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Cover and Figure 1. Several areas be-
lieved to be important in posttraumatic
stress disorder (PTSD) are indicated in
color on sagittal and axial T1-weighted
magnetic resonance (MR) images from a
normal individual: rostral anterior cingu-
late cortex (blue), amygdala (pink), hippo-
campus (yellow). The approximate loca-
tion of the axial section is indicated on the
midline sagittal MR image. Broca’s area
has also been implicated (not illustrated).

Figure 2. Areas of significantly increased blood-oxygen-level-dependent (BOLD) response (measured by functional magnetic
resonance imaging [fMRI]) during traumatic script recall versus baseline between groups is superimposed on T1-weighted MR
images and schematics of the brain. Patients with PTSD (as a result of sexual abuse or assault or motor vehicle accidents) who
had increased heart rate during remembering, an indication of autonomic arousal, had less activation than controls in the thal-
amus, orbitofrontal cortex, and subgenual anterior cingulate cortex (left panel). PTSD patients who did not have increased heart
rate during remembering, an indication of dissociation, had more activation than controls in the superior temporal cortex, parietal
cortex, and rostral anterior cingulate cortex (right panel). The control group had similar trauma exposure to both PTSD groups
but did not have PTSD. The color bar illustrates the corresponding t values.

Figure 3. Brain activation was measured by fMRI during exposure to masked-fearful
versus masked-happy faces, a task designed to activate the amygdala in isolation (i.e.,
in the absence of frontal cortical activation). The areas of greater activation in combat-
exposed men with PTSD (n � 8) compared with a similar group of combat-exposed
men without PTSD are superimposed on averaged structural MRI data. The color bar
illustrates the corresponding P values. Note the significantly greater activation evident
in the right amygdala. (Reprinted with permission from Rauch et al.1)
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Posttraumatic stress disorder (PTSD) is classified as
an anxiety disorder that occurs in approximately 8%

of the population.2 It is frequently chronic and often co-
occurs with other psychiatric disorders, such as major
depression and substance abuse.2,3 This disorder in-
volves exposure to a life-threatening event along with
intrusive reexperiencing of the event, persistent avoid-
ance of stimuli associated with the event, increased
arousal, duration of symptoms exceeding one month,
and clinically significant impairment in general life
functioning.

PTSD has been studied from many aspects, including
searches for the neurochemical and neuroanatomical
changes that occur. This work has produced many con-
flicting results because of variations in the population
studied, study design, outcome measures, and comorbid
variables such as preexisting conditions. Newport and
Nemeroff provide a review of documented neurobiolog-
ical abnormalities.4 Neurochemical abnormalities have
been most often reported in the hypothalamic-pituitary-
adrenal axis, particularly increased levels of norepi-
nephrine and epinephrine. Patients with PTSD have
been found to produce elevated levels of corticotropin-
releasing factor but low levels of cortisol. Other possible
abnormalities include increased levels of triiodothyron-
ine (T3) and thyroxine (T4), serotonin dysfunction, im-
paired c-aminobutyric acid (GABA) function, increased
cellular immune activation, sensory processing abnor-
malities, and dysregulation of the endogenous opioid
system.4

The neuroanatomical correlates of PTSD using neu-
roimaging have been less well studied. A PubMed
search produced only 65 references for neuroimaging
and PTSD. Three recent reviews summarize results from
these preliminary studies.5–7 As with the neurochemical
literature, study designs vary, study populations differ,
and a variety of outcome measures have been used.
Thus, given the early stage of imaging research in PTSD,
it would be premature to draw any conclusions.

Study tools have included magnetic resonance imag-
ing (MRI), magnetic resonance spectroscopy, single pho-
ton emission computed tomography (SPECT), positron
emission tomography (PET), ligand studies with radio-
isotopes that tag neurotransmitters or medications, and,

more recently, functional magnetic resonance imaging
(fMRI). Together these studies have examined both
brain morphology and brain functioning in subjects
with PTSD. Comparison groups have included individ-
uals who have not experienced trauma and subjects
with traumatic exposures who did not develop PTSD.
Hull has summarized the central findings of these stud-
ies; they include decreased hippocampal volume, in-
creased amygdala activity, decreased anterior cingulate
cortex activation, decreased Broca’s area activity, right
hemispheric lateralization, decreased N-acetyl aspartate
in medial temporal regions, and activation of the visual
cortex.5 Theories to explain these findings include the
pivotal role of the amygdala in fear conditioning cou-
pled with roles of the anterior cingulate and the hip-
pocampus to extinguish fear, as well as the role of
Broca’s area in attaching meaning or significance to ex-
periences that can be translated into words.5,7 Bremner,
reviewing both published and unpublished data, noted
in addition a significant role for the orbitofrontal cortex
and the posterior cingulate.6 Although these are exciting
findings, as noted earlier, replication of results and a
clear understanding of the relationships between brain
structures is still lacking. Many unanswered questions
await further study with both the older and the newer
imaging tools. Among the newer tools is fMRI, which
combines brain function and matching anatomical im-
ages.

Functional Magnetic Resonance Imaging

The principle underlying fMRI is that deoxygenated he-
moglobin (deoxyhemoglobin) is paramagnetic and thus
acts as a natural MR contrast agent.8–12 The signal inten-
sity of blood in an fMR image is therefore dependent on
the local balance between oxygenated and deoxygen-
ated hemoglobin—hence the term blood-oxygen-level-
dependent (BOLD) response in describing the MR tech-
nique used to acquire the images. The presence of
deoxyhemoglobin within the blood vessel creates a
small magnetic field gradient, affecting an area of per-
haps 1–2 radii beyond the vessel wall. Numerous dif-
ferent approaches are used to make the MRI sensitive
to the presence of deoxyhemoglobin (susceptibility-
weighted images).8,10 One problem with the most com-
monly used methods of obtaining susceptibility weight-
ing is the presence of susceptibility-related artifacts in
areas of magnetic field inhomogeneity, such as the in-
terfaces between brain, bone, and air. Thus regions of
importance in neuropsychiatry that are adjacent to bone,
such as the orbitofrontal cortex and the inferior tempo-
ral region, are difficult to assess.
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When an area of brain suddenly becomes more active,
such as when it is participating in the performance a
cognitive task, the increase in local blood flow is larger
than that required to meet metabolic demand. The level
of deoxyhemoglobin in the blood decreases, causing a
slight (1%–5%) increase in signal intensity in that small
area of brain. Although this is too small a change to see
in the image by eye, it can be measured when the signal
intensity under a baseline (resting) condition is com-
pared with the signal intensity under an activated con-
dition. Thus, unlike PET, in which actual blood flow or
metabolic rate can be measured, all fMRI measurements
are relative to a baseline condition. Defining and creat-
ing a baseline state for comparison is a considerable
challenge.13 For example, if the brain area of interest is
abnormally active under baseline conditions, further ac-
tivation may not be measurable, resulting in an apparent
absence of activation when the image sets are analyzed.

Areas of higher signal intensity are presumed to in-
dicate areas of higher neuronal activation. Previously it
was assumed that the BOLD response was correlated
with action potential generation and thus could be used
as a measure of connectivity between activated brain
regions. However, several lines of evidence, including
acquisition of fMR images at the same time as electro-
physiological recording of both neuronal spiking and
local field potentials, indicate that this may not be the
case.12,14,15 Rather, the BOLD response correlates best
with the local field potential, (which reflects incoming
activity and local processing) rather than with action po-
tential generation (output). Changes in local cerebral
blood flow are also correlated with local field potentials,
not with spike rate.14 Thus an fMRI activation could be
present without an increase in the firing rate of the pro-
jection neurons. In addition, an increase in local cerebral
blood flow and therefore a BOLD response would be
expected for both excitatory and inhibitory processing,
because energy demand is increased in both.

There are many ways of analyzing fMRI data.8,9 The
simplest is to subtract the average of the baseline images
from the average of the activated images. A more so-
phisticated approach is to correlate the signal intensity
of each voxel with the stimulus condition, identifying
voxels in which the signal intensity is highly correlated
with the stimulus presentation. Other approaches are
also used, including use of a voxelwise t test or calcu-
lation of the hemodynamic response to the stimulus for
each voxel. All of these approaches can be spatially fil-
tered to eliminate voxels that appear activated as a result
of random noise (not part of a larger group of activated
voxels). Neuroanatomical localization is provided by
overlaying areas that either are greater than the chosen
signal intensity threshold or meet particular statistical

criteria onto companion structural MR images obtained
during the same session.

There are several methodological issues of importance
in fMRI. A major challenge is differentiating areas of
increased signal intensity that are within the microvas-
culature of the parenchyma of the brain and due to brain
activity from those that are within slightly larger drain-
ing veins that are at some distance from the area of brain
activation.12,16 One approach to this problem is to collect
an MR angiogram along with the structural and func-
tional data sets. The locations of angiographically iden-
tified vessels are compared with the locations of areas
of increased signal intensity in the fMRI data set. Those
that coincide can be excluded from further analyses. An-
other approach is to alter the fMRI acquisition so that it
is much more sensitive to the signal from the microvas-
culature and less sensitive to the signal from larger ves-
sels. Motion artifacts are also a problem in fMRI. Any
movement, including minor head movements and
movements related to respiration and speech, can create
spurious areas of activation or mask areas of true acti-
vation.9 Head restraints and postprocessing are both im-
portant in this regard.8,16

The environment of the MR scanner has aspects that
are particularly troublesome in neuropsychiatric re-
search. The scanner bore is a long, narrow tube. During
imaging, loud noise is created by gradient switching.
Thus, the subject is in a very loud, uncomfortable, con-
fined space that is liable to induce a claustrophobic re-
sponse. Even some control subjects have difficulty tol-
erating these conditions. This is a substantial problem
in neuropsychiatric research, because many of the pop-
ulations of interest have difficulty remaining perfectly
still for long periods. In addition, the physical limita-
tions of the MR environment coupled with the need to
prevent motion makes the presentation/response con-
ditions challenging, particularly for the more complex
cognitive tasks (as opposed to simple sensory or motor
tasks).

fMRI has several advantages over other techniques
for functional imaging of the brain. Most important, it
is totally noninvasive and requires no ionizing radiation
or radiopharmaceuticals. Minimal risk makes it appro-
priate for use in children as well as adults. Multiple im-
aging sessions can be conducted with individuals for
longitudinal studies. The anatomic resolution of fMRI is
higher than in other techniques as well. In addition, the
required equipment is widely available. However, fMRI
is not easy to implement and analyze, and this may limit
its clinical usefulness. At present, it should be consid-
ered a research technique.

As noted earlier, a typical fMRI study requires com-
parison of a baseline with an activated state. In some
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cases the baseline condition is simply the absence of a
specific cognitive task or stimulation condition. In other
cases it is a variation on the cognitive task or stimulus
condition, such as changing a single variable. The acti-
vation can be anything from a simple sensory stimula-
tion to a complex cognitive task. The baseline and acti-
vated conditions are usually presented several times in
alternating sequence. These repetitions allow averaging
of data, thus increasing statistical power and making it
possible to analyze data from individuals (as opposed
to averaging across a group).16 However, an underlying
assumption is that the brain activations in each repeti-
tion occur in the same regions. In some cases this may
not be true.

In PTSD research, reminders of the traumatic event
are often used as stimuli either to induce PTSD symp-
toms or to probe the network of brain regions respon-
sible for processing trauma-related information. Al-
though exposure to generic stimuli can be used, use of
a script that is individualized for each subject increases
the likelihood of a strong reexperiencing. This approach
has been criticized because the stimuli do not necessar-
ily affect all subjects to the same degree. The psycholog-
ical impact may differ across subjects or between
groups. If so, differences in brain activation may be due
to differing degrees of fear experienced rather than dif-
ferences in brain processing of fear.17

One group has used script-driven imagery to evoke
traumatic memories in conjunction with fMRI measure-
ment of brain activation (Figure 2).18,19 In this series of
experiments, subjects listened to 30 seconds of their
script, then spent 30 seconds remembering the traumatic
event as clearly as possible, and then spent 120 seconds
relaxing and recovering. This cycle was repeated three
times. Baseline images were collected 60 seconds before
each period of recollection. Activation images were col-
lected during the final 30 seconds of each period of rec-
ollection. The final fMRI data sets were an average of all
three cycles. Heart rate was recorded as an indicator of
autonomic state.

In their first study the authors reported that patients
with PTSD (six whose PTSD was a result of sexual abuse
or assault, three because of motor vehicle accidents)
showed less activation in the thalamus, medial frontal
cortex (Brodmann’s area 10/11), and anterior cingulate
cortex (Brodmann’s area 32) during trauma remember-
ing than control subjects with similar trauma exposure
but without PTSD.18 The PTSD group also had increases
in heart rate during remembering, an indication of au-
tonomic reactivity. The authors suggested that higher
levels of arousal in the patients with PTSD (as indicated
by increased heart rate) may alter thalamic processing,
disrupting information flow to the cortex.

In their second study the authors selected patients
with PTSD (all seven as a result of sexual or physical
abuse) who did not have an increase in heart rate during
remembering of traumatic events. The authors noted
that approximately 30% of their patients show this type
of dissociative response. The PTSD and control groups
had similar levels of thalamic activation. The PTSD
group had higher activations (predominantly on the
right) in the superior and middle temporal gyri (Brod-
mann’s area 38), occipital lobe (Brodmann’s area 19), pa-
rietal lobe (Brodmann’s area 7), inferior frontal gyrus
(Brodmann’s area 47), medial frontal and prefrontal cor-
tex (Brodmann’s areas 9 and 10), and anterior cingulate
cortex (Brodmann’s areas 24 and 32). The authors noted
that activation of the superior and middle temporal
gyri are consistent with the temporal lobe theory of
dissociation, and activation of frontal areas is some-
what consistent with the corticolimbic model of deper-
sonalization. They also emphasized the importance of
categorizing patients with PTSD according to their re-
sponse to traumatic memories (e.g., hyperarousal ver-
sus dissociation), since it is likely that the areas of the
brain involved differ.

Another group has used fMRI in conjunction with
cognitive tasks designed specifically to activate areas of
the brain implicated in PTSD to assess responsivity.1,20

Both the amygdala and the medial frontal cortex are ac-
tivated during passive viewing of fearful faces. The
group’s first study employed a cognitive task designed
to probe the responses of the amygdala to fearful faces
in the absence of cortical modulation.1 To accomplish
this they presented emotionally expressive faces by the
technique of backward masking (masked-faces para-
digm). Alternating blocks of 56 masked-fearful, 56
masked-happy, and a fixation condition are shown, with
each type of stimulus presented twice per second (for a
total of 28 seconds per block). Each of the 56 presenta-
tions consisted of a short exposure (33 msec) to a fearful
or a happy face (target) followed by a longer exposure
(167 msec) to a neutral face (mask). Previous studies
have shown that this approach activates the amygdala
but not the medial frontal cortex. Eight men with com-
bat-related PTSD were compared with eight men with
similar exposure who did not have PTSD. Vascular con-
tamination was minimized by using MR angiography to
identify larger vessels and collecting the fMRI with an
asymmetric spin-echo sequence to minimize contribu-
tions from smaller vessels. Only the areas of the amyg-
dala, medial frontal cortex, and fusiform gyrus were an-
alyzed. As expected, the two groups showed a similar
level of fusiform gyrus activation in response to faces,
indicating that overall hemodynamic responses were
similar. Neither group had medial frontal activation in
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response to fearful faces. Both groups had amygdala ac-
tivation in response to fearful faces, but the level of ac-
tivation was significantly higher in the PTSD group
(Figure 3). In addition, the level of activation in the
amygdala was correlated with PTSD symptom severity
but not with severity of trauma exposure. The authors
noted that this protocol distinguished the two groups
with 100% specificity and 75% sensitivity.

In a second study, the same group measured the res-
ponsivity of the rostral anterior cingulate cortex.20 This
brain region is thought to have a role in the processing
of emotional stimuli, and it has been shown to be acti-
vated in normal individuals during performance of an
emotional variant of the Stroop task, in which emotion-
ally negative words are viewed and counted (as com-
pared with neutral words). Previous studies have
shown that individuals with PTSD have slower re-
sponse times to trauma-related negative words in this
task (as compared with general negative words). Eight
men with combat-related PTSD were compared with
eight men with similar exposure who did not have
PTSD. Blocks of neutral words alternated with blocks of
general negative words and blocks of trauma-related
words, all blocks 30 seconds in duration. For each trial,
subjects viewed (for 1.45 sec) a set of one to four iden-

tical words and were required to press a button to in-
dicate how many words were displayed. Comparisons
were made of response times, error rates, and areas of
activation to neutral, generally negative, and trauma-
related words.

The PTSD group had slower response times and made
more errors in response to all three types of words. Ac-
tivation of the insular cortex was found in both groups.
Unlike the control group, the PTSD group did not have
significant activation of the rostral anterior cingulate re-
gion. The authors noted that this finding is consistent
with the hypothesis that PTSD involves a failure of me-
dial frontal regions to properly inhibit the amygdala.

Conclusion

Although fMRI is in its early stages of application in
psychiatry, there is certainly promise for its use in in-
vestigating many disorders, including PTSD. With fMRI
techniques, the delicate balance between the structures
of the emotion and memory tracts becomes more evi-
dent. As our understanding of this balance evolves, it is
hoped that treatment interventions may be developed
to alleviate symptoms such as intrusive memories,
avoidance, and heightened arousal.
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