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A B S T R A C T

Structural and functional changes in the olfactory system are increasingly implicated in the expression of PTSD.
Still, very little is known about the neurobiological networks of trauma-related odor sensitivity or how they
relate to other objective and subjective measures of olfaction and PTSD. The purpose of this study was to re-
plicate prior findings and further characterize olfactory function in trauma-exposed combat veterans with and
without PTSD. We also sought to extend this area of research by exploring the effects of time since the combat-
related index trauma (TST) on post-trauma olfactory function, as well as by correlating odor-elicited brain
activity to general olfactory ability and odor-elicited PTSD symptoms. Participants included combat veterans
with PTSD (CV+PTSD; n = 21) or without any psychiatric disorder (CV-PTSD; n= 27). TST was coded as
greater (n = 24) or less (n = 24) than 5 years. There were main effects and/or interaction for PTSD-status and
TST across several parameters of olfactory function: odor detection, odor identification, ratings for trauma-
related odor intensity and triggered PTSD symptoms, and trauma odor-elicited brain activation. Overall, results
suggest olfactory impairment in chronic PTSD, but not necessarily in the earlier stages of the disorder, although
some early-stage olfactory findings may be predictive of later olfactory impairment. Results also suggest that
trauma-exposed individuals who never develop PTSD may demonstrate olfactory resiliency. Finally, results
highlight a potentially unique role of trigeminal odor properties in the olfactory-PTSD relationship.

1. Introduction

A growing literature indicates structural and functional changes of
the olfactory system with fear and threat (Ahs et al., 2013; Jones et al.,
2008; Kass et al., 2013), as well as olfactory differences with anxiety (La
Buissonniere-Ariza et al., 2013; Takahashi et al., 2015) and fear-related
disorders, including posttraumatic stress disorder (PTSD) (Berlin et al.,
2017; Buron et al., 2015; Cortese et al., 2015b; Dileo et al., 2008;
Vasterling et al., 2000). These observations suggest a linkage between
the neurobiology of olfactory function and anxiety-fear systems. Con-
sistent with this notion is the overlapping anatomical organization of
these parallel systems, such that the primary olfactory (piriform) cortex
and the extended olfactory circuit (i.e., amygdala, hippocampus and
surrounding cortex, anterior insular and orbitofrontal cortices) (Savic,
2002; Seubert et al., 2013; Zald and Pardo, 2000; Zatorre et al., 2000)

share neuroanatomy with the fear/threat circuit (LeDoux, 2012; Price,
1990), including many of the same limbic/paralimbic structures iden-
tified in the pathophysiology of PTSD (Etkin and Wager, 2007). Ac-
cordingly, odor processing is tightly linked to emotion and memory,
allowing odors to elicit the spontaneous retrieval of very emotional, and
sometimes very distant, autobiographical memories (Proustian phe-
nomenon) (Chu and Downes, 2002; Nickell and Uhde, 1994). Given
that PTSD is defined by recurrent emotional memories of trauma and
that traumatic events are often accompanied by specific odors (e.g.
burning odor experienced during military combat) (Cortese et al.,
2015b), investigating odor threat cues as part of the extended fear
network and how olfactory function changes after trauma and with the
development and clinical course of PTSD may provide a new under-
standing of the brain circuits that mediate the core symptoms of this
often chronic condition.
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To date, olfactory processing differences, including odor detection
and/or identification deficits, have been identified across various child
and adolescent (Schecklmann et al., 2013) and adult neuropsychiatric
disorders (Atanasova et al., 2008; Martzke et al., 1997). However, in-
dices of olfactory function (e.g. odor detection and/or identification)
among anxiety and other fear-related disorders including PTSD have
been inconsistent (Vasterling et al., 2000; Dileo et al., 2008; Goldberg
et al., 1991; Segalas et al., 2011; Locatelli et al., 1996; Kopala and
Good, 1996; Hermesh et al., 1999; Fenger et al., 2005; Croy et al., 2010;
Schecklmann et al., 2013; Wintermann et al., 2013). This variability
suggests that additional unknown factors may play a role (e.g. moder-
ating effect) in the relationship between fear/threat and general ol-
factory function. It also highlights the need to extend beyond between-
group testing of general odor detection/identification performance, to
include additional objective measures of olfactory function in the as-
sessment of the olfactory-fear/threat relationship.

Neuroimaging and the use of odor threat cues and/or trauma-re-
lated odorants (e.g. burning-related odors in combat veterans) allow the
investigation of central olfactory structure and function of the extended
olfactory-fear network. To our knowledge, we are the only research
group to report structural deficits of the central olfactory system in
PTSD, namely less gray matter volume (GMV) in piriform and olfactory
orbitofrontal cortices in combat veterans with PTSD compared to
trauma-exposed, but healthy, combat veterans (Cortese et al., 2015a).
Interestingly, olfactory GMV in the combined group of veterans was
inversely related to their ratings of burning odor-elicited PTSD symp-
toms (Cortese et al., 2015a). Although we and others have identified
specific odors as being primary precipitants of re-experiencing and
hyperarousal in both military and civilian trauma-exposed individuals
(Cortese et al., 2015b; Hinton et al., 2004; Kline and Rausch, 1985;
Vermetten and Bremner, 2003), very little is known regarding the
sensory perception of and behavioral responses to trauma-related
odors, especially when it comes to the neurobiology underlying changes
in trauma-related odor processing. In fact, just one study to date has
assessed the role of trauma odors and trauma odor-elicited brain re-
sponses in PTSD (Vermetten et al., 2007). In that study, trauma-related
and control odors were delivered to war veterans with and without
PTSD while undergoing positron emissions tomography (PET). While
significantly greater odor-elicited regional cerebral blood flow (rCBF)
to a number of limbic/paralimbic and prefrontal regions was found in
the veterans with PTSD compared to the healthy combat controls, the
findings were not specific to the trauma odor, suggesting more general
changes in odor processing in PTSD. In addition, while that study re-
ported regional differences in odor-elicited activation between groups,
it did not quantify those differences, or assess potential relationships
between those differences and both olfactory psychometric and beha-
vioral measures of PTSD.

Therefore, with the use of functional magnetic resonance imaging
(fMRI), we sought to 1) replicate the work of Vermetten and colleagues
(Vermetten et al., 2007), and 2) to further characterize olfactory
function in trauma-exposed combat veterans with and without PTSD by
examining the potential relationship between odor-elicited brain ac-
tivity and general olfactory ability/performance, as well as odor-eli-
cited PTSD symptoms.

2. Material and methods

2.1. Participants

Combat veterans were recruited from the Ralph H. Johnson
Veterans Affairs Medical Center (VAMC), as well as the greater
Charleston, South Carolina community via advertisement. To meet
eligibility, participants were required to: 1) have served in a combat
zone in Iraq or Afghanistan (Operation Enduring Freedom (OEF), Iraqi
Freedom (OIF), or New Dawn (OND)); 2) meet a current (past month)
or lifetime DSM-IV primary diagnosis of combat-related PTSD (assessed

by the Clinician Administered PTSD Scale (CAPS)) (Blake et al., 1995),
or have no history of any DSM-IV disorder including alcohol or other
substance-use disorder (assessed by the Mini International Neu-
ropsychiatric Interview (MINI)) (Sheehan et al., 1998); 3) have no
history of head injury/trauma (e.g., blast exposure), given the asso-
ciation between head trauma and olfactory dysfunction (Frasnelli et al.,
2016; Xydakis et al., 2015); 4) be psychiatric medication-free; 5) be
able to undergo an MRI exam (contraindications such as shrapnel in-
juries, pregnancy, and claustrophobia excluded); 6) be right handed;
and 7) pass a urine drug screen (CLIAwaived ™, San Diego, CA, USA).
All study procedures were approved by the Institutional Review Board
at the Medical University of South Carolina and the Research and De-
velopment (R & D) Committee at the Charleston VAMC. All participants
provided informed consent prior to the start of any study procedures.

2.2. Assessment of odor detection and odor identification abilities

Odor detection/sensitivity was assessed with the Smell Threshold
Test™ (STT™, Sensonics, Inc. Haddon Heights, NJ, USA) (Doty, 2009),
which comprises a series of sniff bottles containing a serial dilution of
phenyl ethyl alcohol (PEA), a neutral “rose-like” odor. Sniff bottles of
varying concentrations were systematically presented until the lowest
concentration of PEA that could be detected reliably was determined.
Odor identification was assessed with the University of Pennsylvania
Smell Identification Test™ (UPSIT™, Sensonics, Inc. Haddon Heights,
NJ, USA) (Doty et al., 1984), a standardized scratch-n-sniff test widely
used to determine the ability to identify 40 common odors.

2.3. Assessment of odor threat sensitivity

Odor cues were selected based on survey data which identified
specific burning odors to be highly related to combat experiences in
Iraq or Afghanistan and to trigger significant PTSD-related distress
(Cortese et al., 2015b), or to be unrelated to combat trauma or PTSD.
Odor cues were prepared from a library of odorants obtained from
ScentAir™ (Charlotte, NC, USA) and included burning rubber (BR), a
trauma-related “burning” odor cue, lavender (LAV), a relatively plea-
sant non-trauma-related control odor cue, and cigarette smoke (SMK), a
non-trauma-related “burning” odor cue. Propylene glycol (PG) (Thermo
Fisher Scientific, Inc., Waltham, MA, USA) served as the odorless con-
trol as well as the base oil for preparing the other odor cues. Similar to
previously published methods (Khan et al., 2007), the odor cues were
prepared and pilot tested in healthy, normosmic, adults to be an
average perceived intensity of 50 mm on a 100 mm visual analog scale
(VAS) that ranged from “not at all” to “extremely” intense.

One week prior to the MRI, participants sampled each odor cue.
Using the same VAS and anchor points, ratings were acquired for odor
intensity and odor-elicited re-experiencing (i.e., “the odor triggered
memories of my trauma”), avoidance/numbing (i.e., “the odor made
me feel numb”), and hyperarousal (i.e., “the odor made me feel an-
xious”). A composite score for odor-elicited PTSD symptoms was de-
rived for each participant as the sum of their individual ratings for re-
experiencing, avoidance/numbing, and hyperarousal.

2.4. MRI data acquisition

A 6-chamber, MRI-compatible olfactometer (Emerging Tech Trans,
LLC, Hershey, PA, USA) delivered all odor cues through humidified,
room temperature, air that was maintained at a constant rate of 8 l/
min, providing consistent airflow to the nose throughout the entire scan
and a stimulus rise time of< 150 ms. Breathing instructions were
provided with picture cues, stating “breathe in” or “breathe out”, se-
rially delivered throughout the scan to 1) promote consistent breathing
(6-s breathing cycle) and limit sniffing, and 2) so that odorants, when
delivered, were available at the beginning of a 3-s inhalation for all
participants. The odor cues (BR, LAV, SMK, and PG) were each
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delivered 4 times, for 8-s durations, interspersed throughout the 12-min
scan. A pseudorandom odor delivery schedule was utilized so that the
same odor was never presented consecutively.

Neuroimaging data were acquired on a 3T TIM Trio scanner
(Siemens Medical, Erlangen, Germany) at the MUSC's Center for
Biomedical Imaging. High-resolution, T1-weighted structural images for
subsequent registration were acquired with a ~ 6-min, magnetization-
prepared rapid gradient-echo (MP-RAGE) sequence. Image acquisition
parameters were: repetition/echo time = 2250/4 ms; flip angle = 9°;
matrix = 256 × 256; voxel size = (1.0mm)3, which yielded 176 con-
tiguous, sagittal slices. Functional images were acquired with a gradient
echo-planar imaging (EPI) sequence, with the following image acqui-
sition parameters: repetition/echo time = 2200/35 ms; flip
angle = 90°; field of view = 192mm; matrix = 64 × 64; voxel size =
(3 mm)3; and 36 contiguous, transverse slices, that yielded 329 volumes
during the 12-min scan.

2.5. fMRI data processing and analyses

Structural (T1-weighted) and functional MRI data were pre-
processed using FSL 5.09 (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki) cre-
ated and maintained by the FMRIB Analysis Group at University of
Oxford, U.K. (https://www.ndcn.ox.ac.uk/divisions/fmrib/fmrib-
analysis-group). T1-weighted structural scans were skull-stripped
using FSL's BET tool and aligned to the 6th generation non-linear
MNI152 standard-space brain atlas at (2 mm)3 resolution (http://nist.
mni.mcgill.ca/?page_id=714) using a 12°-of-freedom linear alignment
model via FSL's FLIRT. fMRI data was motion-corrected, high-pass fil-
tered (cutoff freq. 60 Hz), spatially smoothed (3D-Gaussian Kernel
FWHM 5 mm), and skull-stripped (FSL BET) before a boundary-based
coregistration (BBR) to the corresponding skull-stripped structural
images using FAST/FLIRT. Applying both EPI-to-T1 and T1-to-MNI152
transformations all functional scans were automatically aligned to each
other in standard MNI152 space and ready for further between-subject
level analysis.

For the whole brain statistical fMRI analysis, we used a 2-step ap-
proach. First, we modeled each within-subject odor-specific BOLD-re-
sponse for BR, LAV, and PG, as well as odor contrasts of BR > PG,
LAV > PG, and BR > LAV, assuming a generalized linear model
(GLM) and using a double gamma hemodynamic response function
(HRF) convolved with our experiment's design matrix (FSL FEAT). Next,
we obtained both within-group and between-group averages, as well as
group by time since combat-related index trauma (TST < 5 years and
TST > 5 years) for all odors and contrasted odor combinations. We
used FILM pre-whitening in step one and a mixed-effects model via
FLAME 1 and automatic outlier de-weighting in step two. To further
investigate how TST influenced neural activation patterns, TST (in
months) was entered as a regressor in whole brain analyses for CV
+PTSD and CV-PTSD separately. Post-modeling statistics employed a

cluster-thresholding approach of Z > 2.3 and a corrected cluster
threshold of p < 0.05 to mitigate the risk of misinterpretation of our
results due to random and spatially very localized but statistically sig-
nificant activations of either a single voxel or a small cluster of voxels.

Using FEATquery, post-hoc, region of interest (ROI) parameter es-
timates were extracted from 5-mm-radius spheres centered around bi-
lateral anterior piriform (1° olfactory) cortex (MNI = ± 22,−2,−14)
(Cortese et al., 2015a; Seubert et al., 2013) and bilateral 1° somato-
sensory cortex provided by the Juelich Histological Atlas in FSL (see
Fig. 4).

2.6. Statistical analyses

Analyses were conducted using IBM's SPSS 23.0. Demographic and
clinical characteristics were assessed with Chi-square and Independent
t-tests. Main effects as well as interactions of Group (combat veterans
with PTSD (CV+PTSD) and without PTSD (CV-PTSD)) and TST (TST
produced by an overall median split, which resulted in TST < 5 years
and TST > 5 years) were determined with ANCOVA, using age as a
covariate given its high correlation with TST, for each dependent
measure: odor detection, odor identification, odor intensity and odor-
elicited PTSD symptoms for trauma- and non-trauma-related odor cues.
Pearson's correlation was utilized to demonstrate the relationship be-
tween olfactory ability, odor cue ratings, and neural activation. Based
on our previous work suggesting BR as the primary PTSD-related odor
cue (Cortese et al., 2015b; Cortese et al., 2015a), analyses for subjective
ratings and odor-elicited brain activity in response to burning odor
utilized data for BR only.

3. Results

3.1. Participant characteristics

Twenty-one combat veterans with PTSD (CV+PTSD) and twenty-
seven combat veterans without PTSD (CV-PTSD) completed the full
psychiatric evaluation, odor testing, and olfactory imaging procedures.
Forty-five veterans in the present sample (CV+PTSD: N = 20, CV-
PTSD: N = 25) were included in our previous report of a PTSD-related
decrease of GMV in primary and secondary olfactory cortices (Cortese
et al., 2015a).

CV+PTSD were comprised of 17 veterans that met criteria for
current combat-related PTSD and 4 that met current sub-clinical PTSD
(i.e., met criterion A and 2/3 symptom clusters) and met criteria for
lifetime PTSD related to their combat-related index trauma. Within this
group, six met diagnostic criteria for secondary depression, 2 had co-
morbid panic disorder and 1 had comorbid generalized anxiety dis-
order.

CV-PTSD had no history of any DSM-IV disorder. Table 1 shows that
CV+PTSD and CV-PTSD differed on CAPS-assessed PTSD (t46 = 8.8,

Table 1
Demographic and clinical characteristics of combat veterans.

CV+PTSD (n = 21) CV-PTSD (n = 27) χ2 or t p

Sex - n (%) male 20 (95.2) 26 (96.3) 0.03 ns
Race - n (%) minority 7 (33.3) 3 (11.1) 3.54 ns
Employment - n (%) employed 13 (61.9) 17 (63.0) 0.01 ns
Age in years (mean ± SD) 31.4 ± 9.4 32.2 ± 8.3 0.30 ns
Education in years (mean ± SD) 14.0 ± 1.2 14.8 ± 2.3 1.50 ns
Cumulative traumaa (mean ± SD) 25.5 ± 9.2 22.8 ± 10.2 0.95 ns
Time Since Traumab (mean ± SD) 59.5 ± 33.0 71.6 ± 34.4 1.22 ns
CAPS total score (mean ± SD) 59.3 ± 22.5 14.4 ± 12.3 8.83 < 0.001

CV+PTSD = combat veterans with PTSD, CV-PTSD = combat veterans without PTSD.
CAPS = Clinician Administered PTSD Scale for DSM-IV (Blake et al., 1995).
ns = p-value > 0.05.

a Sum of Combat Exposure Scale & Trauma Assessment for Adults (Keane et al., 1989; Resnick et al., 1996).
b Number of months since combat-related index trauma
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p < 0.001), but were well-matched on age, sex, race, education, em-
ployment, combat exposure plus additional lifetime traumatic experi-
ences (Keane et al., 1989; Resnick et al., 1996), and time since combat-
related index trauma (TST) (all ps > 0.05).

There were no PTSD group differences in the number of months
since trauma once TST was dichotomized via an overall median split by
more recent trauma (TST < 5 years: CV+PTSD (N = 11, M= 33.6,
SD = 14.3), CV-PTSD (N = 13, M = 46.2, SD = 18.9)) and more dis-
tant trauma (TST > 5 years: CV+PTSD (N = 10, M= 87.0,
SD = 23.1), CV-PTSD (N = 14, M= 95.7, SD = 24.0)) (ps > 0.05).
In addition, subgrouping by TST did not expose any differences in sex,
race, education, or combat exposure plus additional lifetime traumatic
experiences (all ps > 0.05). However, differences in age and employ-
ment were revealed, as subgroups with TST < 5 years were sig-
nificantly younger and less employed than subgroups with
TST > 5 years, regardless of PTSD diagnosis (ps < 0.05).

3.2. Odor detection

Odor detection results (see Fig. 1a) revealed that both groups of
combat veterans had similar sensitivity to the neutral “rose-like” odor
of PEA (CV+PTSD: M= −4.4, SD = 1.1; CV-PTSD: M= −4.3,
SD = 0.9; F (1, 43) = 0.18, p > 0.1; groups collapsed across TST).
While a main effect of TST approached significance (F (1, 43) = 3.59,

p = 0.06; collapsed across PTSD group), there was a significant Group x
TST interaction (F (1, 43) = 4.76, p < 0.05) in odor detection that was
driven by TST-related difference in CV+PTSD. In other words, detec-
tion ability was most sensitive in the veterans with PTSD who had more
recent trauma and least sensitive in the veterans with PTSD who had
more distant trauma, even when controlling for the significant age
difference between these PTSD subgroups (F (1, 18) = 6.74,
p < 0.05). However, there was no impact of TST on odor detection in
CV-PTSD, regardless of the age difference between the subgroups of
healthy veterans (see Fig. 1a).

3.3. Odor identification

Odor identification results (see Fig. 1b) revealed significantly re-
duced ability in CV+PTSD (M = 34.0, SD = 5.2) compared to healthy
CV-PTSD (M = 36.4, SD = 3.0; F (1, 43) = 4.12, p < 0.05). Although
both groups fell within the diagnostic category of normosmia, i.e.
normal sense of smell (UPSIT score = 34–40), CV+PTSD as a group
performed at the 18th percentile, just short of the cut-off for microsmia
(i.e. diminished sense of smell), while performance of CV-PTSD as a
group approached the 50th percentile, mid-range within that diagnostic
category. A Group x TST interaction that approached significance (F (1,
43) = 3.65, p = 0.06) revealed that only the CV+PTSD who were>
5 years beyond their index trauma performed in the microsmia range.
Pairwise comparisons revealed that while CV+PTSD and CV-PTSD who
had more recent trauma (TST < 5 years) performed equally well, there
was a significant PTSD-related difference in the veterans with more
distant trauma (TST > 5 years) (t22 = 2.29, p < 0.05) (see Fig. 1b).

3.4. Trauma odor intensity

Intensity ratings for BR (see Fig. 2a) revealed a main effect of Group
(F (1, 43) = 6.01, p < 0.05) and a Group × TST interaction (F (1, 43)
= 5.55, p < 0.05). Overall, the perception of BR was more intense for
CV+PTSD (M = 70.76, SD = 20.6) than for healthy CV-PTSD
(M = 54.9, SD = 24.7), but TST impacted this effect. For veterans who
were< 5 years from their index trauma, intensity ratings were ap-
proximately equal and well above the piloted intensity of 50 mm on a
100 mm VAS for the CV+PTSD and CV-PTSD groups. For veterans who
were beyond 5 years from their index trauma, CV+PTSD provided
significantly higher intensity ratings (well above piloted intensity) than
the healthy CV-PTSD (at approximately the piloted intensity rating). In
fact, healthy CV-PTSD who were beyond 5 years from their index
trauma rated BR significantly less intense than the other 3 groups (see
Fig. 2a). Intensity ratings for LAV did not differ by Group or TST (all
ps > 0.1; see Fig. 2b).

3.5. Trauma odor-elicited PTSD symptoms

A significant Group difference was revealed for BR-elicited PTSD
symptoms (F (1, 43) = 8.39 p < 0.01), such that CV+PTSD
(M = 45.1, SD = 44.3) reported greater BR-elicited symptoms com-
pared to CV-PTSD (M = 17.2, SD = 25.7) (see Fig. 2c). Similar to the
findings for BR odor intensity, there was no PTSD-related difference in
BR-elicited symptoms in veterans who were< 5 years from their index
trauma (p > 0.1). However, there was a trend for CV+PTSD who were
beyond 5 years from their index trauma to endorse greater BR-elicited
PTSD symptoms than CV-PTSD (t22 = 1.78, p = 0.09) (see Fig. 2c).
There was no notable TST difference in BR odor-elicited symptoms for
CV-PTSD, as well as no significant findings for LAV-elicited PTSD
symptoms (all ps > 0.1; see Fig. 2d).

3.6. Trauma odor-elicited brain activation

Whole brain analysis uncovered PTSD-related differences in BR-
elicited, but not LAV-elicited, brain activity. A main effect of Group for

Fig. 1. The influence of posttraumatic stress disorder (PTSD) and time since trauma (TST)
on general olfactory function. 1a. odor detection was determined with the Smell
Threshold Test (STT™), wherein a higher number (less negative) indicates a greater
concentration of odorant and reduced detection/sensitivity. 1b. odor identification, with
the University of Pennsylvania Smell Identification Test (UPSIT™), determined identifi-
cation of 40 common odorants (—— indicates cut-off between normosmia and micro-
smia). Combat veterans with PTSD and more recent trauma (CV+PTSD with
TST < 5 years) demonstrated increased detection/sensitivity (i.e. reliably detected the
lowest concentration of phenyl ethyl alcohol (PEA) compared to the other groups), while
the PTSD group with more distant traumas demonstrated the most reduced detection/
sensitivity. Only combat veterans with more distant trauma (CV+PTSD with
TST > 5 years) performed in the microsmia range for odor identification. Healthy
combat veterans = CV-PTSD. * = group contrast with p < 0.05.
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the contrast BR > PG revealed that CV+PTSD, compared to CV-PTSD,
demonstrated greater BR-elicited activation in bilateral primary and
secondary somatosensory cortices (SsCtx) as well as bilateral pre-
cuneous and lateral occipital cortex (see Table 2, Fig. 3a, and supple-
mentary image file ‘zstat_BR_group_contrast.nii’). A significant

Group × TST interaction for BR > PG (see Table 3 top) and separate
group correlational analyses for TST (in months) revealed that activa-
tion in bilateral SsCtx and surrounding multimodal sensory association
areas (i.e. angular gyrus, precuneous, lateral occipital cortex) decreased
as a function of greater TST in the healthy CV-PTSD (see Table 3

Fig. 2. The influence of posttraumatic stress disorder (PTSD) and time
since trauma (TST) on ratings of trauma odor intensity and odor-eli-
cited PTSD symptoms. Ratings for burned rubber (BR) and lavender
(LAV) were acquired on 100 mm visual analog scales (anchor points:
0 = not at all, 100 = extremely) for odor intensity and odor-elicited
PTSD symptoms. —— indicates mean perceived intensity piloted
prior to the current study. Combat veterans with PTSD and more
distant trauma (CV+PTSD with TST > 5 years) rated BR the most
intense compared to the ratings of the other 3 groups. A trend also
existed for CV+PTSD with TST > 5 years to rate more BR odor-eli-
cited PTSD symptoms than CV-PTSD with TST > 5 years. Healthy
combat veterans = CV-PTSD. * = group contrast with p < 0.05. ^ =
group contrast with p < 0.1.

Table 2
Significant group difference in whole brain activation results in response to odor cues.

Contrast Cluster Z-max p-value Voxel MNI Anatomy

CV+PTSD > CV-PTSD
BR > PG 4 3.47 5.00E-05 803 40, −30, 22 R parietal operculum (2° somatosensory ctx)

54, −18, 26 R postcentral gyrus (1° somatosensory ctx)
50, −28, 22 R parietal operculum (2° somatosensory ctx)
44, −14, 18 R central operculum (2° somatosensory ctx)
36, −30, 48 R postcentral gyrus (1° somatosensory ctx)
44, −32, 50

3 3.27 0.000499 620 −28, −70, 26 L lateral occipital (superior division)
−36, −72, 26
−22, −62, 28 L precuneous
−38, −78, 32 L lateral occipital (superior division)
−40, −74, 18
−18, −68, 28 L precuneous

2 3.34 0.000547 613 −48, −36, 54 L postcentral gyrus (1° somatosensory ctx)
−42, −26, 30 L cerebral white matter
−46, −24, 20 L parietal operculum (2° somatosensory ctx)
−58, −28, 22
−52, −30, 52 L postcentral gyrus (1° somatosensory ctx)
−58, −26, 30 L supramarginal gyrus

1 3.23 0.0132 388 0, −46, 56 Precuneous
12, −36, 56 R postcentral gyrus (1° somatosensory ctx)
6, −46, 58 R precuneous

10, −46, 56
10, −50, 62

−14, −60, 56 L lateral occipital (superior division)
LAV > PG no clusters survived thresholding
BR > LAV no clusters survived thresholding

CV-PTSD > CV+PTSD
BR > PG no clusters survived thresholding
LAV > PG no clusters survived thresholding
BR > LAV no clusters survived thresholding

All analyses completed using cluster thresholding (Z > 2.3 and corrected cluster threshold of p < 0.05) at individual and group levels.
Z-MAX is the local maximum Z value.
Voxel is the number of activated voxel within each cluster.
MNI (x, y, z) are the MNI coordinates for the local maximum.
Anatomy is the Harvard-Oxford Cortical and Subcortical Structural Atlases for the local maximum (or closet label to maximum).
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bottom, Fig. 3b, and supplementary image file ‘zstat_CV-
PTSD_TST_correlation.nii’), yet increased as a function of greater TST in
CV+PTSD (see Table 3 middle, Fig. 3c, and supplementary image file
‘zstat_CV+PTSD_TST_correlation.nii’). No significant Group or
Group × TST effects were found for LAV > PG or BR > LAV.

Consistent with whole brain analysis of the influence of TST on BR
odor-elicited brain activation, and with the findings from odor testing
which revealed greater odor detection impairment and increased BR
odor intensity ratings in CV+PTSD with more distant traumatic ex-
periences (TST > 5 years), correlational analyses of ROI parameter
estimates demonstrated that greater odor detection impairment related
to greater BR odor-elicited activation in SsCtx in CV+PTSD (r = 0.59,
p < 0.01), but not CV-PTSD (r= −0.07, p > 0.1) (see Fig. 4). Fur-
thermore, greater BR odor intensity ratings (trauma odor “sensitivity”)
were associated with reduced BR odor-elicited activity in primary ol-
factory (anterior piriform) cortex (APCtx) in CV+PTSD (r= −0.62,
p < 0.01), but not CV-PTSD (r = −0.09, p > 0.1) (see Fig. 4). Ad-
ditionally, a positive relationship between BR odor-elicited activation
in right APCtx and SsCtx was revealed in CV-PTSD (r = 0.41,
p < 0.05), but not CV+PTSD (r = 0.18, p > 0.1).

4. Discussion

The present cross-sectional study assessed the influence of combat-
related PTSD and time since trauma on olfactory function utilizing a
variety of objective and subjective assessment tools. General odor de-
tection testing with a neutral “rose-like” odorant revealed that odor
sensitivity was increased (i.e. lower threshold score) in the PTSD group
with more recent trauma, and decreased (i.e. higher threshold score) in

the PTSD group with more distant trauma. On the other hand, time
since trauma was not a factor for odor detection ability in veterans who
did not develop PTSD, as both groups of healthy veterans
(TST < 5 years versus TST > 5 years) had comparable threshold
scores. Odor identification performance followed a similar pattern. That
is, the most impaired identification performance occurred in the PTSD
group with greater time since trauma. Overall, these results (see Fig. 1a
and b) suggest olfactory impairment in chronic PTSD, but not ne-
cessarily in the earlier stages of the disorder, although early-stage ol-
factory functioning (i.e. increased odor sensitivity) may be predictive of
later olfactory impairment (i.e. decreased odor sensitivity). Results also
suggest that trauma-exposed individuals who never develop PTSD may
demonstrate olfactory resiliency. While it may be that olfactory func-
tion represents a risk factor for the development of PTSD and/or reflects
a marker of PTSD-related symptom severity and chronicity, future
longitudinal studies are necessary to determine true differences and/or
changes in olfactory function before and after trauma and with the
development and clinical course of PTSD.

Odor ratings in response to the trauma-related odor (burned rubber
– BR) revealed a somewhat different pattern in the veterans. BR odor
intensity ratings, but not ratings for the control odor (lavender – LAV),
were similarly elevated in both veteran groups (PTSD and healthy) with
more recent trauma. In contrast to this, a significant difference in BR
odor intensity ratings and a trend-level difference in BR odor-elicited
symptoms was revealed between the PTSD and healthy groups with
greater time since trauma (see Figs. 2a-d). These results suggest that
even healthy veterans may have post-trauma changes in the intensity
processing of specific threat-related odors, but that those changes may
be time-limited, i.e. BR intensity ratings for healthy veterans with more

Fig. 3. Burned rubber (BR) odor-elicited brain activation in
combat veterans with and without PTSD (CV+PTSD, CV-
PTSD respectively). PG = propylene glycol, the odorless
control. 3a. Increased BR odor-elicited brain activity was
revealed in multimodal association areas of the parietal lobe
that extended into somatosensory cortex in CV+PTSD
compared to CV-PTSD. As time since trauma (TST) in-
creased, BR odor-elicited activity decreased in somatosen-
sory cortex of CV-PTSD (3b) and increased in CV+PTSD
(3c). Z > 2.3, corrected cluster threshold of p < 0.05.
Gray matter mask applied for visualization.
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distant trauma were significantly lower than all other groups. These
data align with studies in laboratory animals that reported a post-
conditioned increase in synaptic output of sensory neurons coding for a
shock-predictive odor (Kass et al., 2013), as well as structural changes
in primary olfactory cortex that correlated with enhanced detection and
discrimination of a fear-conditioned odor (Jones et al., 2008). They also
align with human studies reporting that odor-shock pairing resulted in
an odor-specific increase in detection sensitivity (Ahs et al., 2013) and
discrimination of previously indiscriminable odor cues (Li et al., 2008)
in healthy adults.

Our finding of elevated BR intensity ratings in both PTSD groups,
regardless of time since trauma, is consistent with a growing literature
showing enhanced odor threat processing with increased state/trait
anxiety (Krusemark and Li, 2012; La Buissonniere-Ariza et al., 2013)
and across a variety of fear-related disorders including panic disorder,
social anxiety, as well as PTSD (Croy et al., 2010; Pause et al., 2009;
Wintermann et al., 2013). However, elevated BR intensity ratings in the
PTSD group with more distant trauma conflicts with this group's level of
general olfactory functioning. That is, despite their poor olfactory
function (i.e. impaired odor detection and identification performance),
the PTSD group with more distant trauma rated BR well-above the pi-
loted intensity of 50 mm and equally intense as the PTSD group with
more recent trauma who had significantly better odor detection ability.
Although odor detection of subthreshold stimuli and intensity mea-
surements of suprathreshold stimuli are not equivalent measures, and
determining true sensitivity to BR would require odor threshold testing
of that specific odorant, the lack of correspondence between general
olfactory function and BR odor “sensitivity” in the PTSD group with
more distant trauma is notable. In fact, these results are consistent with
a chronicity-related paradox between self-report and objective

physiological measures of threat in PTSD and other fear-related dis-
orders. For example, despite the endorsement of increased arousal and
distress, adults with more chronic forms of stress and anxiety disorders
showed blunted defensive reactivity to threat (e.g. reduced startle re-
flex) (McTeague and Lang, 2012; McTeague et al., 2011; McTeague
et al., 2010).

Disparity between self-reported odor “sensitivity” and objective
odor sensitivity (PEA detection threshold) has not been well studied in
psychiatry, though it has been described in patients with chemical
sensitivity/intolerance (Azuma et al., 2016; Doty, 1994; Hummel et al.,
1996), a condition with high psychiatric comorbidity (Bell et al., 1995;
Bornschein et al., 2002; Katerndahl et al., 2012). Even less is known
regarding the brain mechanisms that might support a disparity in self-
reported versus objectively-measured odor sensitivity. One potential
mechanism is based on the neural circuitry involved in odor processing.
That is, the brain processes most odors through two separate, but in-
teracting, neural pathways, i.e. the olfactory and the trigeminal path-
ways. Stimulation to the olfactory nerve (olfactory pathway) activates a
number of central regions including, but not limited to, piriform and
orbitofrontal cortices (Seubert et al., 2013), and provides information
about odor quality. In addition to activating olfactory regions, in-
tranasal trigeminal nerve stimulation also activates brain regions as-
sociated with nociception including superior parietal lobe, precentral
gyrus, precuneus, and both primary and secondary somatosensory
cortex (Albrecht et al., 2010; Tobia et al., 2016). Intranasal trigeminal
stimuli (e.g. odors with trigeminal properties) produce the “feel” of the
odor, and if the odor is highly (or purely) trigeminal (e.g. CO2, am-
monia, etc.) an irritating or even painful sensation in the nose. Al-
though PEA has trigeminal properties (Doty et al., 1978; Kobal and
Hummel, 1992), the subthreshold concentrations used to determine

Table 3
Whole brain analysis results for the interaction of group x time since trauma (TST) for BR > PG.

Contrast Cluster Z-MAX p-value Voxel MNI Anatomy

CV+PTSD slope > CV-PTSD slope
2 3.96 1.04E-05 2371 −38, −52, 22 L angular gyrus

−18, −54, 22 L precuneous
−38, −64, 28 L lateral occipital (superior division)
−34, −60, 24 L angular gyrus
−56, −70, 26 L lateral occipital (superior division)

14, −52, 36 R precuneous
1 4.01 0.00749 998 60, −30, 28 R supramarginal gyrus (anterior)

60, −30, 18 R planum temporale
36, −42, 32 R supramarginal gyrus (posterior)
42, −44, 22
52, −40, 28
32, −42, 34

CV+PTSD slope < CV-PTSD slope
No clusters survived thresholding

CV+PTSD only
TST+ 1 3.33 0.00061 1000 −28, −54, 62 L superior parietal lobe

−56, −26, 30 L supramarginal gyrus (anterior)
−36, −50, 60 L superior parietal lobe
−42, −30, 34 L supramarginal gyrus (anterior)
−48, −40, 50
−44, −44, 56 L superior parietal lobe

CV-PTSD only
TST- 1 3.85 0.0167 914 −50, −24, 36 L postcentral gyrus (1° somatosensory ctx)

−46, −26, 42
−46, −18, 54
−52, −16, 26
−40, −28, 32 L supramarginal gyrus (anterior)
−52, −22, 18 L central operculum (2° somatosensory ctx)

All analyses completed using cluster thresholding (z > 2.3 and corrected cluster threshold of p < 0.05) at individual and group levels.
Z-MAX is the local maximum z value.
Voxel is the number of activated voxel within each cluster.
MNI (x, y, z) are the MNI coordinates for the local maximum.
Anatomy is the Harvard-Oxford Cortical and Subcortical Structural Atlases for the local maximum (or closet label to maximum).
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odor detection/sensitivity would likely produce less trigeminal activa-
tion than BR, the trauma-related odor cue prepared at a much higher
perceived intensity (Hummel and Livermore, 2002). Given this poten-
tial difference in trigeminal activation between PEA and BR, we might
therefore speculate that the paradoxical finding of PEA detection im-
pairment (reduced general odor sensitivity) and increased BR intensity
ratings (increased odor threat “sensitivity”) demonstrated in the PTSD
group with more distant trauma may be related to separate, and op-
posite, effects to both systems. That is to say, chronic PTSD may be
associated with blunted olfactory function and augmented trigeminal
function.

Our imaging results are consistent with this notion. While whole
brain analysis of odor-elicited brain activation was consistent with
previous findings (Vermetten et al., 2007) and revealed no differences
between BR or LAV in primary or secondary olfactory cortices, a PTSD-
related increased response to BR, but not LAV, was exposed in primary
and secondary somatosensory cortices (see Table 2 and Fig. 3a), regions
known to activate in response to trigeminal stimulation (Albrecht et al.,
2010). Additionally, time since trauma influenced the BR-elicited re-
gional activity in somatosensory cortex differently depending on PTSD-
status, as BR-elicited somatosensory activation increased with in-
creasing time since trauma in the veterans with PTSD and decreased
with increasing time since trauma in the healthy veterans (see Table 3
and Fig. 3b-c). Given that time since trauma also related positively to

general odor detection impairment in the veterans with PTSD, the po-
sitive relationship between general odor detection impairment and BR
odor-elicited activation in right somatosensory cortex in the PTSD
group (see Fig. 4) also supports the notion that PTSD is characterized by
a differential disturbance in the olfactory versus trigeminal sensory
systems that process threat-related odor cues.

Evidence indicates interactive effects of the olfactory and intranasal
trigeminal systems, such that olfactory perception can be potentiated
(Bensafi et al., 2007; Hummel and Livermore, 2002; Jacquot et al.,
2004; Moessnang et al., 2013), as well as dampened by trigeminal ac-
tivation (Cain, 1976; Hummel et al., 1992; Kobal and Hummel, 1988).
Interestingly, results in the healthy veterans, but not those with PTSD,
revealed a positive association between odor-elicited activation in pri-
mary olfactory and somatosensory cortices. We might speculate,
therefore, that increased somatosensory cortex activation in PTSD could
be a compensatory mechanism for loss of general olfactory function
and/or a loss of functional connectivity or communication between
these separate but routinely interacting systems. Interestingly, LAV also
possesses trigeminal properties, but failed to differentially activate the
trigeminal system between veteran groups, suggesting that PTSD-re-
lated increased trigeminal activation may be specific to threat-related
odors.

5. Conclusions

In conclusion, this cross-sectional assessment of olfaction in combat
trauma-exposed, veterans revealed interesting PTSD-related differences
that interacted with time since trauma across several quantitative
parameters of olfactory function—odor detection, odor identification,
ratings for trauma odor intensity and triggered PTSD symptoms, as well
as trauma odor-elicited brain activation. These results are consistent
with the compelling notion of an evolution of olfactory-trigeminal
changes after trauma and with the development of chronic PTSD.
However, limitations of this preliminary study include small group size,
the cross-sectional design and inability to measure true changes in post-
trauma olfactory function over time, as well as variables that were not
assessed including 1) potential PTSD-related differences in olfactory
habituation or sniffing patterns (although we implemented breathing
instructions to help control sniffing during fMRI), and 2) data regarding
the trigeminal properties for each of the odor cues (e.g. degree of tri-
geminal activation). Despite of these study limitations, our results
warrant larger, longitudinal, investigations aimed to determine the
progression of olfactory/trigeminal changes, including potential effects
such as olfactory habituation, after trauma and with the development
and clinical course of PTSD.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.nicl.2017.09.018.
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