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Abstract
OBJECTIVE—Memory for odors is often associated with highly emotional experiences, and
odors have long been noted by clinicians to be precipitants of trauma symptoms in PTSD.
Primitive brain systems involved in fear responsivity and survival also mediate smell, including
the olfactory cortex and amygdala. The purpose of this study was to measure neural correlates of
olfaction in PTSD.

METHODS—We exposed male combat veterans with PTSD (N=8) and without PTSD (N=8) to a
set of smells, including diesel (related to traumatic memories of combat), and three other types of
smells: odorless air, vanilla/coconut and hydrogen sulfide (H2S) (resp. a neutral, positive, and
negative hedonic non-traumatic smell) in conjunction with PET imaging of cerebral blood flow
and assessment of psychophysiological and behavioral symptoms. All subjects also underwent a
baseline of olfactory acuity.

RESULTS—PTSD patients rated diesel as unpleasant and distressing, resulting in increased
PTSD symptoms and anxiety in PTSD versus combat controls. Exposure to diesel resulted in an
increase in regional blood flow (rCBF) in amygdala, insula, medial prefrontal cortex (mPFC) and
anterior cingulate cortex (ACC), and decreased rCBF in lateral prefrontal cortex (lPFC) in PTSD
in comparison to combat controls. Combat controls showed less rCBF changes on any smell, and
did not show amygdala activation upon diesel exposure.

CONCLUSIONS—These data support the hypothesis that in PTSD trauma-related smells can
serve as strong emotional reminders. The findings indicate the involvement of a neural circuitry
that shares olfactory elements and memory processing regions when exposed to trauma-related
stimuli.
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INTRODUCTION
It has been known for a long time that odors have the ability to serve as a reminder of a far
and distant past. Odor perception can retrieve memories of life events with personal
meaning and elicit strong affective experiences (1;2). Olfactory information is projected
from the olfactory bulb to the primary olfactory cortex, which is composed of the anterior
olfactory nucleus, the olfactory tubercle, the piriform cortex, and the amygdala, and projects
to secondary olfactory regions, including the hippocampus, ventral striatum and pallidum,
hypothalamus, thalamus, orbitofrontal cortex, insular cortex, and cingulate gyrus (Powell et
al., 1965). The olfactory cortex is unique in having direct projections to the amygdala, which
plays a critical role in the process of fear responding. Several studies provide evidence that
the human amygdala also participates in the emotional processing of olfactory stimuli (3–
11). The fact that the amygdala is closely connected to the hippocampus and enthorhinal
cortex, leading to an emotional enhancement of odor memories, may explain their unique
long-term retention.

Clinicians have long noted that specific trauma-associated smells, such as napalm or diesel
in combat veterans can serve as precipitants of emotional memories and induce traumatic
recall in patients with posttraumatic stress disorder (PTSD) (12–14). Several preclinical
studies found that olfactory cues play a critical role in conditioned fear responses (15–18),
which indicates that the neural circuitry of olfaction closely parallels the circuitry of the fear
response. In these studies smell has been used successfully as a probe of the amygdala, and
of the orbitofrontal and medial prefrontal cortex, all areas of interest in PTSD.

Neuroimaging studies have begun to map out a neural circuitry of PTSD (19;20). Specific
for symptoms of traumatic recall in PTSD these studies found: decreased orbito-/prefrontal
(21;22), parietal, hippocampal (23–26), and temporal cortical function (23;27–30), and
increased function in posterior cingulate and motor cortex (24;30;31). Cerebral blood flow
studies have also found evidence for alterations in middle/inferior frontal gyrus and
cerebellum (24;26;31–41). Rauch et al found an increase in amygdala activation with
exposure to masked fearful faces in PTSD (42). However, to date, and in spite of preclinical
evidence of amygdala involvement in emotional processing and fear conditioning, clinical
studies in PTSD have not consistently implicated the amygdala in the neural circuitry of
Emotional memories (43). This may be due to different factors, including differences in
research designs. Exteroceptive or internally generated emotional states (recall) as generated
by traumatic scripts may or not correspond to exteroceptive events, such as external threat,
and these differences may account for the variability in findings related to amygdala
activation in PTSD. Smell memory represents a strong exteroceptive memory which is
connected to neural circuits involving the amygdala and is therefore an excellent model for
probing the neural circuitry of emotional processing in PTSD.

The purpose of this study was to use PET in the examination of neural correlates of
olfactory induced emotional recall in combat-related PTSD. We hypothesized that the
disposition of a smell to induce emotional memories would correlate with its emotional
valence (44), and that specifically for patients with PTSD exposure of trauma-related smells
would result in an increase in PTSD symptoms and increased activation of brain areas
implicated in the disorder.

METHODS
Subjects

Sixteen male veterans with a history of combat in either Vietnam or the Gulf War
participated in the study. Subjects included veterans with (N=8) and without PTSD (N=8)
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(see Table 1). All subjects were recruited through newspaper advertisement and through the
National Center for PTSD, West Haven VA Medical Center. Diagnosis of PTSD was
established with the Structured Clinical Interview for DSMIV (SCID), and consensus by
three research psychiatrists (EV, SMS, JDB). All subjects gave written informed consent for
participation, were free of major medical illness on the basis of history, physical
examination and lab testing, were not actively abusing substances or alcohol (past three
months). Subjects were excluded who were using neuroleptics or benzodiazepines. Subjects
were not taken off of their medication for the purpose of the study. Subjects with a serious
medical or neurological illness, organic mental disorders or co-morbid psychotic disorders,
retained metal, a history of head trauma, loss of consciousness, cerebral infectious disease,
or dyslexia were excluded. Subjects with a score <32 on the University of Pennsylvania
Smell Identification Test (UPSIT) (45) were also excluded. The study was approved by the
Yale University Investigational Review Board and was prepared in accordance with the
ethical standards laid down in the Declaration of Helsinki. Subjects were told that the study
involved how the brain processed different odors. Information was asked about memories
they had for a wide array of smells. On a traumatic reminder list of olfactory cues for
emotional memories the selected PTSD subjects all reported diesel as a smell that was
strongly associated with traumatic experiences during their deployment.

There were no significant age differences in PTSD subjects (mean 47.5 years; SD=10.7) and
the combat controls (mean 41.3 years; SD=10.8). The combat control population consisted
of 5 Gulf War and 3 Vietnam veterans, 2 Gulf War veterans and 6 Vietnam veterans
participated in the PTSD group. All PTSD patients were rated for baseline PTSD symptoms
with the Clinician Administered PTSD Scale (CAPS) (46). Mean score on the CAPS in this
group was 75.5 (27.7 SD). The CAPS was not assessed in the control group since they did
not meet criteria for PTSD. Both groups did not differ in their olfactory acuity (PTSD mean
UPSIT= 32.8; SD= 5.3 combat controls mean UPSIT=35.3; SD=3.2).

Subjects with PTSD had a pattern of comorbidity that was similar to prior studies of PTSD
from our group and others. In the PTSD group, 6 patients (75%) fulfilled criteria for a past
history of major depression and 2 (25%) for current major depression, based on the SCID
interview. One patient (13%) had a history of current and lifetime dysthymia. In all cases the
onset of the affective disorder occurred after the onset of PTSD. One patient (13%) fulfilled
criteria for current and lifetime history of panic disorder with agoraphobia. Two patients
(25%) had current and lifetime generalized anxiety disorder, one patient (13%) had current
and lifetime social phobia. Three patients (38%) fulfilled criteria for a past history of alcohol
dependence, two (25%) for a past history of opiate dependence, two (25%) for a past history
of marijuana dependence and two (25%) for a past history of cocaine dependence. No
patients had a current history of alcohol or substance abuse or dependence. Four PTSD
patients were taking antidepressant medication. In the control group two subjects were
taking anti-inflammatory drugs.

The emotional valence of a smell is embedded in its hedonic judgment or hedonic tone,
which can be assessed by asking questions about the ‘pleasantness’ of a smell. In order to
assess The specificity of diesel as a trauma-related smell within the group of PTSD veterans,
we compared this probe with three non-war related probes: a common positive hedonic
smell, a negative hedonic smell and a neutral smell. Norm scores of hedonic tone of smells
of the UPSIT were used to guide the choice of olfactory probe. Subjects were assessed at
baseline and immediately after completion of each scan on:

1. Subjective Distress, using the Subjective Units of Distress Scale, ranging from 0 to
100%,

2. Rating of pleasantness of the smell, using a rating scale ranging from −10 to +10,
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3. Emotional response ratings (e.g. talkative, happy, drowsy, nervous, sad, calm), 17
items ranging from 1 to 5 (23;28;30),

4. PTSD symptoms, using the PTSD Symptom Scale (e.g. flashback, startle,
hypervigilant, out of body, distant from people, difficulty concentrating), 18 items
on a scale ranging from 1 to 5,

5. Anxiety level, using the Panic Attack Symptoms Scale, PASS (e.g. nausea,
sweating, numbness, dizziness, shortness of breath, headache), 16 items on a scale
ranging from 1 to 4,

6. Dissociative Symptoms, using the Clinician Administered Dissociative States scale,
CADSS (47), 20 items on a scale ranging from 1 to 4.

To assess if stress during the experiment was a confounder for regional cerebral blood flow,
salivary cortisol samples were collected at baseline and after each scan (0, 10, 20, 30, 40, 50,
60, 70, and 80 minutes). Saliva samples were collected using Salivette collection and stored
at 70C. Salivette tubes were centrifuged, and saliva was analyzed for cortisol using an 125 I
immunoradiometric assay kit from Diagnostic Products Corporation (Los Angeles, CA).

Olfactory probes
Based on interviews with clinicians and Vietnam and Gulf war veterans with PTSD at the
West Haven VA, and the well-known prominent role of diesel in these wars, this smell was
selected as a traumatic smell (48). We balanced the trauma-related impact of diesel with a
neutral, a common positive and a negative hedonic smell. These probes were selected on the
basis of their hedonic tone as reported in the manual of the UPSIT; the common positive
hedonic smell was vanilla (vanillin); the negative hedonic smell was sulfur (dimethyl
disulphide or hydrogen sulfide, H2S). The neutral smell was odorless air (no smell). All
smells were presented in odorous solutions, except for odorless air, which was presented as
air in an empty bottle. For diesel we used diesel fuel. All smells were conserved in 15 ml
glass flasks (opening diameter, 1.7 cm; height, 5.8 cm; filled with 5 ml of liquid), with a
screw cap. Upon opening of the bottle the smells were presented birhinally by presenting the
flasks for the duration of 60 seconds at a distance of around 5 cm from the nostrils. The
order in which the smells were presented was randomized; the order of the diesel probe
however was modified so that it was never presented as either the first or second smell. The
subjects were not informed about any of the labels of the smells; they did not know what
they smelled, or that each smell would be presented twice. After the experiment was
completed and when they were outside the scanner, they were informed about the label of
the smells.

Scanning Procedure
All subjects underwent positron emission tomographic (PET) measurement of cerebral
blood flow as well as psychophysiological measurement of heart rate during smell exposure,
on a single day. Psychometric assessment was assessed in between each scan. Heart rate was
measured continuously every five seconds using a Polar Vantage heart rate recording device
(Woodbury, NY). The Polar Vantage heart rate recording apparatus was moistened with
water to facilitate recording and strapped around the subject’s chest for direct measurement
of heart rate. Heart rate data was transmitted from the recording device to a Polar Vantage
recording device worn on the subject’s wrist. Following the study session the data was
downloaded to a PC for analysis. Heart rate over five second intervals was compared
between a baseline period 10 minutes before the onset of the first session (after the subject
had been positioned in the scanner) and over 5 second intervals during the period of smell
exposure.
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PET imaging was performed with a Posicam 6.5 PET Camera (Positron Corp., Houston,
TX) (in plane resolution after filtering, 6-mm full width at half maximum (FWHM)). The
subject was placed in the scanner with the head in a holder to minimize motion and
positioned with the canthomeatal line parallel to an external laser light. An intravenous line
was inserted for administration of [15O]H2O. Following positioning within the camera
gantry, a transmission scan of the head was obtained by using an external 67Ga/68Ge rod
source, in order to correct emission data for attenuation due to overlying bone and soft
tissue. Baseline ratings were then collected. Subjects received a bolus of 30 mCi of
[15O]H2O intravenously, for each of the eight scans. This was followed 10 seconds later by
a PET scan acquisition and smell exposure, both at same time for one minute. The top lid of
the bottle was unscrewed from the bottle at the time the instruction was given.

The onset of the PET scan acquisition was timed to correspond to the point of maximum rate
of increase in uptake of tracer into the brain. With the bolus injection method of [15O]H2O
(which has a half-life of 110 seconds), tracer peaks at 10 seconds, with 90% of counts
obtained in the first 60 seconds after peak, which is the time when the smells were
presented. During scanning subjects were exposed to one of the four olfactory probes. For
the minute they were exposed subjects were asked ‘Close your eyes, breathe normally and
try to sense the smell that is presented in front of your nose’. Each subject was then exposed
to two sets of 4 smells. After each smell exposure the top was placed on the bottle and taken
away from the subject. Subjects then underwent behavioral ratings with the abovementioned
scales. Nowhere during the experiment were the subjects asked to identify the odorants, nor
were they told what the odorants were. No information was given about the odorants that
they were going to be exposed to prior to the study, except the number of smells they would
be exposed to.

Image Processing and Statistical Analysis
Images were reconstructed and analyzed on a SunSparc workstation through use of
statistical parametric mapping (spm96). Images for each patient set were realigned to the
first scan of the study session. The mean concentration of radioactivity in each scan was
obtained as an area-weighted sum of the concentration of each slice and was adjusted to a
nominal value of 50 ml/min/100 g. The data underwent transformation into a common
anatomical space and were smoothed with a three-dimensional Gaussian filter to 16-mm full
FWHM before statistical analysis.

Ratings of subjective distress, hedonic tone, and other behavioral measures (distress,
hedonic tome, emotional responses, PTSD symptom scores, anxiety symptoms, and
dissociative symptoms) were compared for PTSD and comparison subjects through use of
paired samples T-tests. Repeated measures ANOVA with Duncan’s Multiple Range Test
was used to compare the cortisol response during the experiment to smell exposure between
the groups. Regional cerebral blood flow data were analyzed using spm96 (49–51) with
global blood flow considered as a confounding covariate with image data sets in which the
values assigned to individual voxels correspond to t statistic. Regional cerebral blood flow
was compared in patients and controls between smell exposures. Analyses were also
performed to examine the interaction of group by condition (e.g. greater increases with
odorless air versus diesel in PTSD versus control subjects, or greater decreases with vanilla
versus H2S in PTSD patients versus control subjects). Statistical images were displayed with
values of Z score units >3.09 (p<0.001) and clusters of greater than 65 contingent significant
voxels. Areas of activation were identified using standard stereotaxic coordinates based on
the atlas of Talairach and Tournoux (52).
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RESULTS
In 6 of the 8 PTSD patients, exposure to diesel resulted in a flashback (as measured with the
PTSD Symptom Scale), causing distress, increased fearfulness and anxiety. After study
completion, one of the participants reported after study completion that when he had a
nightmare he could smell ‘the village’ where he was at that time. The smell of diesel,
‘brought back’ that same image. This also occurred in 1 of the control subjects. Diesel was
rated as an unpleasant smell in the PTSD group; this differed significantly from the rating of
the control group (p=.021), in which diesel was rated as slightly less unpleasant than vanilla.
Both groups rated H2S as an equally distressing smell, causing more distress than exposure
to any of the other conditions. A significant negative correlation (p = 0.00; r = −0.63) was
found between the hedonic tone and distress for all smells in the PTSD group, this was not
significant for the combat controls. Hedonic tone was significantly correlated with all
behavioral assessments (PTSD symptoms, emotional symptoms, dissociation) (p = 0.001; r
= 0.50); this was only the case for emotional symptoms in the control group (p = 0.001; r =
0.51). For the three non-neutral smells, PTSD Symptom Scale score, CADSS and PASS
scores were higher in the PTSD group. There was a wide range in responses in the PTSD
patients on all behavioral assessments. An overview of the scores on psychometric
assessments is displayed in table 2. The PTSD group expressed high levels of subjective
distress as measured by the SUDS, with significant differences on odorless air, diesel and
H2S. The average maximum distress of H2S in the control group was half of the maximum
distress in the PTSD group. PTSD subjects were very sensitive to exposure to any novel
stimulus. Diesel was confirmed to have a significant different hedonic tone when both
groups were compared.

Veterans with PTSD responded with significant increased intrusions and fearfulness
following exposure to diesel. Both diesel and H2S caused intrusive memories and flashbacks
in the PTSD group, whereas in the control group this was only the case in one patient, who
reported a mild flashback with diesel. The rating of PTSD symptoms was in line with the
other emotional rating scales. H2S caused the largest increase of PTSD symptoms. The
control group did not show this (p < .05). They did not report an increase in PTSD related
symptoms with any smell, irrespective of the hedonic tone. The same was found for the
Panic Attack Symptoms Scale in this group. PTSD subjects scored significantly more panic
symptoms than controls on vanilla, diesel and H2S. Their score on the CADDS was likewise
(p = .044), there was a high score at baseline, and a slight drop of dissociative symptoms on
vanilla exposure. The control group did not endorse items of dissociation.

The differences between diesel and odorless air for the two groups are listed in table 3, this
table points to specific differences in fearfulness, anxiety and decrease of mellow feeling.
This table demonstrates high PTSD symptoms, high anxiety symptoms, dissociation, Note
the differences on the items of the PASS, CADDS, hedonic Tone and SUDS. The emotional
items that are reported significantly between these smells significant items are fearfulness,
anxiousness, and decrease in mellow feeling. None of these parameters were significant in
the control group.

After study completion subjects were asked to retrospectively report which smells they had
been exposed to. Odorless air was identified by 14 subjects, as ‘I smelled nothing’, in 7
PTSD and 7 combat controls). Vanilla was identified by 8 subjects (4 PTSD, 4 combat
controls). H2S was correctly identified as ‘rotten eggs’ in all cases. Diesel was correctly
labeled by 6 of the PTSD patients and 5 of the control subjects. Six of the subjects reported
correctly that they had smelled all smells twice (3 PTSD and 3 combat controls).
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Changes in heart rate (HR) compared to baseline were not significant across smells, except
for diesel exposure (p = 0.044; r = 0.721). There also was a trend to an increase in systolic
blood pressure in both groups comparing vanilla to diesel and H2S. The combat controls
showed the largest increase in systolic blood pressure, when changes were compared to
baseline. The same trend was found for PTSD subjects. Diastolic blood pressure was also
higher in PTSD subjects, and changed most when compared to baseline in the control group.
Diastolic blood pressure showed the largest increase in the diesel condition in the PTSD
subjects (data not shown).

Cortisol was assessed every 10 minutes in between scans. Since the experiment was
stressful, this served as an index of stress. The experimental procedure did not result in
increased cortisol levels. Salivary cortisol dropped by an average 20% in PTSD patients (t =
1.69; df = 7; ns), compared to 54% in combat controls (t = 2.54; df = 7; p = 0.038) (no
significant time by diagnosis interaction) (figure 1).

When analyzing rCBF changes on smell exposure in the two groups, a robust difference in
general increase was found especially for diesel and H2S. Combat controls however showed
less rCBF increases in comparison to PTSD patients upon exposure to these two smells.
PTSD patients showed activation of left limbic structures during exposure to all three
smells: vanilla, diesel and H2S. They demonstrated increased blood flow in the left
hippocampus with vanilla, in left amygdala with diesel and in both left amygdala and
hippocampus and right hippocampus and insula with H2S. In H2S the regional increase was
most widespread. Left amygdala/insula involvement was strongest for H2S, less for diesel
and least strong for vanilla.

When combat controls were analyzed for differences in regional activation for each smell
and were compared with the PTSD group, vanilla showed main involvement in three areas:
left amygdala, right visual association cortex, and right lateral PFC. Limbic involvement in
the combat control group with vanilla was found more anterior than it was with this smell in
the PTSD group. Vanilla in this group showed no medial PFC involvement. Diesel did not
involve any limbic activity in the combat controls, no PFC activity; only a left posterior
cingulate area of activation was seen here. H2S exposure in this group resulted in large areas
of activation in insula, similar to the PTSD group, which included hippocampus and
amygdala. Similar to vanilla, H2S also increased rCBF in lateral frontal cortex in combat
controls, with similar intensity as vanilla. Figure 2 and 3 are a summation of PET scans for
comparisons of diesel in the two groups (figure 2), and the greater increases between the
groups respectively (figure 3). The strength of the alterations in rCBF upon smell exposure
are tabulated in table 4. Insular activity was paralleled with activity in posterior cingulate
with H2S and diesel. Visual association cortex showed an increase for vanilla, less for diesel,
no increase was found for H2S. Diesel exposure elicited a large increase in rCBF in right
medial (orbito-/)prefrontal cortex (PFC), as was found for vanilla, but in a smaller area. H2S
exposure did not lead to an increase in medial PFC, here we observed rCBF increase in the
lateral PFC. The z scores and coordinates for activation patterns in PTSD and combat
controls are listed in table 5.

DISCUSSION
The present study demonstrated that diesel served as a strong reminder of emotional
experiences in veterans with combat -related PTSD. The patients rated diesel as significantly
more unpleasant and distressing, resulting in increased PTSD symptoms and anxiety in
PTSD patients compared to combat controls. PTSD patients (but not non-PTSD veterans)
demonstrated more rCBF alterations to any smell. Both hedonic tone and reported distress
were different in comparison between odorless air and diesel in PTSD, but not in combat
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controls, which confirmed the specific nature of diesel as a probe for emotional responsivity
in PTSD. The responses varied in range, perhaps due to secondary consequences of labeling
and other attributional difficulties. Diesel exposure in PTSD patients resulted in activity in
left amygdala, insula and right PFC and ACC (BA 24, 25, 32, 10), which was absent in the
combat controls. Exposure to H2S showed similar regional changes like diesel, although the
differences between patients and controls were less pronounced. Vanilla and diesel showed
similar increases in brain blood flow in the right anterior and posterior cingulate gyrus and
medial PFC, although activity was stronger with diesel. Diesel differed in inducing a
decrease in rCBF in lateral PFC (BA) 22, 47) in the PTSD group only. Vanilla response
additionally differed from diesel in an increase in lingual and visual cortex, and in left
hippocampus, whereas diesel was correlated with reduced visual cortical blood flow (BA 31,
7, 17, 18). H2S exposure induced an increase in the lateral PFC (BA 10, 32, 24), which was
similar in PTSD and controls.

Our data are in line with the notion that PTSD patients in general are more sensitive to any
novel stimulus in comparison with a control population (stress sensitized), and are
specifically responsive to traumatic reminders (e.g. diesel) (fear-conditioned) (53). This is in
line with other studies showing a relation between distress, hedonic tone, and the induction
of emotional memories (44). Unpleasant odors have psychophysiological effects, e.g. in
inducing heart-rate acceleration during both a smelling trask and a pleasantness judgment
(54), or biological effects, e.g. in a study with newborns exposed to smells it was seen that
they responded positively to vanilla, as shown by an increase in hemoglobin oxygenation
(55). Studies also report on the capacity of hedonic tone to induce mood-related cognitions
(56). We found vanilla to have a positive (reducing) effect on distress, heart rate, and
dissociative response in the PTSD group. Vanilla has also been associated with involvement
in positive/approach-related emotion and is related to relative left frontal activation (57).
When healthy females were exposed to vanillin, bilateral amygdala and piriform cortex
activity was found (58). We could not find this in either of our two groups of interest.

Several PET studies in healthy patients have yielded different levels of activity during
passive smelling; in the piriform cortex, varying from no activity (4) to strong bilateral
activity (8), amygdala and insula (11;59–62), unilateral right orbitofrontal (6;8;63),
prefrontal cortical regions, and the cerebellum (64).

The piriform cortex has long been considered to be the primary olfactory cortex because it is
the largest area that receives direct input from the olfactory bulb, the structure that
monosynaptically relays input from olfactory receptor neurons. However, physiological and
anatomical studies suggest that this cortical area is organized in a fundamentally different
way than the primary cortical areas for nonchemical senses. Previous morphological studies
have also shown that the piriform cortex projects to areas that are thought to play a role in
mediating functions related to behavior (prefrontal cortex), assessing the emotional or
motivational significance of sensory cues (amygdala), multisensory association, and
memory (enthorhinal and perirhinal cortex) (65). The piriform cortex plays a role in linking
representations of odorant structure that constitute the olfactory code, and in associating
olfactory and other forms of information. In our study, we did not observe blood flow
alterations in the piriform cortex. This may be explained by the passive smelling instruction,
where no demand for recognition was given. In addition it may be explained by the
engagement of limbic structures in particular at an early stage in the signal processing (66).
Our finding of increased rCBF in the amygdala is in line with its role in the processing of
emotional salient stimuli. Earlier studies in olfaction demonstrated that the amygdala
participates in both hedonic and emotional processing of olfactory stimuli (Zald and Pardo,
1997). Absence of rCBF changes in the amygdala with diesel in the combat controls was in
line with the notion that it did not cause PTSD symptoms with associated fear and distress.
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Diesel only had a slightly negative hedonic tone, failed to lead to emotional responses, and
did not induce dissociative symptoms or anxiety in this group. Scores in the PTSD group
were significantly different on all these assessments. We found similar alterations in rCBF
in the insula as well as right orbitofrontal cortex with both vanilla and diesel exposure.
While the hedonic tone and behavioral data were different for vanilla and diesel, rCBF
alterations in right medial PFC involvement was still seen with diesel. Involvement of this
region has been described in relation to ‘rightness of a stimulus’ or familiarity (67).

Few studies have looked into the neocortical projections of the human olfactory pathway
and its functional organization (identification, hedonicity and familiarity), and a precise
functional organisation has not been characterized. In this respect at best it can be stated that
brain regions mediating emotional processing are differentially activated by odor valence,
providing evidence for a close anatomical coupling between olfactory and emotional
processes (Gottfried et al., 2002). The OFC and mPFC both play a role in cognitive
processing (e.g. judgement of hedonicity vs detection itself and judgement of intensity and
familiarity); emotional tasks with cognitive demands have been demonstrated to involve the
ACC and insula. The processing of ‘(un)pleasantness’ as a basic emotion is regulated by the
ACC. Both OFC and regions of mPFC contribute to affective behavior. In addition, aspects
of odor processing are lateralized depending on the type of olfactory task. Right OFC
activity was highest during familiarity judgments, whereas left OFC increased significantly
during hedonic judgments (68). Our results showed an increase in right mPFC (BA 10, 24,
32) in vanilla and diesel, which was not seen in H2S exposure in PTSD. H2S exposure
showed increased left insular activity in this condition. A decrease in blood flow was found
in the lateral prefrontal cortex (BA 45, 47) in PTSD, but not in the control group, except for
a small increase in BA 47 with diesel exposure. Our data also show enhanced involvement
of the left anterior cingulate cortex (BA 32, 24) in concordance with distress for diesel and
H2S. Different patterns of activations are seen in our two experimental groups,
predominantly in the insula and cingulate gyrus (BA 32, 24). The involvement of this area
on increased blood flow can best be understood in relation to emotional processing (43).

Interestingly, we found decreased left cerebellar rCBF in all smells for all subjects. This is
different with what has been found in other studies (64);(6;69) (63) and needs further
exploration in reference to the model in which the cerebellum coordinates acquisition of
sensory information (70).

Yet, our data as well as other recent neuroimaging studies of olfactory induction (59;71–74)
show discrete overlap with data from studies using script driven imagery (28;75–78), and
combat slides and sounds (79) with PTSD.

Some limitations have to be considered in interpreting our results. These results are based on
a small sample of 8 patients and 8 controls and are the first study to report on olfaction as a
traumatic reminder. Exposing the participants to two sets of smells, and presenting each
smell twice in random order may have introduced an error, since the second exposure
participants may remember the smell from an earlier run, thereby introducing a familiarity
process (‘I have smelled this odor before’), that may induce brain activity that did not occur
when first exposed to the smell when all smells were novel. In our results brain activation
was summed for each smell and then averaged over the group. It may have been better to
differentially look at the brain images in first and second run. Another limitation is that the
procedure of odor exposure was not optimally standardized. We do not know whether
differences in concentration and intensity (‘how much’) of the smells subjects were exposed
to could have contributed to changes in rCBF. The use of devices such as squeeze bottles or
sophisticated olfactometers (80) could have eliminated this confound. A caveat in smell
experimentation is the bimodality of aversive odorants. Vanilla is considered to be a
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unimodal odorant, meaning that it induces the olfactory cortex solely, without trigeminal
nerve involvement (Savic et al., 2002). Both diesel and H2S can be considered to induce
trigeminal activity, and have implications for recruitment of different pathways in relation to
the signal transducing cranial nerves. However, the differences in our two populations
cannot be fully explained by this. Lastly, in this study the data were not co-registered with a
magnetic resonance image (MRI) of the subjects. PET-MRI coregistration would have
enabled quantification of rCBF changes to the different smells. Moreover, this would have
allowed correlating PET activation patterns with psychometric and behavioral data.
Overcoming these limitations can enhance the specificity of rCBF changes in olfactory
induced traumatic recall.
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Figure 1.
Salivary Cortisol during the PET olfaction experiment in combat-related PTSD and combat
controls.
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Figure 2.
Areas of increased blood flow in diesel and PTSD patients (top row) and combat controls
(bottom row) in different horizontal sections through the brain (slice 31 and 32: z= −12;
slice 44 and 45: z=6; slice 49 and 50: z=26). Brain sections were chosen to illustrate the
relevant activations. Between brackets are Brodman areas. PAG= periaquaductal grey. (Z
Score >3.09, p<0.001)
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Figure 3.
Areas of greater increases (left column) and greater decreases (right column) in blood flow
in vanilla (top), diesel (middle) and hydrogen sulfide (bottom) in PTSD compared to combat
controls (z=0 and z=14). Brain sections were chosen to illustrate the relevant activations.
Precise locations of the peaks for the activity shown are given in the corresponding table
(Table 5). Between brackets are Brodman areas. nc=nucleus caudatus (Z Score >3.09,
p<0.001)
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