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STRUCTURAL AND FUNCTIONAL
IMAGING OF AFFECTIVE DISORDERS

YVETTE I. SHELINE
MARK A. MINTUN

With advances in imaging technology it is now possible
to examine subtle changes in both structure and regional
function that are associated with the pathophysiology of
affective illness. Understanding how these changes fit to-
gether with findings from clinical studies, postmortem find-
ings, and animal studies will yield insight into the neuroana-
tomic pathways involved in affective illness. Combining
anatomic MRI studies with functional studies has improved
the localization of abnormalities in blood flow, metabolism,
and neurotransmitter receptor function and has the poten-
tial to provide a better-integrated model of depression.
Functional and structural mapping also provide a bridge
between the hypotheses stemming from rapidly increasing
knowledge of molecular biology, psychopharmacology, and
clinical and treatment applications. In this chapter we re-
view studies of structural brain changes associated with
early-onset recurrent depression (EORD), late-onset depres-
sion (LOD), bipolar disorder, and potential etiologic mech-
anisms. We also review functional studies in affective illness,
including positron emission tomography (PET), functional
magnetic resonance imaging (fMRI), and single-photon
emission computed tomography (SPECT) studies.

STRUCTURAL STUDIES

Historically, the major psychiatric illnesses, including affec-
tive disorders, were not thought to be associated with struc-
tural brain pathology. With the development of new imag-
ing tools in the last two decades, increasing evidence has
accumulated that challenges this assumption. Studies using
high-resolution three-dimensional (3D)magnetic resonance
imaging (MRI) now have a resolution of 1.0 mm or better
and are available to examine smaller brain structures with
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precision. Initially primarily focused on older subjects,
structural studies have found both generalized and localized
structural brain changes in major depression and bipolar
disorder across the age spectrum.

Recurrent Unipolar Major Depression

Studies of neuroanatomic structure in early-onset recurrent
depression (EORD) have recently found evidence for
depression-associated structural change (Table 74.1). Brain
changes associated with early-onset major depression have
been reported in the hippocampus, amygdala, caudate, pu-
tamen, and frontal cortex, structures that are extensively
interconnected (20). They comprise a neuroanatomic cir-
cuit, which has been termed the limbic–cortical–stria-
tal–pallidal–thalamic (LCSPT) circuit (21). As discussed
herein, functional aspects of this circuit are also altered in
depression as measured by blood flow and metabolism.

Several studies have examined hippocampal volume in
depression. In some (9–12) but not all (13,14,16,17,19)
significant reductions in hippocampal volumes were found
with depression. In some studies the volume loss appears
to have functional significance with an association between
acute depression and abnormalities of declarative memory
(22) as well as an association between severe depression in
remission and lower scores on tests of verbal memory (11).
One study (10) found hippocampal atrophy in patients with
chronic depression but not in patients with remitted depres-
sion. Vakili and colleagues (14) also observed correlations
between depression severity and hippocampal volumes, al-
though no group differences between depressed and control
subjects.

Methodologic differences may account for some of the
discrepancies. The studies reporting negative findings typi-
cally had lower resolution, ranging from 3 to 10 mm (6,
14,16,17,19), compared with 0.5 mm to 3 mm (9–12) for
studies reporting significant differences. Some studies have
reported negative findings for the amygdala–hippocampus
complex (16–18), using methodology that does not separate
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TABLE 74.1. BRAIN STRUCTURAL CHANGES REPORTED IN MAJOR DEPRESSIVE DISORDERa

Sample
Brain (Number and Age Methods

Author Region Diagnosis) (Mean ± SD) and Resolution Findings

Krishnan et al., Frontal lobe 50 NC 49.3 ± 18 1.5 T Bifrontal distances smaller
1992 (1) 50 MDD 48.3 ± 17 5 mm Bifrontal brain widths

smaller
Coffey et al., Frontal lobe 76 NC 62.4 ± 16.4 1.5 T Smaller frontal lobe

1993 (2) 48 MDD 61.6 ± 15.9 5 mm volumes in major
(44 unipolar; 5.2 interval depression
4 bipolar)
ECT referred

Drevets et al., Subgenual 33 NC 36.2 ± 8.9 1.5 T Smaller subgenual
1997 (3) prefrontal 13 MDD 33.6 ± 10.0 1 mm prefrontal cortex

cortex 10 MDD, 30.1 ± 7.8 volumes in major
remitted depression

Krishnan et al., Caudate 50 NC 49.3 ± 18 1.5 T Decreased caudate volumes
1992 (1) 50 MDD 48.3 ± 17 5 mm in major depression

Greenwald Caudate 30 NC 72.8 ± 6.6 1.0 T Decreased left caudate
et al., 1997 (4) 36 MDD 75.9 ± 6.7 3 mm volume in major

depression
Husain et al., Putamen 44 NC 56.4 ± 19.2 1.5 T Decreased putamen volume

1991 (5) 41 MDD 55.3 ± 18.8 5 mm in major depression
(2 patients
with 7 mm)

Dupont et al., Caudate and 26 NC 39.1 ± 9.4 1.5 T No significant difference
1995 (6) lenticular 36 MDD- 36.6 ± 10.8 5 mm–2.5 mm

nucleus bipolar 38.6 ± 10.6 gap
30 MDD-

unipolar
Lenze, Sheline, Caudate and 24 NC 52.8 ± 17.8 1.5T No significant difference

1999 (7) putamen 24 MDD- 52.8 ± 18.4 0.5 mm
remitted

Axelson et al., Pituitary 21 MDD 47.9 ± 18.4 1.0 T Increase in pituitary volume
1992 (8) (1 bipolar; 1 39.6 ± 13.2 3 mm in major depression

adjustment
disorder; 1
multi-infarct
dementia; 1
schizo
affective)

Sheline et al., Hippocampus 10 NC 68.0 ± 9.5 1.5 T Decreased hippocampal
1996 (9) 10 MDD, 68.5 ± 10.4 0.5 mm gray matter volume in

remitted major depression
Shah et al., Hippocampus 20 NC 49.3 ± 11.8 1.0 T Decreased hippocampal

1998 (10) 20 MDD 47.7 ± 9.9 2 mm volume in treatment
20 TRD 48.9 ± 9.8 resistant depression

Sheline et al., Hippocampus 24 NC 52.8 ± 17.8 1.5 T Decreased hippocampal
1999 (11) 24 MDD- 52.8 ± 18.4 0.5 mm volume in major

remitted depression
Bremner et al., Hippocampus 16 NC 45.0 ± 10.0 1.5 T Decreased hippocampal

2000 (12) 16 MDD 43.0 ± 8.0 3 mm volume in major
(1 panic depression
disorder)

Mervaala et al., Hippocampus 17 NC 42.1 ± 14.6 1.5 T No significant difference
2000 (13) 34 MDD 42.2 ± 12.2 3 mm

(6 bipolar, 28
monopolar)

Vakili et al., Hippocampus 20 NC 40.3 ± 10.4 1.5 T No significant difference
2000 (14) 38 MDD 38.5 ± 10.0 3 mm

Sheline, Gado, Amygdala 20 NC 53.8 ± 17.7 1.5 T Decreased amygdala core
Price, 1998 (15) 20 MDD, 54.1 ± 18.1 0.5 mm nuclei volume in major

remitted depression

(continued)
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TABLE 74.1. (continued)

Sample
Brain (Number and Age Methods

Author Region Diagnosis) (Mean ± SD) and Resolution Findings

Bremner et al., Amygdala 16 NC 45.0 ± 10.0 1.5 T Increased right amygdala
2000 (12) 16 MDD 43.0 ± 8.0 3 mm volume in major

(1 panic depression
disorder)

Mervaala et al., Amygdala 17 NC 42.1 ± 14.6 1.5 T Significant asymmetry in
2000 (13) 34 MDD 42.2 ± 12.2 3 mm amygdalar volume

(6 bipolar, 28 (right smaller than left)
unipolar)

Swayze et al., Amygdala/ 55 Schizophrenic 32.3 ± 35.4 0.5 T No significant difference
1992 (16) hippocampus 48 MDD-bipolar 33.4 ± 34.6 1-cm thick slices

complex 47 NC 8 cuts
Axelson et al., Amygdala/ 30 NC 46.7 ± 20.4 1.5 T No significant difference

1993 (17) hippocampus 19 MDD 56.6 ± 19.1 5 mm
complex

Pantel et al., Amygdala/ 13 NC 68.2 ± 5.3 1.5 T No significant difference
1997 (18) hippocampus 19 MDD 72.4 ± 8.8 1.25 mm

complex 27 AD 71.9 ± 8.0
Ashtari et al., Amygdala/ 46 NC 71.4 ± 0.3 1.0 T No significant difference

1999 (19) hippocampus 40 MDD 74.3 ± 6.0 3.1 mm
complex

aAD, Alzheimer’s disease; MDD, major depressive disorder; NC, normal control; T, tesla; TRD, treatment resistant depression.

the two structures. Clinical selection of subjects may also
contribute to different findings. Most of these studies used a
mixed group of early-onset and late-onset depression, which
may therefore have different contributing etiologies. In
some studies (9,11,12) subjects were case control-matched
for age and education, whereas in other studies subjects were
group-matched or the results were corrected statistically for
significant covariates. Some but not all studies excluded sub-
jects with other physical illness or any current or past drug
or alcohol abuse. In summary, in most studies that assessed
depression severity in unipolar subjects and used high-reso-
lution MRI techniques (Fig. 74.1), depression was associ-
ated with hippocampal atrophy, ranging from 8% to 19%.
The significance and source of the volume loss has not been
demonstrated. It is intriguing that a recent postmortem
study (23) has found glial cell loss in the dentate gyrus
of the hippocampus as well as in the amygdala in major
depression.

Study of the amygdala has yielded inconsistent results
with depressed subjects exhibiting an increase in volume in
the right amygdala (12), loss of normal asymmetry (13), or
reduction in the bilateral core nuclei (15). The amygdala is
a difficult structure to measure, because in many areas the
‘‘cortical amygdala’’ merges with surrounding cortex. Partic-
ular boundaries selected can vary widely.

A number of studies have found decreased volume of
basal ganglia structures in major depression, particularly
late-onset depression (1,4,5,24), as further discussed. One
study has reported negative findings in caudate and puta-

men in depressed subjects who were otherwise physically
healthy (7), a criterion not clearly present in other studies.

Volume reductions in frontal cortex have been reported,
ranging from 7% overall reduction in frontal lobe volume
in major depression (25) to 48% in the subgenual prefrontal
cortex (3). A postmortem study of prefrontal cortex in major
depression (26) showed that depressed subjects differed sig-
nificantly from controls in several prefrontal cortical areas.
These included rostral orbitofrontal cortex decreases in cor-
tical thickness, neuronal size decrease, and loss of glial cells
in layers II to IV. In caudal orbitofrontal cortex there were
reductions in glial cells in layers V to VI and decreases in
neuronal sizes. Reductions in glial and neuronal cells
throughout all layers as well as reduction in cell size were
reported in dorsolateral prefrontal cortex. Glial cell loss in
the subgenual region of prefrontal cortex has also been re-
ported in major depression (27). Neuropathologic changes
such as these could account for some of the MRI volumetric
findings in frontal cortex. The prefrontal cortex is particu-
larly important as a target of monoamine projections. Ab-
normalities in monoamine receptors, transporters, and sec-
ond messenger systems (28–32) are reported to occur in
major depression. It is also possible that overactivation in
one part of the interconnected LCSPT neuroanatomic cir-
cuit may lead to over excitation in the other components,
resulting in excitotoxic damage. The orbitomedial prefron-
tal cortex has high concentrations of glucocorticoid recep-
tors, potentially rendering it vulnerable to stress-mediated
damage (see the following).
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FIGURE 74.1. Orthogonal views (coronal, sagittal, and transverse) represent hippocampal and
amygdala volumes as they are shown using stereological techniques. A 5 � 5 mm2 grid with a
0.5-mm slice thickness is used to determine volumes for each structure. The total amygdala is
made up of green plus blue. Labels for orientation of the hippocampus are included on the sagittal
view. These measurements are derived from a cubic subvolume depicted in the last panel.

Potential Mechanisms for Volume Loss in
Early-Onset Recurrent Depression

It has been proposed that hypothalamic–pituitary–adrenal
(HPA) axis dysfunction can produce repeated episodes of
hypercortisolemia. Currently volume studies do not rou-
tinely include measures of cortisol, nor can they ascertain
past episodes of hypercortisolemia. However, several differ-
ent mechanisms could explain volume loss including
neuronal loss through exposure to repeated episodes of
hypercortisolemia, glial cell loss, resulting in increased
vulnerability to glutamate neurotoxicity, stress-induced re-
duction in neurotrophic factors, and stress-induced reduc-
tion in neurogenesis. A mechanism that could account for
hippocampal, amygdala, and prefrontal cortex volume loss,
areas that have high concentrations of GC receptors is GC-
mediated neurotoxicity (33), with repeated hypercortiso-
lemic episodes of depressions giving rise to atrophy. Early
life stress may produce a permanent hypersensitivity to stress
(34), with the production of ongoing HPA axis dysregula-
tion, particularly in subjects who develop depression. In the
case of hippocampal volume loss, the inverse correlations

between the total amount of time patients have been de-
pressed and hippocampal volume (9,11) found in some
studies but not all (12) supports recurrent depressive epi-
sodes having a causal relationship. Further, a study by Lu-
pien and colleagues (35) demonstrated a correlation be-
tween higher cortisol levels measured longitudinally and
greater hippocampal volume loss in normal human aging.

Glial cell loss either directly or indirectly is another po-
tential mechanism for producing volume loss. Gray matter
atrophy in the prefrontal cortex in an area ventral to the
genu of the corpus callosum (3), an area associated in post-
mortem studies with glial cell loss (27) has been reported.
Glial cell loss was also found in another postmortem study
of depressed subjects in two different areas of prefrontal
cortex (26). In addition, glial cell loss has been reported in
postmortem studies of major depression in the amygdala
and hippocampus (23).

Through excitatory connections between the amygdala
and hippocampus (36) it is possible that damage in one
structure could produce damage in the connected structure.
Similarly, interconnections between prefrontal cortex and
hippocampus (37) could produce excitotoxic damage. Glial
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cells sequester glutamate, maintain metabolic and ionic ho-
meostasis, and produce trophic factors, including brain de-
rived neurotrophic factor (BDNF) (38,39). Therefore, loss
of glial cells could increase vulnerability to neurotoxic dam-
age, supporting the idea that glutamate neurotoxicity may
be involved in the volume loss in the limbic–cortical–stria-
tal–pallidal–thalamic (LCSPT) circuit.

A recently developed concept—stress-induced inhibition
of neurogenesis (40)—may also explain depression-related
volume loss, although high rates of baseline neurogenesis
would be needed to produce atrophy of the scale required
by volume loss in depression. Psychosocial stress was shown
to suppress neurogenesis in the tree shrew (40). Likewise,
corticosterone treatment in adult rats produced suppression
of neurogenesis, which was reversed by removal of the adre-
nal gland (41). More recent findings (42) indicate that neu-
rogenesis may occur in the frontal cortex as well as the
hippocampus and subventricular zone. Thus, if depression
inhibits neurogenesis, this could potentially explain both
cortical and hippocampal volume loss.

Late-Onset Major Depression

Partly because of the increased prevalence of comorbid ill-
ness with age (including cerebrovascular disease, Parkinson’s
disease, etc.), patients with late life depression have an in-
creased prevalence of structural brain changes relative to
EORD. Depression onset in late age frequently occurs in
patients with medical and neurologic disorders and com-
pared with EORD it is characterized by greater medical
morbidity and mortality (43), higher rates of neuroradio-
logic abnormalities, particularly white-matter hyperintensi-
ties (44,45), and lower familial frequency of affective disor-
ders (46). In some studies, it is associated with higher rates
of neuropsychological impairment and treatment refractori-
ness (47,48).

Both computed tomography (CT) and MRI studies have
shown diffuse cortical and subcortical atrophy and ventricu-
lar enlargement in late life depression (18,49–51). Specific
illnesses that have been associated with brain atrophy in-
clude hypertension (52), diabetes (53), Cushing’s disease
(54), and alcohol abuse (55). Any condition that produces
neuronal ischemia or neurotoxicity is a potential candidate
for producing brain atrophy.

Neurologic illnesses associated with both cortical and
subcortical atrophy are associated with unusually high rates
of depression, including Huntington’s disease (56), post-
stroke syndromes (57), dementia of the Alzheimer’s type
(58), and Parkinson’s disease (59). Each of these illnesses
produces damage to brain structures critical in emotional
functioning. Importantly, these same brain structures are
involved in more classical or early-onset major depression,
namely frontal cortex, hippocampus, thalamus, and basal
ganglia. Some studies do not find evidence for generalized
atrophy in addition to volume loss in structures of the

LCSPT circuit. Kumar and colleagues (60), for example,
have found loss in prefrontal lobe volume in late-onset
depression in the absence of generalized atrophy, suggesting
that as in early-onset depression some subjects with late-
onset depression may also have focal volume loss. It is not
known whether this focal volume loss involves the same
etiologic mechanisms.

A well replicated finding in elderly subject groups with
depression is the increased numbers of hyperintensities seen
on T2-weighted scans (T2H) (51,61–65). Some studies
that included younger subjects with depression have also
found increased T2H (2,66), although negative findings
have also been reported with younger groups (5,67). The
underlying causes of T2H are unknown, and indeed, it is
important to note that T2H also occur at rates of up to
60% in healthy elderly (68), in whom their significance is
unknown (69). Fujikawa and associates (70,71) found a
higher rate of ‘‘silent’’ cerebral infarctions (T2H) in late-
compared to early-onset MDD. Clinical correlates of MRI-
defined T2H in late-life depression have included older age,
vascular risk factors, neuropsychological impairment, and
late age of onset (2,48,72). A subtype of ‘‘vascular depres-
sion’’ with increased CVD risk factors and increased T2H
has been proposed (47,73).

Bipolar Disorder

Structural abnormalities reported in bipolar disorder have
been intermittently reported. These include diffuse gray
matter tissue loss, enlarged ventricles, increased numbers of
T2-signal hyperintensities (T2H), and regional tissue loss
in basal ganglia, lateral and mesial temporal structures, and
cortical regions. Studies in bipolar subjects have also found
structural changes in the same neuroanatomic circuit
(LCSPT) as in major depression but these changes have
been less consistent and often involved increases in structure
volumes rather than decreases. In addition there is a substan-
tial body of evidence for manic-like affective disorders fol-
lowing focal brain damage.

Most MRI studies have not found generalized cortical
gray matter volume loss in bipolar disorder (6,74–78). A
recent study in geriatric bipolar disorder (79) found in-
creased cortical sulcal widening which was related to age of
illness onset. In a small study in middle-aged bipolar sub-
jects, Lim and co-workers (80) also found enlarged cortical
sulci. In the same study, bipolar subjects had generalized
decreased cortical gray volume that was intermediate be-
tween control and schizophrenia values. This finding could
result from differences in segmentation algorithms, differ-
ences in covarying the data, and a more chronically ill popu-
lation. In addition, lateral ventricles were enlarged; however,
the difference was not significant in this small sample. Lat-
eral ventricle findings from other groups included increases
(45,74,81) and no difference from control (75,82).

Several groups have investigated the question of an over-
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all change in temporal lobe volume. Altshuler and colleagues
(83) found bilateral temporal lobe reductions comparing
bipolar patients to controls. Swayze also found temporal
lobe abnormalities in bipolar disorder, but in symmetry
rather than in volume—he found that bipolar subjects did
not have the usual right greater than left volume asymmetry
found in normals (16). In contrast, Harvey and associates
(75) found increased left temporal lobe volume in bipolar
disorder compared with controls and Johnstone and associ-
ates (84) found no differences.

In examining localized structural abnormalities, Stra-
kowski and colleagues examined the circuit comprised of
the prefrontal cortex, thalamus, hippocampus, amygdala,
globus pallidus, and striatum (LCSPT) and found a signifi-
cant difference in the overall structural changes. Some of
these changes were increases (amygdala, striatum), whereas
others were decreases (prefrontal cortex, hippocampus).
Others have also examined structural changes in amygdala
in bipolar disorder, finding larger (85), smaller (77), or
equal (16) volumes. As mentioned, amygdala volumes are
difficult to compare between studies. Prefrontal cortex vol-
ume decreases (74,76,86) generally have been small but sig-
nificant in bipolar disorder and are supported by postmor-
tem findings of decreased glia in prefrontal cortex in bipolar
subjects (27). Results have been mixed for the basal ganglia.
Larger caudate volumes were found in men (87) and larger
globus pallidus volumes but not striatal volumes were found
in another study (88) in bipolar patients compared to
healthy individuals. Other MRI studies did not find any
significant differences in bipolar subjects compared to con-
trols in caudate, putamen, or lenticular nuclei (6,16,74).
Results have also been mixed for hippocampus (16,85,89)
and thalamus (6,74).

A finding that may shed some light in interpreting the
contradictory findings is the recent report that chronic lith-
ium treatment is neuroprotective and may prevent volume
loss in treated patients (90). Lithium up-regulates the neu-
rotrophic protein Bcl-2 in rat frontal cortex, hippocampus,
and striatum. In analyzing reports of volume loss in bipolar
patients it may be critical to know the cumulative medica-
tion history, especially regarding lithium.

The relationship between bipolar disorder and increased
hyperintensities seen on T2-weighted MRI scans (T2H) is
complex. The presence of hyperintensities has been associ-
ated with hypertension; however, T2H also are increased
in asymptomatic elderly. In manic patients who developed
bipolar disorder after age 50, Fujikawa and associates (91)
found that compared with age- and sex-matched subjects
who had developed affective illness prior to age 50 there
was a significantly higher incidence of T2H, comparable to
the incidence in subjects with late-onset depression. These
results are similar to those of McDonald and colleagues
(82), who found a higher incidence of subcortical hyperin-
tensities in late-onset bipolar disorder. In younger subjects
with new onset bipolar illness Strakowski and colleagues

(74) found a rate of subcortical hyperintensities 1.7 times
higher than control subjects, but this was not significant.
Aylward and associates (87) also found a higher rate of hyp-
erintensities in bipolar subjects, 34% versus 3% in controls;
however, the bipolar subjects were 12 years older on average.
In contrast, Figiel and colleagues (45) and Dupont (92)
found higher rates of hyperintensities and no age differ-
ences. One study did not find differences between bipolar
subjects and controls (93).

Most MRS studies have found increased levels of cho-
line-containingmolecules in basal ganglia of bipolar subjects
compared with controls (94,95); however, Ohara and asso-
ciates (96) did not find significant differences. Similarly,
PET studies have also found functional abnormalities in
basal ganglia in bipolar subjects (97,98).

Conclusion

Although advances in technology have allowed high-resolu-
tion studies of individual brain structures, understanding
the organization of brain systems has been limited by the
lack of noninvasive investigation of neuronal connections
between functional regions. The recent development of
noninvasive neuronal fiber tracking using water diffusion
properties (99) will allow increasingly sophisticated recon-
struction of fiber trajectories throughout the brain. The con-
tinuing development of automated tissue segmentation
methods allowing determination of gray and white matter
volumes using computer-generated algorithms will provide
faster and more standardized volume measures. It will be
important to combine structural studies with functional
studies to determine the functional significance of brain
structure changes. Combining MRI and functional studies
such as PET, SPECT, and fMRI has the potential to more
precisely localize abnormalities in blood flow/metabolism,
and neurotransmitter receptors. This integrated perspective
will allow further development of a structural–functional
model of depression.

Studies in high-risk populations, such as first-degree rela-
tives of affected individuals, will assist in determining
whether focal structural and functional changes are genetic/
neurodevelopmental or acquired and whether they predate
or follow the development of depression. Additional post-
mortem studies in larger samples with careful clinical screen-
ing for comorbidity are also needed to examine ultrastruc-
tural correlates of volumetric and functional changes.
Neuroprotective strategies aimed at preventing the damage
associated with depression are likely to be an important
future direction for research. Preclinical studies provide pre-
liminary strategies for preventing stress-induced damage.
These include for example prevention of stress-induced de-
creases in brain-derived neurotrophic factor (BDNF) with
antidepressants (100–102), prevention of stress-induced ex-
citotoxic injury with phenytoin (Dilantin) (103), preven-
tion of stress-induced decreases in neurogenesis with antide-
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pressants (104,105), and increase in dendritic branching
with serotonin reuptake inhibitors (106).

FUNCTIONAL STUDIES

Functional imaging extends the sensitivity and specificity of
structural imaging. As it can safely be assumed that genetic,
molecular, and biochemical changes precede changes in
structure, the promise of functional imaging in affective
disorder is to more accurately define the pathophysiology
of affective diseases, better predict potential treatments and,
in general, further our knowledge of mood regulation by
the human brain. Despite its development over a decade
ago, functional imaging has only begun to address these
primary issues. The principal reason for this slow progress
is the need for extensive methodologic development in both
major divisions of functional imaging. In the mapping of
brain function, the imaging techniques per se have not been
a major factor. Rather, the limitation has been in the devel-
opment and validation of relevant affective ‘‘tasks’’ to selec-
tively activate the brain regions of interest. However, the
widespread lack of suitable tracers and probes is the limiting
factor in molecular imaging. Sufficiently selective and sensi-
tive probes for the different receptors, enzymes, and trans-
porters that are putatively implicated in affective disorder
must be individually developed and validated. Often such
probes fail after reaching the level of human application.
However, advances in imaging the serotonergic system, for
example, have been reported despite these difficulties. It is
in this context that we can examine the contribution of
functional imaging to our understanding of affective disor-
der and understand the promise it holds for the future.

Mapping Brain Function in Affective
Disorders

Imaging of regional neuronal activity in affective illness has
yielded intriguing, but heterogeneous, findings. Some of
the variability in findings may rest in the different method-
ologies employed and a clear understanding of the limita-
tions of the imaging techniques is important. Cerebral
blood flow (CBF) and cerebral metabolic rate of glucose
(CMRG) are well accepted as markers of general regional
brain activity (107). As such, increased neuronal firing is
reliably associated with increased CBF and CMRG allowing
the spatial distribution of either CBF or CMRG to serve
as a proxy measure for brain activity.

Some early studies of quantitative regional CBF in pa-
tients with major depressive disorder studied at rest reported
global reductions (108,109). Regional changes have been
reported as well with decreased CBF and metabolism in
depressed subjects relative to controls in the dorsolateral
prefrontal cortex (110,111). However, these regional
changes are small (typically 5% to 10%) and are not consis-

tently seen (112). One conclusion from these early studies
is that no visually identifiable pattern of CBF or CMRG is
associated with depression, even severe depression. This is
in contrast to the altered patterns of CBF and CMRG iden-
tified for some other diseases, such as Alzheimer’s disease
and Huntington’s chorea. For this and other reasons, func-
tional imaging appears to have no current role in the clinical
diagnosis or management of affective illness. However, an
important role for functional brain mapping in depressive
illness is to elucidate the neuroanatomic systems involved
with the symptomatology of this disease. One example has
been the characterization of decreased activity in the dorsal
prefrontal cortices as being related to negative symptoms
(111,113). This finding may best be interpreted as repre-
senting the relative hypofunction of these systems clinically
in some patients with depression because there is much evi-
dence that this brain area plays an active role in working
memory and related executive functions.

This last point underscores the nonuniformity of the
baseline state as the likely cause of the highly variable results
in functional imaging studies of affective illnesses. Different
cognitive and emotional states in control subjects are well
known to result in regional brain activation. Thus, de-
pressed patients imaged in a ‘‘resting’’ state could have
highly variable internal ruminations, emotional states, and
cognitive activities. This problem is usually addressed by
large sample sizes in most clinical research in which these
variations average out; however, as imaging studies are ex-
pensive most research studies have been limited to small
sample sizes. Combining image data across sites is frustrated
by differing instrumentation and approaches to data collec-
tion (image resolution, scan timing, etc.). Further compli-
cating imaging studies is the large potential number of re-
gions that can be independently sampled. Only in the last
few years have techniques for multiple comparison correc-
tion been fully incorporated into data analysis strategies.

Imaging research into altered brain function in affective
illnesses does not have to be based solely on a single image,
or snapshot. Functional brain imaging of the depressed pa-
tient in a single state, a snapshot of brain function, can be
complemented by examining the functional changes during
a specific task or stimulus (114). The regional brain responses
to a cognitive or emotional task could be highly informative
in understanding the brain during depression. As detailed
in Chapter 29, the most sensitive manner in which to dem-
onstrate such brain responses is by comparing two images,
on a voxel-by-voxel basis, obtained in two different states
in the same individual; effectively subtracting a control
image from the test image (115,116). Increased or decreased
neuronal activity in the test state will be reflected by in-
creased or decreased CBF in the subtraction image; thus,
the pattern of increased activity ‘‘maps’’ the processing areas
used by the brain for the task. However, many tasks pertain-
ing to uniquely human activities (e.g., language, declarative
memory, emotion) clearly involve numerous brain systems
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operating simultaneously and inseparably. Interpretation of
a brain-mapping image resulting from such mental activity
is problematic. Activated areas assumed to be involved in
low-level processing of sensory information (e.g., visual or
auditory cortex) may actually contain high-level processing
or be critically modulated by other attentional and cognitive
processes. Interpretation of brain-mapping studies in which
complex tasks are employed require careful use of specific
control tasks as opposed to simple ‘‘rest’’ state images. The
best control tasks will differ from the task of interest in only
the parameter of interest.

Unfortunately, designing tasks suitable for the PET or
MRI scanning environment and relevant to the major de-
pressive state have been difficult. Important work has been
done, however. For example, induction of different emo-
tions via different strategies has been accomplished and
demonstrates neuroanatomic systems independent of the
induction strategy (117,118). One difficulty with many
emotional tasks is that the subject is highly aware of the
investigators’ efforts. An alternative to inducing a con-
sciously perceived emotion is to present affect-laden stimuli
at an unconscious level (119). This work developed a tech-
nique for presenting fearful faces with masking to prevent
conscious processing of the visual stimuli. Fearful faces, in
contrast to neutral or happy faces, have been reported by
multiple investigators to invoke an increase in amygdala
activity. By masking the briefly presented (�40 msec) fear-
ful faces with neutral faces, Whalen and colleagues (119)
developed a task that isolates the subconscious processing
of affect laden stimuli without the confounding variable of
individual cognitive processing. Despite the inability of the
normal volunteers to report the emotions of the masked
faces, amygdala activation was identified with fMRI during
the fearful faces presentation. Such paradigm design may
prove useful in investigation of affective illnesses such as
depression and anxiety disorders.

The application of brain mapping to research in affective
disease is still in its infancy because of only recent develop-
ment of some appropriate task paradigms; however, the area
has substantial promise. For example, functional MRI was
used to map changes in brain activity in depressed patients
and normal controls while viewing a film segment chosen
to induce sadness (120). The depressed patients had signifi-
cantly more activation in areas of the prefrontal cortex. In-
creased activation in the prefrontal cortex of the depressed
cortex could be secondary to increased processing of the
stimuli and associated emotions. For many tasks increased
prefrontal activation accompanies an increase in task diffi-
culty; however, several issues, including the potential for
differences in cognitive response or attention level to the
film being shown, must temper the interpretation of this
work. Further fMRI work on the processing of emotional
stimuli in depressed patients is ongoing and will certainly
shed more light on this fascinating area of research.

Some consensus has begun to emerge pointing to abnor-

mal function of specific limbic/paralimbic regions in the
depressed patient. Drevets and colleagues (3) detected de-
creased activity in the subgenual region of the anterior cin-
gulate in a group of depressed bipolar patients compared
to controls using an image-wide search of PET measures of
CBF. Importantly, the finding replicated with a second
group of depressed bipolar patients. The finding was again
seen when extended to a group of depressed bipolar using
CMRGmeasures and, then again, when extended to a group
of unipolar depressed patients with familial pattern. The
authors point out that the subgenual anterior cingulate is
heavily interconnected with autonomic structures (includ-
ing the hypothalamus), ventral striatum, amygdala, and
brainstem serotonergic systems; all systems implicated in
mood and behavior regulation. Mayberg and associates
(121) also detected decreased CMRG in the rostral anterior
cingulate of unipolar depressed patients compared to con-
trol subjects. The actual center location of this region was
approximately 15 mm more dorsal than the subgenual re-
gion found by Drevets and colleagues. However, in a highly
creative approach, Mayberg and associates (122) examined
the regional changes in neural activity with multiple PET
scans after improvement of symptoms in depressed patients
and compared those to the regional changes in neural activ-
ity induced by script-induced sadness in control subjects
(see Fig. 74.2). Affective symptom remission was associated
with an increased activity within dorsolateral prefrontal cor-
tex, inferior parietal, dorsal anterior cingulate, and posterior
cingulate and decreases in ventral limbic and paralimbic
sites, including the subgenual anterior cingulate and poste-
rior insula.

The relevance of this particular constellation of brain
regions to mood was made more certain by the findings of a
similar pattern of regional brain activity, but in the opposite
direction, in the normals during induced sadness. Sadness
induced increases in a region of the subgenual cingulate and
decreases in many of the same dorsal cortical regions. For
depressed patients, the increases in dorsal cortical regions
may reflect increased cognitive function in the remitted
state. The decreases in the subgenual anterior cingulate as
symptoms resolve appears more complicated. It is not yet
possible to conclude from the data presented in Mayberg
and associates (122) that the depressed state reflects an in-
creased and abnormal functioning of the subgenual cingulate
that returns to baseline during remission. The finding of
Drevets and colleagues (3) clearly showing decreased metab-
olism in the subgenual cingulate during a depressive episode
needs to be reconciled. One explanation is that the decreased
activity is conceivably an actual increase in functional activ-
ity that only appears decreased on PET imaging owing to
partial volume effects. This region was also reported by
Drevets and colleagues to have sizable decreases in volume
by MRI, a change known to decrease the measured activity.
Nevertheless, the subgenual cortex and adjacent anterior
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FIGURE 74.2. A: Left images show changes in regional cerebral
blood flow (CBF) (with [15O]water PET) associated with transient
sadness in eight healthy volunteers. Right images show changes
in regional glucose metabolism (with FDG PET) after six weeks of
treatment in eight unipolar depressed patients. Coronal (top row)
and sagittal (bottom row) views. Sadness is associated with in-
creases in ventral paralimbic regions and decreases in dorsal fron-
tal regions. With recovery from depression, the reverse is seen:
ventral decreases and dorsal cortical increases. Slice locations are
in millimeters relative to the anterior commissure. Numbers are
Brodmann area designations. R, right; L, left; A, anterior; P, poste-
rior; F, prefrontal; ins, anterior insula; Cg24, dorsal anterior cingu-
late; Cg25, subgenual cingulate; pCg, posterior cingulate; Cb, cere-
bellum; hth, hypothalamus. Color scale: red indicates increases
and green indicates decreases in flow or metabolism. B: Logical
images showing anatomical overlap of significant changes com-
mon to both experiments. Top row: Concordant areas with in-
creased flow during sadness and decreased metabolism during
remission. Bottom row: Areas with decreased flow during sadness
and increased metabolism during remission. Numbers are Brod-
mann area designations. F, premotor; p, parietal. Red indicates
changes unique to sadness; dark blue indicates changes unique
to remission of depression; lighter blue indicates changes com-
mon to both. Arrows signify direction of change associated with
each condition.

cingulate appear to play an important role in emotional
regulation and expression.

Molecular Imaging of Neurotransmitter
Systems in Affective Disorders

Numerous hypotheses have been proposed relating mono-
amine systems and depression. Serotonin, dopamine, and
norepinephrine have all been implicated to various degrees
in the behavioral changes and treatment of depression. Of
these three, reports indicating a constellation of specific se-
rotonergic dysfunctions in major depressive disorders have
been the most convincing. For this reason, much effort in
the imaging community has been focused on developing
tools for imaging different aspects of the serotonergic system
in vivo. Generally, these tools have involved the develop-
ment and validation of radioligands specific for serotonin
receptor subtypes (with more than 14 serotonin receptors
isolated to date); however, alternative approaches to image
serotonergic function have been reported as well. A report
by Mann and co-workers (123) demonstrated reduced sero-
tonin responsivity in depressed patients. In that work, fenfl-
uramine, an indirect serotonin agonist, was used as a phar-
macologic challenge and FDG PET imaging was used to
image the brain responses. Depressed patients showed much
less FDG uptake changes in response to fenfluramine than
normal controls. Such an approach is limited, however, by
the uncertainty in the relationship of the FDG changes and
specific aspects of the serotonergic system.

Before reviewing the progress in this rapidly moving
field, it is important to note that there is considerable diffi-
culty in synthesizing the literature in both PET and SPECT
imaging of receptor function owing to a lack of common
data analysis procedures among various imaging groups. As
the different data analysis techniques have specific inherent
assumptions and limitations, it is useful to briefly review
the pertinent issues. For the sake of brevity, we will limit
this review to receptor imaging; however, the issues are often
identical for imaging of other systems.

Generally, the PET or SPECT imaging device records
the brain distribution of a radiotracer that binds selectively
at the receptor (or transporter). In many applications a brain
region is identified and a time–activity curve for that region
is estimated from the images. Multiple factors directly influ-
ence the amount of tracer that accumulates in any given
brain region: concentration of receptors (Bmax), dissociation
constant between the receptor and ligand (Kd), and nonspe-
cific binding to brain tissue (corrected for in some models).
In addition, the amount of uptake in the entire brain is
dependent on the level of radiotracer in plasma and the
degree to which the radiotracer nonspecifically binds to
plasma proteins. To measure the Bmax separately from Kd,
the experiment must include some measurements with par-
tial saturation of the receptors; this is rarely done for both
logistical and ethical reasons. To address this issue, Mintun
and associates (124) proposed a term binding potential (BP)
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that combined both terms in the form BP � Bmax/Kd. The
binding potential reflects in a single value the ability of the
regional brain receptors to bind to free radioligand during
equilibrium and, importantly, is linearly related to the Bmax.
Thus, if Kd can be assumed to be constant in the experimen-
tal conditions or the different patient populations, the BP
can be an adequate substitute for the regional receptor den-
sity.

The calculation of BP requires knowledge of the nonspe-
cific binding in plasma and the brain tissue. If the nonspe-
cific binding in plasma is measured or can be assumed, most
investigators estimate the nonspecific brain binding of the
tracer from a brain region that has negligible amounts of
specific binding. A second requirement for calculation of
BP is that the kinetics of receptor–ligand interaction be
distinguishable from the transport kinetics into the brain.
This is true for most tracers, with the receptor binding oc-
curring more slowly than the transport. However, when
both processes are of similar rates the BP is difficult to
calculate and an alternative term, the distribution volume
(DV) has been proposed (125). Conceptually, the DV of a
given brain region equals the ratio of brain activity divided
by plasma activity at equilibrium and includes the effects
of both specific and nonspecific binding. The DV also can
be calculated as a parametric image in which each pixel is
assigned the appropriate calculated DV value (126). As the
DV includes the effect of both specific and nonspecific
binding, the DV is usually ‘‘corrected’’ by dividing by the
DV of a region where only nonspecific binding occurs. The
result, the DVratio, is a frequent form of reporting PET and
SPECT receptor data. The use of the DVratio is also applied
when the DV values for the areas of interest are not actually
calculated from kinetic or equilibrium data, but are esti-
mated from single images. The single image is usually stan-
dardized as being at a given time after injection of tracer
but may be highly susceptible to individual differences in
plasma clearance or transport into the brain.

Further complicating the use of the DVratio is that it is
occasionally mistaken as being proportional to Bmax and
BP. Actually, the BP is proportional to the term DVratio �
1, which can be substantially different when the DVratio is
low. Finally, the calculation of DV and DVratio is usually
done without the measurement of plasma binding as it can
be shown that the DVratio is mathematically independent
of plasma binding. Indeed, the BP differs from the DVratio

� 1 only by the incorporation of the plasma binding into
the BP. Thus, if plasma binding is unknown the use of
DVratio � 1 is quite appropriate and will remove all individ-
ual and group effects of plasma binding in the receptor data.
What is usually not appreciated is that individual variations
in brain nonspecific binding are not corrected in the DVratio

� 1 calculation. This limitation of the DVratio � 1 term
is rarely discussed and even more rarely quantitatively exam-
ined.

The lack of suitable radioligands for human PET imag-

ing has significantly slowed research in affective disorders.
The serotonin receptor subtypes with the highest brain den-
sities, 5-HT1A and 5-HT2A receptors, do have PET radiolig-
ands with sufficient selectivity and affinity suitable for imag-
ing (Fig. 74.3). In the 5-HT2A system some initial work in
depression was done using tracers with limited selectivity.
Labeled spiperone (127) demonstrated alterations in bind-
ing in depressed post-stroke patients but interpretationmust
be limited owing to the very high affinity of this tracer
for dopamine-2 receptors. 2-123I-ketanserin demonstrated
increased binding in the right parietal cortex of depressed
patients (128), but again, the work is limited by the non-
selectivity of ketanserin. Since these initial reports, meth-
odologic development to image 5-HT2A receptors has
been successful using highly selective agents including
[18F]altanserin (129), [18F]setoperone (130) and labeled
MDL100,907 (131,132).

The application of these radioligand techniques in mood
disorders has begun with some interesting results. Biver and
associates (29) found apparent decreased [18F]altanserin
binding in the right insular and adjacent orbital cortices in
eight medication-free depressed patients. However, as the
data processing approach normalized for global [18F]altans-
erin uptake the method cannot distinguish between a true
decrease and an increase that is proportionally less than the
[18F]altanserin binding in the remaining brain. Nonethe-
less, the detection of a regional change in [18F]altanserin
binding suggests some type of regional difference in receptor
density. Several other studies, however, have not shown al-
tered radioligand binding to 5-HT2A receptors during
depression. Meyer and co-workers (133) used [18F]setoper-
one to compare 14 medication-free depressed patients with
19 control subjects and found no difference in binding in
a large prefrontal cortex region of interest. The data was
reported as DVratio and quantitation using plasma activity
was not done. Interestingly, the prefrontal cortex value was
1.6 in the depressed group and 1.8 in the control group.
After correction of the DVratio to yield a term proportional
to receptor density (the BP is proportional to DVratio �
1) this trend represents a rather large 25% decrease in the
depressed group.

Yatham and colleagues (134) used [18F]setoperone to
measure 5-HT2A binding in 20 depressed and 20 controls.
All images were first normalized by cerebellar activity to
account for differences in nonspecific uptake and then pro-
cessed using statistical parametric mapping (SPM). Unfor-
tunately, the actual DV image was not calculated, nor the
DVratio, as only raw PET activity from a single time frame
was used. SPM performed a pixel-by-pixel ANCOVA to
detect pixels with significant group differences and showed
generalized decreased binding in the frontal and parietal
cortices of the depressed patient group. Yatham and col-
leagues reported that in some voxels the decrease in uptake
was 20% to 27%. As the study was done without an equilib-
rium state or kinetic analysis, it is unknown whether trans-



Chapter 74: Imaging of Affective Disorders 1075

A B

C D

FIGURE 74.3. Parasagittal views through the head of the caudate of an anatomic magnetic
resonance imaging scan and three different types of functional positron emission tomography
scans. All images were collected in normal control subjects and have been converted to a standard
atlas coordinate system using linear affine transformation. The upper right image is from a 60-
second scan after injection with [15O]water and represents the distribution of cerebral blood
flow (CBF). The lower left image is from a 30-minute scan obtained 30 minutes after injection of
[11C]raclopride. The scan shows widespread low nonspecific binding (e.g., cerebellum) and focal
increased specific binding to D2 dopamine receptors in the caudate. The lower right image is from
a 30-minute scan obtained 60 minutes after injection of [18F]altanserin. Again, the cerebellum
shows low nonspecific uptake, whereas the cortical gray matter shows the specific binding to the
5-HT2A serotonin receptors. These images demonstrate the ability to visualize distinct aspects of
brain function using different radiotracers. Relatively high CBF is seen throughout the cerebellum
and cortical and subcortical gray matter. In contrast, D2 receptors are seen to be highly concen-
trated in the caudate, whereas 5- HT2A receptors are concentrated in the cortical gray matter
with only small amount of receptor binding in basal ganglia. With the appropriate quantitative
processing, these differences in radiotracer uptake can be expressed as relative or absolute recep-
tor density.

port issues could be responsible for some of these results.
In another study, Attar-Levy and associates (135) used
[18F]setoperone to measure 5-HT2A binding in seven de-
pressed patients and seven age-matched controls. Regions
of interest over multiple cortical areas were used to measure
radioligand uptake at a given time after injection and the
data were normalized by first subtracting cerebellar activity
and then dividing by injected dose. This result is a non-
standard term that is not corrected for variations in plasma
nonspecific binding (but may be corrected for variations
in brain nonspecific binding). There was little difference

between depressed and control values with only the frontal
region demonstrating a significant decrease in bindings (ap-
proximately 6%). However, most of the patients were con-
currently being treated with benzodiazepines (six of seven),
which may have further confounded the results. Finally,
Meltzer and colleagues (136) used [18F]altanserin to image
eleven late-life depressed patients and age-matched controls.
Logan graphical analysis was used to analyze regional activ-
ity data and quantitate DV and the DVratio � 1. Meltzer
and colleagues reported no difference between the depressed
and control groups.
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The preceding data have the common thread that re-
gional measures of 5-HT2A binding appear to yield slight,
nonsignificant decreases in depressed populations compared
to controls. The image-wide processing methods using
SPM, which had different methods of normalizing the ra-
dioligand uptake data, appeared to yield more dramatic de-
creases in the depressed populations. As these parametric
methods are not well validated with these radiotracers, the
significance of the findings will be uncertain until further
work, likely using conventional analyses, is done.

The 5-HT1A receptor distribution has been imaged in
humans using the high-affinity antagonist [11C]WAY
100,635 (137,138). The images are unusual because of the
very high ratio of specific to nonspecific binding in the
brain. Compared to images from labeled setoperone or al-
tanserin, in which approximately one-half of all of the brain
activity is not bound to the receptor of interest, the
[11C]WAY 100,635 PET images have less than 10% of the
activity in nonspecific binding and 90% specific activity.
The ratio of receptor-rich brain regions to the cerebellum,
assumed to be devoid of 5-HT1A receptors, is typically
greater than 15, depending on the timing of the scan (com-
pared to a ratio of 2 to 3 for altanserin or setoperone). This
very high ‘‘target-to-background’’ allows the imaging and
even quantitation of 5-HT1A receptor content in very small
structures, such as the midbrain raphe. Early reports show
that 5-HT1A receptor binding of [11C]WAY 100,635 in a
variety of cortical regions and in the raphe is decreased in
depressed patients compared to controls (139,140). The ob-
served decreases are substantial, ranging from 20% to 40%
in some regions. As 5-HT1A receptors are involved in wide-
spread modulation of function in limbic and paralimbic
regions, these findings are of considerable importance. Fur-
thermore, the 5-HT1A receptors are part of the autoregula-
tion of serotonergic innervation in the raphe, increasing the
significance of these findings.

Work on imaging serotonin reuptake sites, the target of
the most commonly used antidepressants, is ongoing. The
radioligand that has undergone the most study is
[11C]McNeil 5652. However, nonspecific binding with this
tracer is high, and separating the receptor binding from
nonspecific binding has been challenging (141,142). One
alternative tracer is [123I]�-CIT SPECT imaging. This
tracer binds to other reuptake sites but has simpler kinetics
and can be used in brain regions that have predominantly
serotonin reuptake binding. This property was exploited in a
study by Malison and co-workers of unipolar, unmedicated
depressed patients in which brainstem serotonin reuptake
site binding was significantly reduced by nearly 20% com-
pared to controls (143). Another area of interest is in the in
vivo measure of serotonin synthesis. This has been achieved
using �-11C-methyl-tryptophan (144). The tracer is con-
verted to �-11C-methyl-serotonin within neurons and then
accumulates, unable to be degraded by monoamine oxi-
dases. The rate of accumulation is argued to be proportional

to endogenous serotonin synthesis (144). However, valida-
tion is problematic because there are few tools for verifying
rates of serotonin synthesis. Also, it has been noted that the
synthetic rates appear to be highly dependent on plasma
tryptophan levels.

Dopaminergic innervation in depression may be altered.
D’haenen and Bossuyt (145) imaged 23 depressed patients
and 11 controls using SPECT and 123I-iodobenzamide
(IBZM), a high-affinity ligand for the D2 receptor. The
activity in the basal ganglia after normalizing with cerebellar
activity was 10% greater in the depressed subjects (p �
0.025). The authors suggest that this increase reflects de-
creased dopaminergic neurotransmission. Decreased synap-
tic dopamine could then result in decreased occupancy of
the D2 receptors and D2 up-regulation, both factors could
lead to increased IBZM binding. In two other reports the
IBZM uptake in the striatum was shown to decrease during
treatment with antidepressants (146,147), although de-
creased D2 receptor binding at baseline in depression was
not seen. However, the striatal dopamine system may not
be the most critical in affective disorders. With the advent
of radioligands able to image extrastriatal D2 receptors (e.g.,
[18F]fallypride) (148), investigation of dopaminergic func-
tion in limbic cortical regions will be possible.

Conclusion

The last decade has produced numerous advances in our
ability to image brain function. Although the application
to affective disorders has been limited to date, the data are
tantalizing. Findings have identified abnormalities in the
function of limbic cortical structures and the location of
these structures overlap with those areas involved with gen-
eration of emotion. With increasing sophistication of emo-
tional paradigms, a more precise picture of the role these
structures play in mood regulation may emerge. Serotoner-
gic alterations are being further identified with existing tech-
niques and new radioligands will be introduced over the
next decade that will greatly expand our imaging capabili-
ties. Novel methods will be explored, leading to agents able
to image aspects of gene expression, perhaps even with the
spatial and temporal resolution of MRI (149).
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