultiple studies hav e shown that the le v els of NAA and
AA/Cr ratio in multiple brain regions in BD patients are lo w er

han those in healthy contr ols, suc h as the pr efr ontal cortex, hip-
ocampus, anterior cingulate cortex, and left basal ganglia (Fig. 4 )
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Figur e 2: T he placement of voxels in the axial, coronal, and sa gittal vie ws of the hippocampus and MRS spectr al fitting of hippocampus position of a 
single patient (Kaldewaij et al., 2021 ). 
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(Zhong et al., 2018 ; Lai et al., 2019 ; Tannous et al., 2021 ; Chabert 
et al., 2022 ; Gupta et al., 2022 ). In addition, a study of 92 patients 
with bipolar affective disorder during de pressi ve e pisodes (50 with 

suicidal tendencies, 42 without suicidal tendencies) found that 
the NAA/Cr ratio in the right lentiform nucleus of BD patients 
without suicidal tendencies was higher than that of BD patients 
with suicidal tendencies and the healthy control group, indicating 
the NAA/Cr ratio of the right lentiform nucleus could distinguish 

whether BD patients had suicidal tendencies . T he NAA/Cr ratio in 

the left pr efr ontal cortex of the two BD groups (with or without 
suicidal tendencies) was significantly lo w er than that of the HC,
and the NAA/Cr ratio in the left thalamus was significantly higher 
than that of the HC, indicating abnormal NAA metabolism in BD 

patients with or without suicidal tendencies (Zhong et al., 2018 ).
Regarding Glu and its metabolites, the current consensus is that 
the le v els of Glu, Glx, and Gln in the pr efr ontal cortex of BD pa- 
tients gener all y incr ease (Soeir o-de-Souza et al., 2018 ; Scotti-Muzzi 
et al., 2021 ; Melloni et al., 2022 ; Ino et al., 2023 ), and the le v el of Glx
varies depending on the patient’s mood, with a more significant 
incr ease observ ed during depr essiv e episodes (Gigante et al., 2012 ; 
Chitty et al., 2013 ). 
pplication of MRS in OCD 

CD is a type of anxiety disorder c har acterized by persistent and
e petiti ve obsessions and compulsions. NAA is a commonly used
iomarker for diagnosing OCD with MRS. Since Elbert et al. first
onducted MRS studies on OCD patients and found significantly
ecr eased r elativ e NAA le v els in the right striatum of OCD pa-
ients (Ebert et al., 1997 ), subsequent studies have also confirmed
he decline of NAA le v els in the br ains of OCD patients, includ-
ng but not limited to the pr efr ontal cortex and anterior cingulate
ortex, and the degree of NAA levels decrease is related to the
e v erity of the disorder (Tükel et al., 2014 ; Weber et al., 2014 ; Moon
t al., 2018 ). 

pplications of nuclear medicine in 

syc hia tric disor ders 

pplications of nuclear medicine in 

chizophrenia 

or serotonin system, post-mortem radioligand studies on 

c hizophr enia patients hav e shown that, compar ed with contr ol
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F igure 3: GAB A 

+ data w ere fitted using MEGAPRESS and T 1 -w eighted structur al ima ges to sho w the location of v oxels in the: (A) medial pr efr ontal 
cortex, (B) right anterior insula, and (C) right temporal cortex (Rosso et al., 2022 ). 
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r oups, the le v el of 5-hydr oxytryptamine tr ansporter (5-HTT) in
he striatum increased 60–100%, while the le v el of 5-HTT in the
ortical ar ea decr eased 50–75% (Joyce et al., 1993 ). Ho w e v er, a PET
tudy of 10 sc hizophr enia patients using [ 11 C]DASB sho w ed no
iffer ence in 5-HTT compar ed with healthy contr ols in the mid-
r ain, thalam us , dorsal caudate , dorsal putamen, v entr al stria-
um, amygdala, entorhinal cortex, hippocampus, parahippocam-
al gyrus, and the anterior cingulate cortex (Frankle et al., 2005 ).
nother study investigating the hypothalamic 5-HTT found no
iffer ence between sc hizophr enia patients and contr ol individu-
ls, but there was a negative correlation between the level of hy-
othalamic 5-HTT and the se v erity of symptom in the sc hizophr e-
ia group (Kim et al., 2015 ). 
r  
In terms of the dopamine system, two SPECT studies using
9mTc-TRODAT-1 as radioligand have both indicated a reduced
vailability of dopamine receptors (DAT) in schizophrenia patients
ompared with healthy controls (Chang et al., 2020 ; Yang et al.,
022 ). In addition, a meta-analysis has shown that, compared
ith major de pressi ve disorder patients, schizophrenia patients
ad increased dopamine availability in the striatal-hypothalamic-
ortical pathway, while the dopamine availability in the midbrain-
ortical pathway decreased (Nikolaus et al., 2019 ). 

pplication of nuclear medicine in depression 

or serotonin system, studies have found the low affinity of two
adioligands, [ 11 C] McNeil 5652 and [ 11 C] DASB, in various brain
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Figure 4: Voxel position: quantifying metabolite le v els in the four voxels in the former white matter, showing sa gittal, cor onal, and cr oss-sectional 
views of each voxel (Tannous et al., 2021 ). AWM denotes pr e white matter. 
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r egions of depr essed patients (Reivic h et al., 2004 ; Oquendo et al.,
2007 ; Reimold et al., 2008 ). For the serotonin 1A receptor (5-HT1A),
one study using [ 11 C] W AY -100635 found decreased binding po- 
tential of the radioligand to 5-HT1A in depressed patients com- 
pared to healthy controls (Parsey et al., 2010 ). A meta-analysis of 
5-HTT found decreased the transporter was in the midbrain and 

amygdala for patients with se v er e depr ession, and as the a ge of 
the study population increased, striatal 5-HTT decreased more 
markedl y. Ther e was a significant correlation between the se v er- 
ity of depression and decreased amygdala 5-HTT (Gryglewski et al.,
2014 ). For the dopamine system, an SPECT study using [123I]-FP- 
CIT as a radioligand found significantly reduced binding of [123I]- 
FP-CIT to the bilateral striatum, tail nucleus, and shell nucleus 
in depressed patients with and without anhedonia. Ho w ever , DA T 

availability has no significant changes in patients with prominent 
anhedonia after treatment (Camardese et al., 2014 ). A measure- 
ent of kappa-opioid receptor density using [ 11 C] GR103545 VT
s a r adiotr acer found no significant differences between severe
epressed patients and healthy controls, and was not related to
 hildhood adv ersity or life stress (Miller et al., 2018 ). In addition,
ome studies have found a decreased affinity of radioligands for
erotonin 2 receptors (5-HT2), dopamine synthesis, dopamine D1 
 eceptors, histamine H1 r eceptors in depressed patients (Kano et
l. , 2004 ; Mintun et al. , 2004 ; Br a gulat et al., 2007 ; Cannon et al.,
009 ). In studies of type A monoamine o xidase, de pressed patients
ad higher binding of r adioligands compar ed with healthy con-
rols (Meyer et al., 2006 ). 

pplication of nuclear medicine in PTSD 

 m ulti-tr acer PET study used highly selectiv e r adiotr acers [ 11 C]
ASB and [ 11 C] GR205171 to assess the availability of serotonin
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Figure 5: Reduced amygdala [ 11 C] AFM BPND in PTSD patients compared to healthy participants (Murrough et al., 2011 ). 
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r ansporters (SERT) and neur okinin-1 r eceptors in the central an-
erior cingulate cortex and posterior cingulate cortex, r espectiv el y.
n the serotonin system, PTSD patients sho w ed significantly in-
r eased SERT av ailability in the centr al anterior cingulate cortex
nd decreased SERT availability in the amygdala, and increased
vailability of neurokinin-1 receptors in the amygdala (Frick et al.,
016 ). Another study using [ 11 C] AFM as a radioligand found de-
r eased SERT av ailability in the amygdala of PTSD patients (Fig. 5 )
Murrough et al., 2011 ). 

In terms of the glutamatergic system, another study used [18F]
PEB to quantify the availability of metabotropic Glu receptor
 (mGluR5) in PTSD individuals by binding to its negative al-
osteric modulatory site . T he study found significantly elevated

GluR5 availability in the prefrontal cortex (including the dorso-
ater al pr efr ontal cortex, orbitofr ontal cortex, and v entr omedial
r efr ontal cortex), parietal cortex, and occipital cortex of PTSD
atients compared to healthy controls (Holmes et al., 2017 ). 

pplication of nuclear medicine in BD 

or ser otoner gic system, a PET study using [ 11 C] DASB as a ra-
ioligand sho w ed that, compared to the contr ol gr oup, patients
ith BD had a significantly higher binding rate of radioligands to
ERT in the insula, pr efr ontal cortex, thalam us , caudate , and pos-
erior cingulate cortex, and a significantly lo w er binding rate in
he brainstem at the le v el of the pons (Cannon et al., 2006 ). An-
ther PET study using [ 11 C] W AY -100635 as a radioligand found
hat compared to healthy controls, patients with BD had an in-
reased binding of radioligands to 5-HT1A (Sullivan et al., 2009 ). In
 PET study using [C]- (R) -PK11195, patients with BD had focal ac-
ivation of glial cells in the right hippocampus, but this trend was
ot significant in the left hippocampus compared to healthy con-
rols (Haarman et al., 2014 ). Two SPECT studies using [ 123 I] ADAM
s the radioligand both found a significant decrease in SERT avail-
bility in the midbrain and caudate nucleus of patients with BD,
nd the authors of both studies belie v ed that the SERT availability
as associated with certain cytokines, which may further explain

he role of SERT and cytokines in the pathophysiology of BD (Hsu
t al., 2014 ; Chou et al., 2016 ). 

Regarding dopamine neur otr ansmitter ima ging, a SPECT study
sing 99mTc-TRODAT-1 as a radioligand found that, compared
o healthy adults, patients with BD had significantly higher lev-
ls of striatal DAT availability (Hsueh et al., 2021 ). In the choliner-
ic system, a SPECT study using [ 123 I] 5IA-85380 as a radioligand
ound that in all e v aluated br ain r egions (fr ontal lobe, parietal
obe , temporal lobe , pr efr ontal cortex, hippocampus, amygdala,
halamus, and caudate), the β2 ∗-n AChR availability of patients
ith BD in a de pressi ve state was significantly lo w er than that of
atients with normal mood and healthy adults (Hannestad et al.,
013 ). 
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Applications of nuclear medicine in obsessi v e 

disorders 

For the ser otoner gic system, a [ 11 C] DASB-PET study sho w ed that,
compared to patients with late-onset OCD, patients with early- 
onset OCD had significantl y incr eased SERT av ailability in the 
striatum during long-term treatment with escitalopram (Lee et 
al., 2018 ). In addition, another [ 11 C] DASB-PET study found that 
the SERT binding was reduced in the insula cortex of OCD pa- 
tients, although the reduced binding was also observed in the or- 
bitofrontal cortex compared to the control group (Matsumoto et 
al., 2010 ). Ho w e v er, caution should be exercised in inter pr eting this 
finding due to the very low levels of 5-HTT binding in this region.
T he a v ailability of 5-HT2A r eceptors was significantl y r educed in 

the anterior cingulate, dorsal lateral, and medial pr efr ontal cor- 
tex, as well as in the parietal and temporal association cortices of 
OCD patients (Perani et al., 2008 ). Additionally, there was a signif- 
icant correlation between the availability of the serotonin 2A (5- 
HT2A) receptor in the orbitofrontal and dorsal lateral prefrontal 
cortex and the se v erity of clinical symptoms. Ho w e v er, a [ 11 C] MDL 
100907-PET study comparing 5-HT2A availability in the brains of 
OCD patients and healthy controls did not find any significant dif- 
ferences in the orbitofrontal cortex or other regions of interest.
Despite this, there was a significant correlation between [ 11 C] MDL 
100907 binding and age of onset in the orbitofrontal cortex, with 

a higher binding rate associated with earlier onset age (Simpson 

et al., 2011 ). 
In terms of dopaminergic system, a PET study using [ 11 C]- 

SCH23390 found a decrease in the binding potential of [ 11 C]- 
SCH23390 to D1 receptors in the bilateral prefrontal cortex and 

striatum of drug-naive OCD patients compared to controls. In 

OCD patients, a decrease in dopamine D1 receptor binding in 

the bilater al pr efr ontal cortex was also positiv el y corr elated with 

greater symptom severity (Olver et al., 2010 , 2009 ). Conversely, no 
significant correlation was observed in the striatum. In the en- 
tir e striatum, especiall y in the v entr al aspects, r adioligand up- 
take related to dopamine D2 receptors was also significantly re- 
duced, possibl y r eflecting endogenous dopaminer gic hyper activ- 
ity (Perani et al., 2008 ). 

Applications of fluorescent molecular 
probes in psychiatric disorders 

The application of fluorescent molecular probes in psychiatric dis- 
orders mainly focused on schizophrenia and depression. There 
was no study that met our r e vie w r equir ements r egarding the ap- 
plication of fluorescent probes on PTSD , BD , and obsessive disor- 
ders. In addition, at present, the application of fluorescent molec- 
ular probes in schizophrenia and depression is still under a pre- 
clinical and experimental phase, without main human applica- 
tions. 

Application of fluorescent molecular probes in 

schizophrenia 

Excessiv e pr oduction of hydr ogen sulfide in the br ain is consider ed 

one of the pathological and physiological bases of sc hizophr enia.
Zhuo Wang et al. designed and synthesized a series of SiR-B near- 
infr ar ed fluor escent pr obes with differ ent substituents, among 
which Mindo-SiR sho w ed a good ability of blood–brain barrier pen- 
etrating and a good reactivity to H 2 S in vitro and in vivo . This study 
used the Mindo-SiR fluorescent probe for the first time to im- 
age the changes in endogenous and exogenous hydrogen sulfide 
(H 2 S) in the brain of a mouse model of sc hizophr enia, successfull y 
emonstrating that the level of endogenous H 2 S was abnormally
igh in the brain of schizophrenic mice (Geng et al., 2022 ). 

pplication of fluorescent molecular probes in 

epression 

he superoxide anion radical (O 2 
−) is a product of the single elec-

r on r eduction of oxygen molecules. As the first type of r eactiv e
xygen species produced in peroxisomes, it plays a crucial role in
he pathological mechanism of brain diseases (Xiao et al., 2020 ).
ang’s group successfully constructed a dual-photon probe TCP 
apable of a real-time and specific detection of O 2 

− by combining
he fluorescent caffeic acid molecule structure with the Ser-Lys- 
eu peptide targeting peroxisomes through a Gln amide fragment.
er ebr al fluor escence ima ging of mice with de pressi ve phenotype
sing TCP and a hydrogen peroxide (H 2 O 2 ) probe BN under 800
m dual-photon laser irradiation sho w ed that the excess O 2 

− and
 2 O 2 induced inactivation of catalase and a decrease in trypto-
han hydroxylase-2 content, which could result in the dysfunc-
ion of the serotonin system in the mouse brain and eventually
ead to depression (Ding et al., 2020 ). 

Similarly, ozone (O 3 ) as an important type of reactive oxygen
pecies also plays a critical role in depression. Tang’s group de-
igned and synthesized a near-infr ar ed fluor escent pr obe ACy7
or detecting O 3 in the brains of live small animals. O 3 under-
ent a specific ring-closing reaction at the end double bond of

he pr obe’s vin yl gr oup (Fig. 6 ), r esulting in an expanded con-
ugated system of the “front” of heptamethine c y anine emitting
ear-infr ar ed fluor escence and making the pr obe highl y specific,
ensitiv e, and ca pable of a deep tissue penetr ation. Researc hers
sed ACy7 for visualizing and analyzing O 3 within cells and found
hat O 3 le v els incr eased significantl y in phaeoc hr omocytoma cells
PC12 cells) under Glu stimulation compared to normal cells. In
ddition, ima ging anal ysis of mouse br ain r e v ealed a significant
ncrease in O 3 in depressed mice compared to normal mice . T his
tudy also found that the excessive O 3 in the brain of depressed
ouse led to an excess production of the pro-inflammatory cy-

okine IL8, which could induce the depression phenotype (Li et al.,
019 ). 

As a neur otr ansmitter, acetylc holine plays a regulatory role in
r ain neur al tr ansmission, while acetylc holinester ase (AChE), as

ts corresponding hydrolytic enzyme, indirectly affects the effi- 
iency of neural transmission. Tang’s group designed and synthe- 
ized a fluor escent pr obe MCYN that connects an AChE recogni-
ion fr a gment, dimethylaminoformyl, and has dual-photon imag- 
ng effects. Under 800 nm dual-photon excitation light, MCYN 

ould detect the reduction of AChE activity caused by the AChE
nhibitor neostigmine in PC12 cells and the increase of AChE lev-
ls in a mouse model of depr ession. Furthermor e, the r esearc hers
reated PC12 cells stimulated by Glu and Glu/caffeic acid ethyl es-
er with the O 2 

− dual-photon fluorescent probe and probe MCYN.
hey found that the excessive activation of AChE induced by ox-

dativ e str ess may lead to depr ession-r elated behaviors in mice
Wang et al., 2019 ). 

Nore pine phrine (NE), as an important neurotransmitter, is 
losel y r elated to depr ession. Caixia Yin et al. hav e designed
 r ed fluor escent pr obe for a specific detection of NE, using a
pr otection-depr otection” str ategy: the c y anine dy e with longer
mission w avelength w as modified with w ater-soluble sulfonic
cid and connected to a leaving group thiol carbonic ester for pro-
ection; the unique β-h ydroxyeth ylamine part of NE could trig-
er nucleophilic substitution and an intramolecular nucleophilic 
eaction to remove the protecting group, release the fluorescent 
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Figure 6: Reaction of near infr ar ed fluor escent pr obe ACy7 with O 3 . [104] 
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roup, and thus achieve specific detection of NE. The authors
lso used this probe to achieve the imaging of NE neurotrans-
ission under potassium ion stimulation, and for the first time,

he real-time fluorescent imaging of NE levels in the rat brain
fter antidepressant stimulation (Zhou et al., 2020 ). Pengli Gu et
l. hav e de v eloped a new tryptamine-based red fluorescent probe
NE for the r eal-time tr ac king of NE, which could be significantly
ncreased by triggering the deprotection of the thio-carbonyl es-
er ligand by nucleophilic substitution of NE. LNE sho w ed signif-
cant NE selectivity and sensitivity in vitro compared to other an-
l ytes. In addition, LNE r esponded quic kl y ( < 10 minutes), and the
uor escence signal c hanged positiv el y with NE concentr ation, en-
bling tr ac king of NE c hanges in vivo . Importantl y, the pr obe has
een successfully used for real-time visual and imaging of NE

n live cells and animals with de pression-lik e behavior (Gu et al.,
023 ). 

The occurrence of depression is closely related to the overacti-
ation of N -methyl- D -aspartate receptors (NMDARs) in the brain,
nd the activity of NMDARs is also closely related to Zn 

2 + and
. Tang’s r esearc h team designed a dual-color fluorescent probe

o sim ultaneousl y monitor the le v els of Zn 

2 + and H in the brains
f depressed mice. When encountering Zn 

2 + , the probe emitted
right blue fluorescence at 460 nm, and the r ed fluor escence at
80 nm weakened with the addition of H. Using the blue/red
ual-fluorescence signal of dual-color fluorescent probe, the re-
earc hers observ ed that the le v els of Zn 

2 + and H in PC12 cells
ncr eased sync hr onousl y under o xidati v e str ess conditions, and
n vivo imaging revealed for the first time that Zn 

2 + and H in the
rains of mice with de pressi ve-lik e behavior decreased simultane-
usl y. Further r esults suggested that NMDARs might be the cause
f sync hr onous fluctuations of Zn 

2 + and H in depression (Wang
t al., 2020 ). 

The “neur otr ophic hypothesis” suggests that human depr es-
ion is related to the reduced expression and function of brain-
eriv ed neur otr ophic factor (BDNF), and these c hanges ar e closel y
elated to the polarity of cells’ Golgi apparatus. Tang’s research
eam designed and synthesized a polarity-sensitiv e near-infr ar ed
uor escent pr obe, Golgi-tar getable fluor escent pr obe (Golgi-P), for
etecting the polarity of the Golgi a ppar atus in small animal
rain in vivo . The probe consisted of meso -tetraphenylporphyrin
nd benzoyl difluor obor on as suppl ying and withdr awing electr on
r oups, r espectiv el y, forming a highly conjugated skeleton sensi-
ive to the polarity of cells’ Golgi apparatus; the nitrogen atom side
hain of meso-tetraphenylporphyrin was connected to L -cysteine,
c hie ving pr ecise localization of the Golgi a ppar atus. Using Golgi-
, the polarity changes of the Golgi a ppar atus in PC12 cells
nder Glu stimulation were successfully located and imaged.
eanwhile, through in vivo imaging, the researchers first achieved

he polarity detections in the brains of normal mice and depressed
ice, and r e v ealed that the changes in the polarity of Golgi appa-

 atus wer e closel y r elated to the le v el of neur otr ophic factors (Li
t al., 2019 ). 

iscussion 

wing to the ability to provide information to explain the causal
nd pathophysiological mechanisms of mental disorders, molec-
lar ima ging tec hnology has become one of the important tools
or studying these major psychiatric disorders. Molecular imag-
ng technology can provide important clues for explaining the de-
 elopment pr ocess of diseases and pr oposing tr eatment meth-
ds by studying the c har acteristics of molecular compositions of
he brain tissues. In molecular ima ging tec hnology, MRS is widel y
sed to explore metabolic processes of molecules, PET and SPECT
ec hnology can non-inv asiv el y monitor the activity of macr o-

olecules such as proteins and neurotransmitters, and fluores-
ent molecular probes can target organs with specific features
nd be activated by specific pathogenic biomarkers. With the con-
inuous de v elopment and impr ov ement of ima ging tec hnology, we
re able to explore the molecular-level mechanisms of psychiatric
isorders mor e deepl y, pr oviding inspir ation and insights for seek-

ng safer and mor e effectiv e tr eatments, and impr oving the accu-
acy of clinical diagnoses. 

When studying psychiatric disorders, technologies such as
RS, PET, and SPECT enable us to probe the chemical and biolog-

cal changes in patients’ bodies . T hese changes are usually asso-
iated with the concentration of specific substances, such as neu-
 otr ansmitters , metabolites , proteins , etc. T hrough this method,
 esearc hers can explor e how these substances play a k e y role in
ifferent types of psychiatric disorders, which can help us better
nderstand the physiological processes of these diseases. In ad-
ition, these technologies can also help doctors to make patient-
pecific treatment plans. Molecular imaging can be used to mon-
tor changes in the concentration of certain substances in the
ame brain region during treatment, as well as the relationship
etween these changes and clinical manifestations, to evaluate
he effectiveness of drug therapy. This personalized assessment
 ppr oac h can make tr eatments mor e effectiv e and better ac hie v e
reatment goals. In summary, the use of these imaging technolo-
ies is improving our understanding of psychiatric disorders and
ringing more effective methods for the treatment of them. 
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Although imaging technologies including MRS, PET, SPECT, and 

fluor escent ima ging ar e widel y used in medical studies, they still 
have some limitations that need to be addressed in future. On 

one hand, the study subjects for these tec hnologies ar e r elativ el y 
small, and the number of repetitions is limited, which may lead to 
markedl y differ ent r esults. On the other hand, these tec hnologies 
usuall y onl y c har acterize a single metabolite, neur otr ansmitter,
or other biological molecules by a single examination, and it is 
challenging to map the changes of a single chemical substance 
to the ov er all disease, thus they may only provide a limited infor- 
mation on the disease . T her efor e , it ma y not pro vide comprehen- 
sive information for the overall diagnosis and treatment of the 
disease. In conclusion, e v en though these ima ging tec hnologies 
pr ovide v aluable information for r esearc h and tr eatment in the 
medical field, we still need to further r esearc h and explor e other 
ima ging tec hniques to understand the mec hanisms of differ ent 
diseases more comprehensively and accurately. The existing re- 
searc h discov eries of molecular ima ging tec hniques in psyc hiatric 
disorders have great value. In addition, multiparametric methods 
have been used to evaluate demyelinating (like multiple sclerosis) 
diseases in clinical settings. Similarly, if molecular imaging tech- 
niques are combined with other advanced imaging technologies 
such as functional MRI, high-precision structural MRI, and deep 

learning, it may provide a mor e compr ehensiv e c har acterization 

of the pathology of psychiatric disorders (Lai et al., 2019 ; Mustafi
et al., 2019 ; Gatto et al., 2021 ; Kotoula et al., 2023 ). 
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