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Psychoradiology: The Frontier of 
Neuroimaging in Psychiatry1

Unlike neurologic conditions, such as brain tumors, 
dementia, and stroke, the neural mechanisms for all 
psychiatric disorders remain unclear. A large body of re-
search obtained with structural and functional magnetic 
resonance imaging, positron emission tomography/single 
photon emission computed tomography, and optical im-
aging has demonstrated regional and illness-specific brain 
changes at the onset of psychiatric disorders and in in-
dividuals at risk for such disorders. Many studies have 
shown that psychiatric medications induce specific mea-
surable changes in brain anatomy and function that are 
related to clinical outcomes. As a result, a new field of 
radiology, termed psychoradiology, seems primed to play 
a major clinical role in guiding diagnostic and treatment 
planning decisions in patients with psychiatric disorders. 
This article will present the state of the art in this area, as 
well as perspectives regarding preparations in the field of 
radiology for its evolution. Furthermore, this article will 
(a) give an overview of the imaging and analysis methods 
for psychoradiology; (b) review the most robust and im-
portant radiologic findings and their potential clinical 
value from studies of major psychiatric disorders, such as 
depression and schizophrenia; and (c) describe the main 
challenges and future directions in this field. An ongoing 
and iterative process of developing biologically based no-
menclatures with which to delineate psychiatric disorders 
and translational research to predict and track response 
to different therapeutic drugs is laying the foundation for 
a shift in diagnostic practice in psychiatry from a psy-
chologic symptom–based approach to an imaging-based 
approach over the next generation. This shift will require 
considerable innovations for the acquisition, analysis, and 
interpretation of brain images, all of which will undoubt-
edly require the active involvement of radiologists.

q RSNA, 2016

Online supplemental material is available for this article.

This copy is for personal use only. To order printed copies, contact reprints@rsna.org



358	 radiology.rsna.org  n  Radiology: Volume 281: Number 2—November 2016

STATE OF THE ART: Psychoradiology	 Lui et al

imaging study of schizophrenia with CT 
revealed bilaterally enlarged ventricles, 
which was an important confirmation 
of the neuropathology of the disorder 
(1). Since then, many psychiatry re-
searchers have used brain imaging to 
elucidate the profile of brain abnormal-
ities associated with different psychi-
atric disorders. This effort accelerated 
considerably in recent years because 
of the rapid and extensive growth and 
development in MR imaging, molecular 
imaging, and other diagnostic imaging 
techniques.

Increased understanding of neu-
robiologic mechanisms of psychiatric  
disorders, increased technical capacities 
of human brain imaging, and many com-
pelling demonstrations of differences 
between patients and control subjects 
in terms of brain anatomy and function 
provide the basis for the emergence of 
the clinical subspecialty of psychoradi-
ology. Although clinical application of 
psychoradiology is not on the immedi-
ate horizon, the opportunity to lever-
age developments in psychiatry and ra-
diology comes at a time when there is 
growing recognition of an urgent need 
to improve diagnostic practice for seri-
ous mental illnesses to classify patients 
on the basis of their biologic character-
istics, clinical history, and symptoms. 
Furthermore, the definition of psychiat-
ric illness has changed in the past few 
decades according to various versions 
of the Diagnostic and Statistical Man-
ual of Mental Disorders (DSM). There 
are active efforts within psychiatry to 
shift toward the use of neurobiologic 

observation rather than in terms of their 
underlying neurobiologic substrate. This 
has led to a lack of specificity when de-
scribing psychiatric syndromes and to 
limited success in drug development. 
Clearly, there is a pressing need for pre-
cision medicine in the treatment of psy-
chiatric disorders.

One of the greatest difficulties 
in diagnosing and treating psychiat-
ric disorders is that human behaviors 
are complex; thus, psychiatric disor-
ders can be difficult to study in animal 
models when trying to understand the 
pathogenesis. These challenges have 
slowed progress in psychiatry as a field 
of clinical medicine; however, in recent 
decades, progress primarily from clini-
cal brain imaging but also from human 
postmortem brain studies and genetic 
research has greatly increased biologic 
understanding of the neural substrate 
of these conditions. These advances 
provide a direction for the development 
of objective quantitative measures of 
patterns of brain abnormalities in com-
mon psychiatric disorders, such as de-
pression and schizophrenia. Thus, neu-
roimaging used in the nascent field of 
psychoradiology is being considered not 
only as a way to facilitate diagnosis in 
terms of current standards but also as 
a way to add neurobiologic information 
to fundamentally change how the disor-
ders themselves are defined and under-
stood. Although psychoradiology is not 
yet validated to the degree necessary 
for clinical practice, it is a rapidly evolv-
ing field and one in which the active 
involvement of radiologists will be im-
portant to ensure its success.

It is commonly believed that pa-
tients with psychiatric disorders seldom 
have cerebral deficits that are visible at 
traditional diagnostic imaging examina-
tions, such as radiography, computed 
tomography (CT), or conventional mag-
netic resonance (MR) imaging. Conse-
quently, the role of radiology in diag-
nosing psychiatric disorders has been 
generally regarded as limited. In fact, 
neuroimaging research in psychiatry 
has yielded objective intelligible evi-
dence to support the view that major 
mental illnesses are associated with in-
trinsic brain disorders. In 1976, the first 
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Essentials

nn A primary task of psychoradiol-
ogy is to develop and use nonin-
vasive quantitative methods to 
observe patterns of structural 
and functional cerebral changes 
in patients with psychiatric disor-
ders in vivo.

nn Examples of illness-specific alter-
ations include a smaller hippo-
campus in patients with major 
depressive disorder, hypoactivity 
of ventral medial prefrontal 
regions in patients with schizo-
phrenia, and hyperactivity of the 
amygdala in patients with post-
traumatic stress disorder or an 
anxiety disorder.

nn The observation that several psy-
chiatric disorders, including 
major depressive disorder, 
schizophrenia, and attention def-
icit hyperactivity disorder, share 
anatomic and functional deficits 
in brain networks in the default 
mode network, salience network, 
emotional regulation network, 
and central executive cognitive 
network is perhaps not sur-
prising, given the overlap in emo-
tional and cognitive deficits 
across disorders.

nn Psychoradiology can improve 
medical care for millions of 
patients and can incrementally 
transform psychiatric diagnostic 
practice from a set of broad 
symptom-based syndromes to an 
imaging-based nosology over the 
next generation.

P sychoradiology is a term that 
describes a growing intersection 
between the fields of psychiatry 

and radiology, and it is an emerging 
branch of radiology that is closely associ-
ated with neuroradiology and neurology. 
In clinical practice, psychoradiology in-
dicates the use of radiologic approaches 
in patients with major psychiatric disor-
ders and spans from diagnosis to treat-
ment planning and monitoring. Psychi-
atric disorders traditionally have been 
classified as broad syndromes defined 
by patient complaint and behavioral 
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reflected by the increase or decrease 
in the blood oxygen level–dependent 
signal. Functional MR imaging provides 
an important noninvasive opportunity 
to evaluate neuronal activity and neural 
circuitry in vivo. Its use has greatly ex-
panded understanding of human brain 
and behavior systems. A large number 
of functional MR imaging studies with 
different tasks have been used to iden-
tify the brain mechanisms of specific 
symptoms and neurocognitive impair-
ments in patients with psychiatric dis-
orders (5,6).

Task-based functional MR imag-
ing, which involves an examination of 
changes in brain activity as a person 
performs a particular psychologic task, 
was almost exclusively used in early psy-
chiatric imaging studies. The rationale 
for this approach parallels that of an 
exercise stress echocardiographic test, 
as specific functional brain systems sup-
porting a particular psychologic process 
can be incrementally stressed to evalu-
ate their functional integrity.

More recently, resting-state func-
tional MR imaging has become widely 
used, as well. Evaluation of connec-
tivity and activity of the brain while 
subjects rest quietly has the advantage 
of enabling one to probe whole-brain 
functional integrity, while not requiring 
the patient to perform a cognitive task. 
Low-frequency fluctuations of the blood 
oxygen level–dependent signal during 
rest have been measured to investigate 
temporal correlations across cortical 
areas that form functionally integrated 
brain networks and support different 
neurobehavioral functions. MR spec-
troscopy and PET/SPECT are used to 
obtain information about brain metab-
olism and chemistry. The detection of 
neurotransmitters, such as g-aminobu-
tyric acid and glutamine or glutamate, 
with quantitative methods is one of 
the most important applications of MR 
spectroscopy in patients with psychi-
atric disorders, since most psychiatric 
disorders are thought to involve deficits 
in one or both of these neurotransmit-
ter systems. MR perfusion-weighted 
imaging, including the endogenous ar-
terial spin-labeling technique, and PET/
SPECT can reveal changes in resting 

subcortical structures. Voxel-based 
analysis, a computer-based technique 
that can be used to identify changes in 
given indexes in any part of the whole 
brain without a prior hypothesis, is 
commonly used to explore gray matter 
changes in patients with psychiatric dis-
orders. Moreover, the gross anatomic 
alterations thought to be the intrinsic 
aspects of psychiatric disorders are 
now known to change after treatment 
(2). White matter deficits are charac-
terized primarily with diffusion-ten-
sor (DT) imaging and magnetization 
transfer imaging. With DT imaging, 
MR imaging studies target regions of 
interest (ROIs), and by using voxel-
based analysis and tract-based spatial 
statistics, investigators have quantified 
parameters, including fractional anisot-
ropy and mean diffusivity, to identify 
changes in the physical properties of 
the fiber bundles, such as packing den-
sity, myelination, and axon diameter, in 
patients with psychiatric disorders (3). 
Both gray and white matter changes 
in patients with psychiatric disorders 
are minor and are rarely judged to be 
of clinical importance based on visual 
inspection of images. However, many 
studies now show that these alterations 
differ across patient groups and are re-
lated to illness severity and treatment 
outcome (4). The causes of these defi-
cits are unclear and may include genetic 
factors, life experiences, prenatal chal-
lenges, medication effects, and social 
economic factors. However, it is of note 
that many abnormalities have been seen 
in “first-episode” patients (ie, those pa-
tients who experience the first episode 
of the illness before any treatment), as 
well as in unaffected family members of 
affected patients, so they appear to be 
fundamental to the illnesses.

Besides structural MR imaging, 
functional MR imaging has been widely 
used to identify brain functional or 
physiologic abnormalities in patients 
with psychiatric disorders. On the basis 
of changes in the blood oxygen level–
dependent signal evoked by specific 
tasks, a large body of literature docu-
ments disruptions in sensory, cogni-
tive, and affective brain circuitry, with 
task-related change of neural activity 

parameters to diagnose disease and in-
dividualize treatment. Given the large 
number of patients with psychiatric 
conditions and the fact that most major 
disorders have prevalence greater than 
1%, advances in psychoradiology could 
have considerable effects on health care 
by improving the lives of many patients.

This review article will present the 
state of the art in this field, including (a) 
an overview of the imaging and analysis 
methods for psychoradiology; (b) a re-
view of the most robust and important 
radiologic findings from studies of ma-
jor psychiatric disorders, such as de-
pression and schizophrenia, as well as 
the potential clinical value of these find-
ings; and (c) a discussion of the main 
challenges and future directions in this 
field. We will restrict our discussion to 
selected psychiatric disorders that have 
been studied most extensively, includ-
ing major depressive disorder (MDD), 
schizophrenia, bipolar disorder (BD), 
attention deficit hyperactivity disorder 
(ADHD), posttraumatic stress disorder 
(PTSD), and autism spectrum disorder. 
Diverse substance abuse effects will not 
be discussed. Our focus will be on ana-
tomic and functional MR imaging stud-
ies, instead of on MR spectroscopy or 
positron emission tomography (PET)/
single photon emission CT (SPECT) 
studies, for which findings are better 
established.

Methodologic Considerations

Two key features of the brain disor-
ders seen in psychiatry are of special 
note. Cerebral deficits primarily relate 
to brain function rather than gross an-
atomic alterations, and changes are 
modest, requiring quantitative analysis 
rather than visual inspection of images. 
Thus, development and use of nonin-
vasive quantitative methods to observe 
patterns of structural and functional ce-
rebral changes in patients with psychi-
atric disorders in vivo are the primary 
tasks of psychoradiology.

High-spatial-resolution T1-weighted 
structural MR imaging is used to detect 
alterations in gray matter morphome-
try, including regional volume, corti-
cal thickness, and shape of gyral and 
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researchers have begun to study psy-
chiatric illness from the perspective of 
neural networks rather than evaluate 
the integrity of brain regions in isola-
tion. Functional connectivity measure-
ments, which reflect the interactions 
between brain regions, and graph the-
ory analysis, which is a formalism to 
quantify topologic properties of brain 
networks, have shown potential in 
this area. Connectivity alterations are 
complex, and available evidence from 
observing patients after treatment ini-
tiation suggests that they are state de-
pendent to a degree. Thus, they may be 
useful for pharmacodynamic measure-
ments of drug effect on the brain; thus, 
they may serve as biomarkers in the 
evaluation of treatment outcome. We 
recently identified hyper- and hypocon-
nectivity of different prefrontal cortical 
regions in what is currently the largest 
sample of patients with treatment-naive 
schizophrenia studied in this way (n 
= 129) (9). Furthermore, patterns of 
functional connectivity changes have 
been related to symptom severity of 
schizophrenia and have shown promise 
in diagnostic classification (9). Also, 
some alterations of connectivity are 
seen in unaffected family members of 
patients with schizophrenia and may 
be related to genetic liability for illness 
(10). However, the understanding of the 
reliability, pathophysiologic basis, and 
clinical importance of these circuitry-
level changes remains at an early stage 
of progress.

Revealing the Neural Substrate of 
Psychiatric Disorders

Use of anatomic and functional brain 
imaging has had a great effect on psy-
chiatry, providing some of the most ro-
bust and direct demonstrations of mor-
phologic and functional brain alterations 
in disorders that many had considered 
psychologic in nature. Over time, these 
approaches have yielded information 
on common and overlapping neural 
mechanisms of psychiatric disorders, 
including MDD, schizophrenia, BD, 
ADHD, PTSD, and autism spectrum dis-
order (Table E1 [online]). Most of the 
following cited articles used DSM IV as 

similar to those in clinical neuroradiol-
ogy, albeit involving more use of func-
tional MR imaging and different PET 
ligands, image analysis methods in psy-
choradiology are rather different. Two 
main strategies are used to explore the 
neural mechanism of psychiatric disor-
ders. The first is to use knowledge of 
functional brain systems to hypothesize 
what is wrong in the brain on the basis 
of observed behavioral problems. Use 
of task-based functional MR imaging 
to probe the functional integrity of a 
particular brain system is the prototyp-
ical example of this approach. This ap-
proach tailors image acquisition to the 
problems of a particular patient and is 
more inherently interdisciplinary. For 
example, attention deficit is common in 
patients with ADHD, and we used the 
modified Stroop task (a classic task to 
test attention) to examine the function 
of the anterior cingulate cortex (a core 
structure for attention) in patients with 
ADHD (7). Although activity is typically 
measured across the brain, the selection 
of behavioral tasks of course predefines 
which brain regions will show increased 
activity. The second approach is to use 
standard imaging protocols to explore 
brain deficits in patients from whole-
brain studies and then determine after 
the fact whether imaging findings are 
likely relevant for behavioral problems 
associated with the disorder. For ex-
ample, we used resting-state functional 
MR imaging with voxel-based analysis 
to explore the functional deficits in pa-
tients with schizophrenia and found de-
creased activity in the medial prefrontal 
cortex, which was correlated with and 
is believed to be related to the sever-
ity of symptoms (8). The former strat-
egy has been common in psychiatric 
research, especially for functional MR 
imaging, and the latter strategy is more 
standard in clinical radiology. Both 
strategies are widely used and have dif-
ferent advantages and limitations, and 
in time, this field will need to determine 
how to best exploit both approaches for 
psychoradiology clinical evaluations.

Since neural activity in the brain 
to support complex psychologic pro-
cesses depends on integrated activity 
in widely distributed neural networks, 

brain perfusion as an alternative ap-
proach to evaluate changes in regional 
blood supply of the brain.

Although the previously mentioned 
modalities have been used to study 
most psychiatric disorders, there is no 
evidence that one technique is more 
clinically useful than the others because 
each modality is sensitive to different 
cerebral deficits. For example, gray 
matter atrophy of the hippocampus has 
been consistently reported in structural 
studies in patients with depressive dis-
order, while other studies have shown 
reduced activity of the hippocampus at 
functional MR imaging, lower concen-
tration of N-acetyl-l-aspartic acid and 
glutamine at MR spectroscopy, and dis-
rupted functional connectivity involving 
the hippocampus at DT imaging and 
resting-state functional MR imaging. 
Thus, studies with different modalities 
provide convergent evidence of hippo-
campal deficits in patients with depres-
sive disorder.

To date, MR imaging has proved to 
be the most widely used and informa-
tive strategy for psychiatric imaging; 
however, other modalities may provide 
useful complementary information. For 
instance, CT has been used in patients 
with schizophrenia to depict ventricu-
lar enlargement (1), which in turn has 
been related to poorer acute treatment 
response and longer term clinical out-
come. PET/SPECT has been useful be-
cause metabolic or perfusion changes 
can be detected with this modality 
more sensitively than with current MR 
techniques. This has led to the develop-
ment of various hybrid forms of imaging 
equipment that combine the strengths 
of different imaging techniques, such 
as SPECT/CT, PET/CT, and PET/MR 
imaging. Magnetoencephalography and 
optical imaging approaches, such as 
functional near-infrared spectroscopy, 
may also be complementary. The former 
enables sensitive detection of cortical 
activity with high temporal resolution, 
while the latter is useful in noninvasive 
measurement of changes in hemoglobin 
concentration as an indirect measure of 
changes in brain function.

While image acquisition methods in 
psychoradiology are, for the most part, 
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the brain may be more useful for di-
agnosis than measured changes in any 
particular brain region.

White matter deficits, especially 
those revealed by DT imaging, have 
been observed in patients with mood 
disorders, mainly within emotion reg-
ulation circuitry (Fig 1); this finding is 
consistent with gray matter findings. 
For example, patients with depressive 
disorder exhibited substantially lower 
fractional anisotropy (FA) values in the 
white matter of the right middle fron-
tal gyrus, the left lateral occipitotem-
poral gyrus, and the angular gyrus of 
the right parietal lobe than did healthy 
comparison subjects. Thus, white mat-
ter abnormalities may contribute to 
disruptions in neural circuits involved 
in mood regulation and therefore may 
contribute to the neuropathology of 
MDD (16). Furthermore, decreased 

with recurrent episodes than in those 
experiencing their first episode (12). 
Notably, the interesting finding of small-
er hippocampal volume has been linked 
to the “neurotrophic hypothesis of de-
pression,” which proposes that elevated 
glucocorticoid levels associated with 
chronic hyperactivity of the hypotha-
lamic-pituitary-adrenal axis in patients 
with MDD may induce brain atrophy 
via remodeling and downregulation of 
growth factors, including brain-derived 
neurotrophic factor (13). Moreover, 
these anatomic changes are different 
(a) between patients experiencing their 
first episode and those with chronic 
disease (14) and (b) between remitted 
patients with MDD and those who are 
currently depressed (15). The variable 
pattern of increased and decreased cor-
tical thickness across the brain suggests 
that a profile analysis of changes across 

diagnostic criteria, but there have been 
no drastic changes in DSM criteria for 
the major disorders since DSM III.

Major Depressive Disorder
Anatomic and functional deficits are 
revealed in multiple brain regions in 
patients with MDD, especially prefron-
tal-limbic circuits (Fig 1). Our recent 
meta-analysis of voxel-based morphom-
etry studies of medication-free patients 
with MDD identified robust gray mat-
ter decreases in prefrontal and limbic 
regions, mainly including the bilateral 
superior frontal gyrus, lateral middle 
temporal and inferior frontal gyri, and 
bilateral parahippocampal gyrus and 
hippocampus (11). Subcortical brain al-
terations have included smaller hippo-
campal volumes in patients with MDD, 
which appear to be moderated by age 
of onset and to be greater in patients 

Figure 1

Figure 1:  Neural networks involved in patients with MDD mainly include the medial frontal cortex, temporal cortex, and superior occipital cortex. Both anatomic and 
functional changes are shown in the, A, superior view and, B, anterior view. Red and yellow spots represent changes in gray matter volume and function, respec-
tively, and green spots identify regions with both functional and anatomic changes. C, Main white matter bundles (green line), with changes of integrities revealed by 
DT imaging. ACG.L = left anterior cingulate gyrus; ACG.R = right anterior cingulate gyrus; HIP.R = right hippocampus; IFGoperc.L = left inferior frontal gyrus, pars 
opercularis; IFGoperc.R = right inferior frontal gyrus, opercular part; IFGtriang.L = left inferior frontal gyrus, pars triangularis; IFGtriang.R = right inferior frontal gyrus, 
triangular part; MFG.L = left middle frontal gyrus; MFG.R = right middle temporal gyrus; ORBinf.L = orbital part of left Inferior frontal gyrus; ORBinf.R = orbital part of 
right inferior frontal gyrus; ORBmid.L = orbital part of left middle frontal gyrus; ORBsup.R = orbital part of right superior frontal gyrus; PCG.L = left posterior cingulate 
gyrus; PCG.R = right posterior cingulate gyrus; PUT.L = left lenticular nucleus, putamen; PUT.R = right lenticular nucleus, putamen; SFGdor.R = right superior frontal 
gyrus, dorsolateral; THA.L = left thalamus; THA.R = right thalamus.
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supporting emotion processing, includ-
ing the dorsal anterior cingulate cortex 
(27) and the ventrolateral prefrontal 
cortex (28,29), were found to have po-
tential in predicting clinical outcome in 
patients with MDD (30).

Schizophrenia
Schizophrenia is another common psy-
chiatric disorder, affecting approxi-
mately 1% of the population, and it is 
characterized by delusions, flat affect, 
hallucinations, social withdrawal, and 
bizarre behavior. Studies of patients 
with treatment-naive first-episode 
schizophrenia have revealed brain def-
icits at the onset of illness (8,31,32). 
Furthermore, these anatomic deficits 
may affect functional networks, which 
subsequently may represent the prox-
imate cause of the clinical symptoms 
(8). Findings from longitudinal stud-
ies of first-episode schizophrenia and 
comparison of findings in patients with 
first-episode schizophrenia and those 
with chronic disease suggest consider-
able variability in patterns of anatomic 
changes at the early phase of illness, 
smaller deficits in patients with first-
episode schizophrenia than in those 
with chronic disease, and some re-
gional progression of brain changes 
over the longer term course of illness 
(33). Some of these changes appear 
to relate to clinical manifestations. For 
example, patients with prominent neg-
ative symptoms, such as affective flat-
tening, avolition, and apathy, have been 
reported to show greater reductions 
of gray matter volume in the temporal 
lobe (31). Regions such as the medial 
prefrontal cortex, striatum, and thala-
mus are within the dopamine pathway, 
which is both a treatment target and 
a system implicated in the pathogene-
sis of schizophrenia (Fig 2). There are 
other regions where illness effects have 
been seen, including the parietal and 
occipital regions, that do not receive 
prominent dopaminergic innervation 
(Fig 2). This suggests a complex path-
ophysiologic process with diverse brain 
effects.

Similarly, studies of white matter in 
patients with first-episode schizophre-
nia indicate widespread abnormalities 

treatments and who require adjunctive 
medical and psychosocial therapies.

The potential clinical value of im-
aging features has begun to be sys-
tematically investigated. For example, 
a multisite study yielded evidence that 
frontotemporal functional near-infrared 
spectroscopy may be a useful tool with 
which to diagnose depression (22) and 
showed that this modality can be used 
to accurately distinguish MDD (74.6%) 
and two other disorders (85.5%, BD 
and schizophrenia). A recent study 
using a multiparametric classification 
approach based on high-resolution 
structural images to distinguish first-
episode medication-naive adult patients 
with MDD from healthy control sub-
jects showed that both volumetric and 
geometric parameters could be used to 
discriminate patients with MDD from 
healthy control subjects, with cortical 
thickness in the right hemisphere yield-
ing the greatest diagnostic classification 
accuracy (78%, P , .001). These find-
ings extend current understanding of 
the neuropathologic underpinnings of 
MDD and yield preliminary support 
for the use of neuroanatomic exami-
nations in the early detection of MDD 
(23). Both anatomic and functional im-
aging features show potential to sepa-
rate patients from healthy individuals, 
and there is overlap of the regions with 
anatomic and functional changes, espe-
cially in limbic regions.

Besides diagnosis, studies of treat-
ment response prediction in depression 
indicate an important role for analyses 
focused on the amygdala. One study of 
cognitive behavioral therapy reported 
that greater pretreatment amygdala 
activity predicted better outcome (24), 
while a study of the rapid antidepres-
sant ketamine reported the opposite 
effect (25), suggesting potential use of 
amygdala activity to guide treatment 
with psychosocial approaches instead 
of with antidepressant medication. 
Another study reported that greater 
amygdala activation in response to 
emotional facial expressions predicted 
greater reduction in depressive symp-
toms 8 months after different types of 
treatment (26). Besides the amygdala, 
other regions within brain circuitry 

FA in the left anterior limb of the in-
ternal capsule may reflect disease in 
its frontostriatal and frontothalamic 
projections, which could increase risk 
for impulsive and emotionally disinhib-
ited behavior, such as suicide (17,18). 
If replicated, these findings may provide 
an objective biomarker for suicide risk, 
which is highly elevated in patients with 
depression or other major psychiatric 
disorders and represents the only major 
cause of mortality in psychiatry. Neuro-
imaging biomarkers might help identify 
the specific patients in need of early 
preventive intervention and intensive 
monitoring to reduce their suicide risk.

Functional and metabolic studies 
have provided further evidence dem-
onstrating abnormalities in multiple 
distributed neural circuits in patients 
with depression, especially those sup-
porting emotion regulation and reward 
processing. The most consistent findings 
involve two patterns of distinct func-
tional abnormalities: (a) those in sero-
tonergically modulated implicit emotion 
regulation neural circuitry, including 
the amygdala and regions in the medial 
prefrontal cortex, and (b) those in do-
paminergically modulated reward pro-
cessing circuitry, including the ventral 
striatum and medial prefrontal cortex 
(19). Previous studies used graph the-
ory–based approaches and found that 
depression was characterized by lower 
path length and higher global efficiency, 
implying a shift toward randomization 
in brain networks that could contribute 
to disturbances in mood and cognition 
in patients with MDD (20). In addition, 
by using resting-state functional connec-
tivity analysis, we discovered treatment 
refractory depression is associated with 
disrupted functional connectivity mainly 
in thalamocortical circuits, while nonre-
fractory depression is associated with 
more distributed decreased connectivity 
in the limbic-striatal-pallidal-thalamic 
circuit. These results suggest that nonre-
fractory and refractory depression may 
represent two distinct MDD subtypes 
characterized by distinct functional def-
icits in distributed brain networks (21). 
Such approaches could be of impor-
tance in the early detection of patients 
who are not likely to respond to first-line 
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neuroimaging findings and genetic fac-
tors, and the clarification of these as-
sociations is among the most important 
directions for future research in this 
area (47).

Some relatively recent studies have 
examined the potential role of imag-
ing features in the clinical diagnosis of 
schizophrenia. Three studies (48–50) 
have shown that volume reduction in 
prefrontal and temporal regions was 
the main anatomic difference between 
patients and control subjects, separat-
ing groups with a classification accuracy 
of 75%–90%. Although these findings 
are encouraging, the interpretation of 
the results is hindered by potential con-
founding effects of drug treatments, long 
duration of illness, and small sample 
sizes. MR imaging studies have shown 
that antipsychotic drugs can cause gray 
matter loss in the neocortex, although 
potential compensatory effects involv-
ing increased striatal volumes have 

medial prefrontal cortex and hyperac-
tivity of the hippocampus and striatum 
were reported in patients with first-
episode schizophrenia before treatment 
and may in time provide biomarkers for 
the disorder and targets for treatment 
(42). While apparently beneficial and 
adverse functional changes have been 
seen after antipsychotic treatment in 
some brain regions, such as increased 
activity of the medial prefrontal cortex 
and disrupted connectivity within the 
prefrontal-parietal network (45), other 
alterations in anatomy and function ap-
pear to remain relatively stable early 
in the course of illness after treatment 
and clinical stabilization, as do cognitive 
deficits (46). While progression of brain 
deficits in patients with schizophrenia is 
not substantial in the early course of ill-
ness, they do appear to occur in some 
brain regions in the decades after ill-
ness onset (33). Recent evidence is be-
ginning to identify associations between 

across white matter tracts (34), with 
evidence for reductions in FA in the un-
cinate (35), cingulum (36), fornix (37), 
corpus callosum (38), and inferior lon-
gitudinal fasciculus (39); however, neg-
ative results also have been reported 
(40). The inconsistent localization of 
findings is reflected in a relatively re-
cent meta-analysis of FA findings in pa-
tients with schizophrenia, as reported 
in 23 published articles, where non-
overlapping and scattered findings were 
seen throughout white matter tracts 
(41). As with morphometric studies, 
this variability is likely due to factors, 
such as differences in image acquisi-
tion and analysis, small sample sizes, 
variable duration of illness, and illness 
heterogeneity.

Findings also suggest that the most 
robust changes in brain function occur 
primarily in regions different from those 
where anatomic findings have been 
identified (42–44). Hypofunction of the 

Figure 2

Figure 2:  Neural networks involved in schizophrenia mainly include the prefrontal cortex, temporal cortex, and thalamus. Both anatomic and functional changes are 
shown in the, A, superior view and, B, anterior view. Red and yellow spots represent changes in gray matter volume and function respectively; green spots indicate 
regions with both functional and anatomic changes. C, Main white matter bundles (green line), with changes of integrities revealed by DT imaging. ACG.R = right 
anterior cingulate gyrus; FFG.L = left fusiform gyrus; HIP.L = left hippocampus; HIP.R = right hippocampus; IFGoperc.L = left inferior frontal gyrus, pars opercularis; 
IFGtriang.L = left inferior frontal gyrus, pars triangularis; ITG.L = left inferior temporal gyrus; MFG.L = left middle frontal gyrus; MTG.L = left middle temporal gyrus; 
ORBinf.L = orbital part of left inferior frontal gyrus; ORBmid.L = orbital part of left middle frontal gyrus; ORBsup.L = orbital part of left superior frontal gyrus; PCG.L = 
left posterior cingulate gyrus; PCUN.L = left precuneus; PCUN.R = right precuneus; PoCG.R = right postcentral gyrus; SFGdor.L = left superior frontal gyrus, dorso-
lateral; STG.L = left superior temporal gyrus; THA.L = left thalamus; TPOmid.L = left temporal pole, middle temporal gyrus; TPOsup.L = left temporal pole, superior 
temporal gyrus.
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patients with schizophrenia showed 
more and greater regional functional 
deficits in the thalamocortical systems 
(10). The pattern of both overlapping 
and distinctive abnormalities in patients 
with schizophrenia and those with BD 
suggests a model for rapprochement 
between continuum views of psychosis 
and views that the disorders are fully 
distinct.

White matter deficits, including 
decreased FA in the corpus callosum 
(60), posterior cingulum (61), supe-
rior-frontal white matter tracts (62), 
and anterior corona radiata (3), have 
been reported in patients with BD. The 
consistent finding of abnormalities in 
white matter tracts of the genu of the 
corpus callosum is similar to findings in 
patients with MDD, suggesting a dis-
connectivity of the bilateral prefrontal 
cortex related to mood disregulation in 
both patients with BD and those with 

and schizophrenia. At morphometric 
analysis, gray matter has been shown to 
be reduced in the area of the posterior 
cingulate and retrosplenial cortex and 
in the superior temporal gyrus in un-
medicated subjects with BD relative to 
these same areas in medicated subjects 
with BD, as well as in the lateral orbital 
cortex in medicated subjects with BD 
relative to control subjects (57) (Fig 3).  
Some of the anatomic changes in BD, 
including changes in the amygdala and 
hippocampal regions, are common find-
ings in patients with MDD (58,59). 
These findings support the hypothesis 
that the limbic system, particularly the 
hippocampus, may be involved in the 
pathophysiology of affective disorders 
more generally (58). A resting-state 
functional MR imaging study revealed 
that both BD and schizophrenia shared 
regional and connectivity deficits within 
striatal-thalamo-cortical networks, while 

been observed (51,52). Although the 
effects of different antipsychotic drugs 
on brain anatomy and function are not 
well established, these imaging changes 
have been used to predict the treatment 
response (53–56).

Bipolar Disorder
BD, known previously as manic-depres-
sive illness, is characterized by periods 
of elevated mood and periods of de-
pression. Recovery between episodes 
of acute emotional disturbance is var-
iable. BD shares numerous clinical fea-
tures with both depressive disorder and 
schizophrenia. Imaging findings indicate 
some common cerebral deficits across 
patients with BD and those with schizo-
phrenia, especially in the approximately 
50% of patients with BD who have a his-
tory of psychosis. Imaging also reveals 
some disease-specific abnormalities 
that enable readers to distinguish BD 

Figure 3

Figure 3:  Neural networks involved in BD mainly include the inferior frontal cortex and limbic areas. Both anatomic and functional changes are shown in the, A, 
superior view and, B, anterior view. Red spots and yellow spots represent changes in gray matter volume and function, respectively; green spots indicate regions with 
both functional and anatomic changes. C, Main white matter bundles (green line), with changes of integrities revealed by DT imaging. ACG.L = left anterior cingulate 
gyrus; AMYG.R = right amygdala; IFGoperc.L = left inferior frontal gyrus, pars opercularis; IFGoperc.R = right inferior frontal gyrus, pars opercularis; IFGtriang.L = 
left inferior frontal gyrus, pars triangularis; IFGtriang.R = right inferior frontal gyrus, pars triangularis; INS.L = left insula; INS.R = right insula; L.SLF = left superior 
longitudinal fasciculus; MFG.L = left middle frontal gyrus; MFG.R = right middle frontal gyrus; ORBinf.L = orbital part of left inferior frontal gyrus; ORBinf.R = orbital 
part of right inferior frontal gyrus; ORBmid.L = orbital part of left middle frontal gyrus; PAL.L = left lenticular nucleus, pallidum; PreCG.R = right precentral gyrus; 
PUT.L = left lenticular nucleus, putamen.
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are relevant to ADHD-related behaviors 
(76). These findings add to an emerg-
ing picture of abnormal development 
within frontoparietal cortical networks 
that may underpin the cognitive and at-
tentional disturbances associated with 
ADHD (77).

As for functional changes, patients 
with ADHD have been shown to have 
abnormal activity in the orbitofrontal, 
middle temporal, and dorsolateral pre-
frontal cortex (Fig 4). Hypoactivation 
in the inferior frontal cortex in patients 
with ADHD has been related to im-
paired behavioral response inhibition, 
which is a central neurobehavioral fea-
ture of ADHD (78). Hyperactivation in 
the striatum and mediotemporal areas 
during working memory tasks suggests 
that atypical corticostriatal circuitry 
may be an important component in the 
pathyphysiology of ADHD (7). Besides 
cerebral functional changes, default 
mode network regions in the cere-
bellum have shown positive functional 
connectivity (in contrast to what is typ-
ically negative functional connectivity in 
control subjects), with widespread re-
gions of salience, dorsal attention, and 
sensorimotor networks. This provides 
evidence of impaired cerebellar default 
mode network coupling with cortical 
networks in patients with ADHD and 
highlights a role of cerebrocerebellar in-
teractions in patients with this disease. 
This circuitry has been proposed as a 
target for therapeutic interventions 
in patients with ADHD (79). By us-
ing multivariate analysis, one previous 
study applied pattern classification to 
task-based functional MR imaging of 
behavioral inhibition to accurately iden-
tify 77% of patients with ADHD (80).

Posttraumatic Stress Disorder
PTSD is a debilitating psychiatric dis-
order that follows a severe stressful life 
experience, such as military combat or 
a natural disaster. The symptoms of 
flashbacks and anxiety can persist for 
years after the trauma. In patients with 
PTSD, the most studied structure is the 
hippocampus because of established ef-
fects of stress on this brain region in 
animal models. PTSD is associated with 
abnormalities in multiple frontal-limbic 

and reported that increased activity 
levels in the orbitofrontal cortex and 
amygdala were related to heightened 
sensitivity to reward and deficient pre-
diction error signals, suggesting these 
neural alterations disrupt positive and 
negative reward signals and that they 
may represent candidate familial endo-
phenotypes of BD. The results support 
a role of motivational processing in the 
risk architecture of BD (71) and enable 
us to identify a new systems-level ther-
apeutic target for the illness. The right 
inferior frontal gyrus volume could aid 
in identification of subjects at risk for 
BD even before any behavioral mani-
festations (72). These findings suggest 
that focusing on genes controlling white 
matter integrity and function may be a 
fruitful strategy in the quest to discover 
vulnerability genes for BD and to de-
velop novel treatment strategies (73).

Attention Deficit Hyperactivity Disorder
ADHD is a common neurodevelopmen-
tal psychiatric disorder with childhood 
onset that is characterized by attention 
deficit, hyperactivity, and behavioral im-
pulsiveness. Children with ADHD have 
been shown to have decreased gray 
matter volume in the bilateral dorsolat-
eral prefrontal cortex and cerebellum 
and progressive symptom-related vol-
ume loss in the inferior-posterior lobule 
of the cerebellum (74). Regional gray 
matter volume deficits in the right orbi-
tofrontal cortex, right primary motor or 
premotor cortex, left anterior cingulate 
cortex, and left posterior midcingulate 
cortex in children with ADHD who were 
drug naive and were without comorbid-
ities might result in executive cognitive 
dysfunction and therefore might under-
lie some behavioral manifestations of 
ADHD (75). DT imaging also showed 
disrupted structural integrity of white 
matter neural pathways, which connect 
frontostriatal and frontoparietal circuits 
and thus may underpin disturbances in 
associated functional networks in chil-
dren with ADHD. Some studies have 
shown that FA of frontostriatal tracts 
was decreased in patients with ADHD 
when compared with that in control 
subjects; this finding is consistent with 
the view that frontostriatal alterations 

MDD. Of note, white matter alterations 
appear to have a different pattern de-
pending on whether the illness has an 
onset in adolescence or adulthood (63), 
and at the time of illness onset, white 
matter changes can be as pronounced 
as those in patients with schizophrenia 
(63).

Consistent with the anatomic find-
ings, functional brain deficits in patients 
with BD also have been reported; these 
mainly include reductions in activation 
in the right ventral lateral prefrontal 
cortex, amygdala, and anterior cingu-
late cortex (Table E1 [online]). The 
amygdala dysfunction may represent a 
state marker of bipolar illness, whereas 
ventral lateral prefrontal cortex dys-
function may be independent of mood 
state and may represent a trait marker 
of the illness (64); however, this pattern 
is less evident in pediatric patients (65). 
The functional connectivity between the 
posterior anterior cingulate cortex and 
the amygdala in patients with BD also 
has been found to be disrupted dur-
ing emotion processing, which may be 
caused by disruptions in white matter 
connectivity of the posterior anterior 
cingulate cortex and amygdala (66).

MR imaging has proven to have high 
value in understanding and evaluating 
brain alterations in pediatric patients 
with psychiatric disorders. With task-
based functional MR imaging studies, 
emotion processing problems impli-
cated in pediatric patients with BD 
have been identified, mainly involving 
the activity of the amygdala and pre-
frontal regions (67,68). Apart from the 
illness-related deficits, treatment effect 
also has been revealed. For example, 
Pavuluri et al (69) found that second-
generation antipsychotics showed en-
hanced prefrontal and temporal lobe 
activity in patients with adolescent BD. 
These deficits have promise as potential 
biomarkers in the clinical diagnosis of 
and treatment planning for BD (70).

Imaging features also appear to 
have potential clinical value in patients 
with BD, including in the prediction of 
illness onset and response to different 
treatment strategies. For example, a 
functional MR imaging study investi-
gated BD probands and their relatives 
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in patients with PTSD (94). Further-
more, our team used relevance vector 
regression to examine the relationship 
between resting-state functional MR 
imaging data and symptom scores and 
found that accurate identification of 
patients with PTSD was based on func-
tional activation in a number of pre-
frontal, parietal, and occipital regions; 
this finding enabled us to confirm that 
PTSD is a disorder specific to the fron-
tolimbic networks (95). The pattern of 
observed network alterations largely 
overlapped with the salience, central 
executive, and default mode networks 
(96,97), as well as with the somato-
motor, auditory, and visual networks 
(98) (Fig 5). We also found substan-
tial alterations in brain function that 
are similar in many ways to those ob-
served in patients with PTSD in indi-
viduals shortly after major traumatic 
experiences, highlighting the need for 

a meta-analysis, which revealed that 
PTSD symptom severity was negatively 
correlated with gray matter in the left 
anterior cingulate cortex and positively 
correlated with gray matter in the left 
insula (89). We have used DT imag-
ing to investigate children with PTSD, 
and our findings suggest that pediatric 
PTSD is accompanied by a connectiv-
ity disequilibrium between the salience 
and default-mode networks, which is 
a finding of potential pathophysiologic 
importance (90).

Functional studies have shown re-
duced activation of the thalamus, ante-
rior cingulate gyrus, and medial fron-
tal gyrus relative to those in healthy 
control subjects (91). In contrast, in-
creased activation has been seen in the 
left hippocampus (92), amygdala (93), 
and visual cortex; these findings are 
positively correlated with re-experi-
encing trauma or avoidance symptoms 

system structures (81). Most studies 
have found that patients with PTSD 
have a smaller volume of the hippo-
campus, which has been related to 
symptom severity and illness duration 
(82–85) (Table E1 [online]). However, 
early in the course of PTSD, increased 
cortical thickness in the right superior 
temporal gyrus, inferior parietal lob-
ule, and left precuneus were observed; 
these may have resulted from neuroin-
flammatory or other trophic processes 
related to endocrine changes or func-
tional compensation (86). In pediatric 
patients with maltreatment-related 
PTSD, the decreased hippocampal 
volumes were not seen (87); instead, 
these patients had smaller intracranial, 
cerebral, and prefrontal and right tem-
poral cortex volumes, as well as white 
matter alterations in the prefrontal cor-
tex and subregions of the corpus callo-
sum (88). Our team recently conducted 

Figure 4

Figure 4:  Neural networks involved in ADHD mainly include the superior frontal cortex, inferior frontal cortex, and basal ganglia. Both anatomic and functional 
changes are shown in the, A, superior view and, B, anterior view. Red and yellow spots represent changes in gray matter volume and function, respectively; green 
spots indicate regions with both functional and anatomic changes. C, Main white matter bundles (green line), with changes of integrities revealed by DT imaging. 
ACG.R = right anterior cingulate gyrus; CAU.R = right caudate nucleus; IFGoperc.L = left inferior frontal gyrus, opercular part; IFG triang.L = left inferior frontal gyrus, 
triangular part; ORB inf.L = orbital part of left inferior frontal gyrus; ORBmid.R = orbital part of right middle frontal gyrus; ORB.sup.R = orbital part of right superior 
frontal gyrus; PAL.R = right lenticular nucleus, pallidum; PCG.L = left posterior cingulate gyrus; PCUN.L = left precuneus; PUT.L = left lenticular nucleus, putamen; 
PUT.R = right lenticular nucleus, putamen; SFGdor.L = left superior frontal gyrus; SMG.L = left supramarginal gyrus; THA.R = right thalamus.
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with psychiatric disorders indicate the 
disease affects multiple widespread 
brain regions. While regions affected 
overlap across psychiatric syndromes 
(Table E1 [online]), some distinct pat-
terns of deficits have been identified 
that are related to the severity of spe-
cific symptoms. Examples of illness-
specific alterations include the smaller 
hippocampus in patients with MDD, 
hypoactivity of ventral medial prefrontal 
regions in patients with schizophrenia, 
hypoactivity of the anterior cingulate 
cortex in patients with ADHD, and hy-
peractivity of the amygdala in patients 
with PTSD or anxiety disorders.

The observation that several psy-
chiatric disorders, including MDD, 
schizophrenia, and ADHD, share an-
atomic and functional deficits in brain 
networks in the default mode network, 
salience network, emotional regulation 

Critical Challenges and Future 
Directions

Several key questions for psychiatry 
researchers included how to charac-
terize disease-specific neural deficits to 
understand illness mechanisms, how to 
develop a neurobiologically based diag-
nostic system for major mental illness, 
and how to use mechanistic under-
standing coupled with new diagnostic 
classifications based on shared neural 
system deficits to advance precision 
medicine. Psychoradiology will play a 
key role in all three aspects, as findings 
from psychiatric imaging research are 
translated to reshape clinical practice.

Progress in this area will continue 
as several challenges are addressed. It 
is now clear that unlike imaging findings 
of many neurologic diseases in young 
adults, imaging findings in patients 

early evaluation and intervention in 
survivors of trauma (99). However, we 
also found long-term changes in neu-
ral networks involved in core aspects 
of self-processing and cognitive and 
emotional functioning in disaster survi-
vors that were independent of anxiety 
symptoms (100).

These imaging features also showed 
potential value in prediction of illness 
onset. For example, Shin et al (101) re-
ported that hyperresponsivity in the dor-
sal anterior cingulate appears to be a fa-
milial risk factor for the development of 
PTSD after psychologic trauma. In one 
of our previous studies, we found that 
patterns of neuroanatomic alternations 
could be used to identify trauma survi-
vors with PTSD and those without (102). 
Volume reductions in the hippocampus 
may hold promise as an approach to 
monitor therapeutic outcomes (103).

Figure 5

Figure 5:  Neural networks involved in PTSD include the dorsolateral frontal cortex and inferior frontal cortex. Both anatomic and functional changes are shown in 
the, A, superior view and, B, anterior view. Red and yellow spots represent changes in gray matter volume and function, respectively; green spots indicate regions 
with both functional and anatomic changes. C, Main white matter bundles (green line), with changes of integrities revealed by DT imaging. ACG.L = left anterior 
cingulate gyrus; ACG.R = right anterior cingulate gyrus; HIP.L = left hippocampus; INS.L = left insula; LING.R = right lingual gyrus; L.SLF = left superior longitudinal 
fasciculus; MFG.L = left middle frontal gyrus; MFG.R = right middle frontal gyrus; ORBmid.L = orbital part of left middle frontal gyrus; ORBmid.R = orbital part of 
right middle frontal gyrus; ORB sup.R = orbital part of right superior frontal gyrus; PAL.L = left lenticular nucleus, pallidum; PUT.L = left lenticular nucleus, putamen; 
SFGdor.R = right superior frontal gyrus, dorsolateral; STG.L = left superior temporal gyrus; STG.R = right superior temporal gyrus; THA.L = left thalamus; THA.R = 
right thalamus.
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and multiband techniques can also con-
siderably improve the temporal resolu-
tion for functional MR imaging (111).

Investigators in psychoradiology 
need to explore the relationships in a 
vast amont of imaging data. A challenge 
that lies ahead is how to maximize the 
data mining for very large imaging data 
sets and other types of biomedical 
data sets to best advance patient care 
(112,113). New analysis methods have 
been developed to integrate multimodal 
information from big data sets for pro-
grams such as the Human Connectome 
Project, the Enhancing Neuro Imaging 
Genetics by Meta-Analysis, and the Al-
zheimer’s Disease Neuroimaging Initia-
tive. One possible way to integrate mul-
timodal findings is to study psychiatric 
disease from the perspective of neural 
networks, since neural activity in the 
brain supporting complex psychologic 
processes depends on integrated activ-
ity in widely distributed networks.

Changes in functional brain net-
works have been proven to be sensi-
tive to therapeutic interventions with 
medications (114). Brain connectome 
analysis may help us identify depressed 
subjects (20), and brain connectivity 
patterns may enable the early differ-
entiation of treatment refractory from 
treatment-responsive patients (115).

Interdisciplinary teams involving 
psychiatry, psychology, physics, bio-
chemistry, mathematics, computer sci-
ence, and psychoradiology are needed 
to integrate MR studies into clinical tri-
als so that the utility of the quantitative 
imaging measures can be determined 
clinically.

Finally, characterization of imaging 
biomarkers associated with psychiat-
ric illness can facilitate diagnostic and 
therapeutic practice by providing an 
objective way to select patients for op-
timal therapies and to track treatment 
effects on brain systems. This will in-
volve not only drug therapies but also 
nonpharmacologic treatments that af-
fect disrupted neural circuits. For ex-
ample, vagal nerve stimulation, rapid 
transcranial magnetic stimulation, and 
deep brain stimulation have been used 
to modulate the function of emotional 
circuitry, including subgenual cingulate 

is consistent with the broad aims of 
the Research Domain Criteria project 
from the National Institute of Mental 
Health, which focus on using measur-
able units of analysis to resolve neu-
robiologic heterogeneity and on incor-
porating such strategies into clinical 
diagnostic practice. The potential to 
combine imaging findings with neuro-
physiologic and neurocognitive deficits 
also appears promising.

From a clinical practice perspec-
tive, the primary challenge in develop-
ing the field of psychoradiology is to 
establish the clinical utility of imaging 
biomarkers for differential diagnoses 
and therapies. The clinical relevance 
of neuroimaging biomarkers that have 
been identified over 2 decades of MR 
imaging research in psychiatry now 
needs to be validated for use in clinical 
practice by establishing the contribu-
tion of these biomarkers to differential 
diagnosis and treatment planning. How-
ever, MR imaging data can vary across 
sites, as can patient populations; a ma-
jor challenge will be to validate these 
imaging biomarkers by using large 
data sets obtained via multisite stud-
ies. The aim will be to refine proof-of-
concept findings available to date into 
calibrated diagnostic, prognostic, and 
predictive laboratory tests. This effort 
will require a combination of data from 
different sites and the use of advanced 
quantitative image analysis techniques. 
The development of standard imaging 
protocols across imagers and the use 
of macromolecular tissue volume tech-
niques can help reduce confounding 
variables from different imagers at dif-
ferent sites (109). Standardized proce-
dures for patient selection and clinical 
assessment also will be needed. Stan-
dardized data analysis, including data 
preprocessing methods, whole-brain 
and ROI analyses, novel quantitative 
approaches, and advanced statistical 
methods, will be required. The devel-
opment of fast multimodal imaging can 
maximize the use of multimodality data 
within a clinically acceptable image ac-
quisition time. For example, MR T1 and 
T2 mapping data can be acquired much 
more quickly with an MR fingerprinting 
sequence developed by Ma et al (110), 

network, and central executive network 
is perhaps not surprising. Psychiatric 
syndromes have similar neurocognitive 
deficits (104) and overlapping patterns 
of emotional disturbances. In particu-
lar, the emotion network, which mainly 
involves the prefrontal limbic circuit 
and the default mode network were 
the most vulnerable networks in all 
of the psychiatric disorders. It has be-
come widely accepted that psychiatric 
syndromes as currently defined repre-
sent heterogeneous and overlapping 
syndromes clinically, neurobiologically, 
and genetically. Developments in psy-
choradiology offer a pathway to directly 
address this problem. One promising 
way forward is to identify distinct pat-
terns of brain abnormalities that de-
fine neurobiologically distinct subtypes 
of the disorders and to relate them to 
different cognitive, affective, and be-
havioral clinical manifestations and to 
differential treatment outcome profiles. 
For example, Kitis et al (105) reported 
FA reduction in the left uncinate fas-
ciculus, and Rowland et al (106) found 
lower FA localized to the right superior 
longitudinal fasciculus and middle fron-
tal white matter in patients with deficit 
syndrome schizophrenia; such patients 
are particularly functionally impaired 
and unresponsive to treatment.

Current symptom-based subtyping 
strategies for schizophrenia, depres-
sion, and autism have been criticized 
for their instability over time and for 
their lack of distinct neural system 
alterations and treatment implication 
(107). Thus, an alternative approach 
resolving the heterogeneity with neu-
robiologic parameters, such as ana-
tomic and functional imaging features, 
may represent an advantageous strat-
egy to identify subgroups of patients, 
after which the clinical dimensions of 
these subgroups in terms of symptoms 
and treatment response to different 
therapies can be examined. Recently, 
Sun et al (108) have used a data-driven 
patient-clustering method to identify 
two distinct patterns of white mat-
ter abnormalities in the early phase 
of schizophrenia, suggesting qualita-
tively distinct genetic influences or 
neurodevelopmental alterations. This 
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