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ARTICLE INFO ABSTRACT

Previous studies on olfactory function in patients with bipolar disorder (BD) are limited and contradictory. The
current study aimed to comprehensively analyze the olfactory function of patients with euthymic BD using
FMRI psychophysical, electrophysiological and neuroimaging techniques. Twenty-one patients with BD in remission
Bipolar disorder ) and 20 healthy controls were tested with the “Sniffin’ Sticks” olfactory test. Block-design fMRI data to a pleasant
Olfactory evoked potentials and an unpleasant stimulus were acquired while recording intensity and hedonic ratings. Olfactory event-related
potentials (OERP) to the same stimuli were additionally recorded. Results show no differences between patients
and healthy controls in terms of self-rated olfactory function and tested olfactory domains (odor threshold,
discrimination or identification) (p>0.05). Compared to healthy controls, patients showed an increased fMRI
activation in multiple cortical and subcortical regions as a response to olfactory stimulation, as well as larger
amplitudes of OERPs regardless of the hedonic valence of the odor. All in all, patients with euthymic BD showed
a stronger central responsiveness to odorous stimuli in fMRI and OERPs despite of normal psychophysical results,
indicating the probable existence of an odor-related over-reactive brain network in the remission phase of BD.
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1. Introduction

Social behavior and adaptation to the environment, altered to var-
ious extents in a range of affective disorders, are modulated by brain
areas that receive perceptual input (Mesulam, 1998; Phillips et al.,
2003a, b). Among all sensory modalities, olfaction has a unique posi-
tion because of its intimate connection with emotion through over-
lapping processing circuits in the anterior limbic network (ALN), which
includes prefrontal regions and subcortical structures such as the tha-
lamus, striatum and amygdala (Mega et al., 1997; Ongur and Price,
2000). A reciprocal interaction between olfaction and emotion has been
described: odors strongly influence mood, while emotional states have
been shown to induce olfactory perceptual changes (Chen and Dalton,
2005; Pollatos et al., 2007). In fact, multiple studies concluded that
olfactory deficits might be a marker of some psychiatric conditions
(Atanasova et al., 2008; Croy et al., 2014; Croy and Hummel, 2016;
Naudin et al., 2012). Indeed, odors might constitute a unique probe to

evaluate emotional processing circuits in patients with affective dys-
functions (Chen et al., 2018a,b; Ehrlichman, 1992; Hinton and Henley,
1993).

In bipolar disorder (BD), dysfunctions occur in the overlapping
areas olfactory and emotional circuits in the ALN (Brambilla et al.,
2005; Frazier et al., 2005; Strakowski et al., 2005a,b). Different stages
of BD have been associated with structural abnormalities in the pre-
frontal cortex (PFC), striatum and amygdala, while numerous func-
tional studies characterizing mainly the manic or depressive phases of
BD have suggested reduced prefrontal modulation of subcortical and
medial temporal structures within the ALN, leading to mood dysregu-
lation. Considering the close anatomical and functional relationship
between olfactory information processing and emotional regulation,
studies of olfactory function seem to be of particular interest in further
exploring the central abnormalities connected with BD. Nonetheless,
there are few studies focussing on olfaction and BD, in contrast to major
depression (Chen et al., 2018a,b; Croy et al., 2014; Negoias et al., 2016;
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Pabel et al., 2018) and schizophrenia (Gur et al., 1999; Moberg and
Turetsky, 2003; Turetsky et al., 2009). Kazou et al. recently reviewed
15 studies on olfaction in BD and suggested that patients with BD suffer
from significant olfactory deficits (Kazour et al., 2017), and the olfac-
tory function of BD patients is significantly associated with psychotic
symptoms (Striebel et al., 1999) and social functioning (Hardy et al.,
2012; Lahera et al., 2016). Moreover, studies on nasal biopsies of pa-
tients with BD suggested significant apoptosis of olfactory neuroe-
pithelial progenitor cells (McCurdy et al., 2006; Schroeder et al., 2016),
abnormalities of the cell cycle and phosphatidylinositol signalling
pathway (McCurdy et al., 2006) and underexpression of the BRAF gene
and protein (Schroeder et al., 2016). In addition, the mRNA levels of the
GSK3p and CRMP1 genes in BD patients’ olfactory neuroepithelium
were significantly associated with BD status and with the severity of
mood changes (McLean et al., 2018). However, few studies have fo-
cused on the olfactory-related central-level dysfunctions of patients
with BD. Takahashi demonstrated reduced depth of the bilateral ol-
factory sulci in patients with BD (Takahashi et al., 2014) and Krueger
observed reduced N1 peak latencies of olfactory event-related poten-
tials (OERPs) in a subgroup of patients with event-triggered episodes
(Kruger et al., 2006). Neither of these studies included electro-
physiological and neuroimaging measurements simultaneously, and the
neural mechanisms behind the olfactory deficit of BD patients remain
unclear. In addition, whether olfactory deficits are a state or trait
marker of patients with BD is still in dispute. Kazour's review sum-
marized evidence that olfactory deficits might be a state marker of
mood syndromes in BD (Kazour et al., 2017), but changes in olfactory
function have also been described in the remission phase of BD (Kruger
et al., 2006; Lahera et al., 2016).

In line with evidence that people rarely fully recover from BD,
clinical observations suggest that many patients with BD in remission
present subsyndromal symptoms that point towards increased affective
reactivity and mood instability (Dargel et al., 2018; Kurtz and Gerraty,
2009; M'Bailara et al., 2009). Functional imaging studies confirm such
clinical observations, revealing regional changes in the ALN that are
present during otherwise non-symptomatic disease stages and might
represent risk factors for developing further disease episodes (Kruger
et al., 2003; Malhi et al., 2007, 2005; Strakowski et al., 2004, 2005a,b).
Some studies report the existence of baseline ALN hyperactivity in not
only emotion-dependent but also emotion-independent contexts during
euthymia (Liu et al., 2012; Strakowski et al., 2004, 2005a,b; Townsend
et al., 2010), while others describe an ongoing overall attenuation of
brain activity compared to that of healthy subjects (Brady et al., 2017;
Malhi et al., 2005, 2007). Many researchers in the field appear to have
accepted the concept of perseverance of diminished prefrontal mod-
ulation of limbic structures resulting in dysregulation of mood, even
during euthymia.

The aim of this study was to investigate olfactory function in pa-
tients with euthymic BD psychophysically and especially in terms of
central processing by means of electrophysiological and neuroimaging
measurements. This approach was chosen to form a comprehensive
picture of olfactory processing in euthymic BD patients, including the
recording of equivalents of the early and late processing of olfactory
information, and the holistic perception of olfactory stimuli. In ac-
cordance with the studies suggesting persistent over-reactivity in re-
mission, we hypothesized the presence of a more vigorous response to
odors in BD patients than in healthy controls at a central level, espe-
cially in the ALN.

2. Methods
2.1. Subjects
The experiments took place at the University of Dresden Medical

School. The study was performed in accordance with the requirements
of the Declaration of Helsinki on Biomedical Studies in Human Subjects
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and was approved by the Institutional Review Board of the Dresden
Medical School (protocol number EK254102008). Written informed
consent was obtained from all participants.

Twenty-seven outpatients of the Clinic of Psychiatry (16 females
and 11 males), aged 22-56 years (mean age 35.6 years, standard de-
viation [SD] 8.2 years), were asked to participate in the study. Twenty-
five patients had been diagnosed with BD type I, and 2 with BD type II.
The BD diagnoses were issued by the treating psychiatrist according to
the DSM-IV criteria. Remission (euthymia) was defined as an absence of
symptoms of depression, hypomania/mania or mixed mania for a
minimum of 6 months without recurrence. This was assessed through a
review of clinical records and an interview conducted by an experi-
enced psychiatrist. In addition, participants with BD completed the
Young Mania Rating Scale and the Hamilton Depression Scale, with
score criteria of =6 and =<4, respectively, for inclusion in the study.
The medications being taken by the patients included atypical anti-
psychotics (quetiapine in 10 cases, olanzapine in 1 case, risperidone in
2 cases, ziprasidone in 1 case), serotonin-norepinephrine reuptake in-
hibitors (SNRIs: venlafaxine in 1 case, duloxetine in 1 case), antic-
onvulsants (carbamazepine in 2 cases, valproate in 2 cases), lithium in 6
cases, and dopamine agonists (aripiprazole in 1 case), while 8 patients
were free of medication. Patients with other Axis I or II diagnoses or
who were receiving treatment with drugs known to influence olfactory
function were not included in the study. Demographic and illness-re-
lated parameters are summarized in Table 1.

Twenty-two healthy, normosmic subjects (12 females and 10 males)
aged between 25 and 53 years (mean age 34.5 years, SD 8.26 years)
formed the control group. The experimental and control groups did not
differ in terms of age (T4 = —0.44, p = 0.46) or sex distribution (chi
squared = 0.11, p = 0.74) but differed in terms of smoking habits (chi
squared = 4.70, p = 0.03). Smoking was consequently included as a
covariate for further analysis. Control subjects were recruited using
posted announcements within the wuniversity hospital campus.
Participants received moderate financial compensation for their parti-
cipation. The exclusion criteria for both the patient and control groups
were age under 18 years, a history of severe neurological or medical
comorbidity, significant head trauma, drug abuse, history of any dis-
ease suspected to have a significant impact on olfactory function (e.g.,
diabetes, Parkinson's disease, renal failure), acute or severe chronic
rhinitis or sinusitis, and relevant otorhinolaryngological pathology that
could interact with olfactory function. Additional exclusion criteria for
the control group consisted of any past or present psychiatric diagnosis
(Axis I and II) and family history of psychiatric illnesses. Subjects were
assessed by taking a structured medical history and conducting an
otorhinolaryngology clinical examination, including nasal endoscopy.

Participants were asked to rate their olfactory sensitivity using an 8-

Table 1

Demographic and psychophysical data for patients with bipolar disorder and
healthy controls. TDI is the sum of scores of olfactory threshold, discrimination
and identification.

Patients Controls
Total no. of subjects 27 22
Sex Male 11 10
Female
16 12
Mean age (years, SD) 35.63 (8.23) 34.5 (8.26)
Minimum age (years) 22 25
Maximum age (years) 56 53
Diagnosis BD I 25 NA
(no. of patients) BD II 2
Age at onset (years, SD) 24.4 (4.5) NA
Mean number of episodes Mania or 4.8 NA
Hypomania
No. of subjects tested 26 19
TDI score right (SD) 33.4 (3.2) 32.1 (4.9)
TDI score left (SD) 33.1(2.9) 322 (3.2)
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point scale ranging from “complete loss” to “excellent”. Information
about smoking behavior and exposure to toxic substances was also
collected. Five patients and 1 control subject were smokers. Normosmia
was tested separately for each nostril using the “Sniffin’ Sticks” test
battery.

Two experiments were performed in separate sessions a maximum
of 3 weeks apart. Experiment 1 consisted of OERP recordings, while
Experiment 2 comprised fMRI measurements. All subjects completed a
handedness test (Oldfield, 1971) as well as a standard inventory of MRI
exclusion criteria. Only right-handed subjects who did not fulfil any of
the named fMRI exclusion criteria were enrolled. Subjects were asked
not to eat or drink anything but water or to smoke for two hours prior to
testing and not to wear perfume on the day of the experiments.

2.2. Olfactory assessment

Before we proceeded with Experiment 1, olfactory function was
assessed during the first session using the “Sniffin’ Sticks” test battery
(Hummel et al., 2007; Kobal et al., 2000). This battery includes mea-
sures of odor threshold (T), odor quality discrimination (D) and odor
identification (I), using felt-tip pens filled with liquid odorants or
odorants dissolved in propylene glycol. To present each odor, the ex-
perimenter removes the pen cap for approximately 3 s and places the tip
of the pen approximately 2 cm in front of the subject's nostril. Testing
was performed separately for the left (L) and right (R) nostrils in a
sequence that was randomized across subjects (TR/TL, DR/DL, IR/IL).
The untested nostril was sealed with Microfoam tape. Subjects were
instructed to breathe in through the open nostril and out through the
mouth. All measurements were performed in a quiet, air-conditioned
room. For technical reasons, olfactory function could not be assessed in
two patients.

2.3. Experiment 1—recordings of olfactory evoked potentials

To record OERPs, we performed chemosensory nasal stimulation
using an OM2s olfactometer (Burghart Instruments, Wedel, Germany),
which allows the application of chemical stimuli without concomitant
mechanical or thermal sensation (Kobal and Hummel, 1988). This is
achieved by embedding chemical stimuli of 250 ms duration in a con-
stantly flowing air stream (7.2 1/min) applied to the nasal mucosa by
means of a cannula with an inner diameter of 4 mm. The cannula is
inserted approximately 1cm into the nostril beyond the nasal valve
area. The temperature and humidity of the air stream were kept con-
stant (36.5 °C, 80% relative humidity). The rise time of the stimulus was
less than 20 ms. Hydrogen sulphide (H,S, 4 ppm, smell of rotten eggs)
and phenyl ethyl alcohol (PEA, 40% v/v, smell of roses) were used for
olfactory stimulation. Both odorants are known to activate the olfactory
system with little or no simultaneous trigeminal activation (Doty et al.,
1978). Sixteen presentations of each odorant were alternatively applied
to the left or right nostril with an inter-stimulus interval of 20-30s to
avoid habituation (Hummel and Kobal, 2001). Participants were seated
in an air-conditioned, darkened and acoustically shielded room to
minimize additional sensory stimulation. During measurements of
OERPs, patients also received white noise through headphones. Fol-
lowing each stimulus, subjects rated intensity and hedonic valence
using visual analogue scales shown on a monitor in front of them. The
patients’ movements were monitored using a video camera system. EEG
was recorded from 5 positions defined by the international 10/20
system: 3 central positions (Cz, Fz, Pz) and 2 lateral positions (C3 and
C4), referenced to the linked earlobes (A1 + A2). Blink artefacts were
monitored from an additional site (Fp2). Stimulus-linked EEG segments
of 2048 ms were digitally recorded at a frequency of 250 Hz (0.2-30 Hz
bandpass filter; off-line filtering with 15Hz low-pass filter). OERPs
were obtained through off-line averaging of the digitized EEG segments.
Records contaminated by eye blinks (>50 uV in the Fp2 lead) or other
disturbances (e.g., high-frequency motor artefacts) were discarded

220

Psychiatry Research 278 (2019) 218-227

during off-line visual inspection of single trials. The peak OERP la-
tencies (in relation to stimulus onset); the amplitudes of P1, N1 and P2;
and the peak-to-peak amplitudes PIN1 and N1P2 were evaluated.

Data from 6 subjects (4 patients (1 female and 3 male) and 2 healthy
male controls) were dropped after testing was aborted (2 patients) or
the subjects blinked excessively (2 patients and 2 controls). The as-
sessed groups (20 controls and 21 patients) did not differ in terms of sex
(chi squared = 0.15, p = 0.69) or age (t;o = 0.23, p = 0.82) but dif-
fered in smoking habits (chi squared = 5.16, p = 0.02), and so smoking
habits were used as a covariate in the subsequent analyses.

Data were analysed using SPSS 20.0 software (SPSS Inc., Chicago,
IL, USA). The results were examined using repeated-measures analysis
of variance, adopting “side of stimulation” (left/right), “test”
(threshold, discrimination, identification) and, in the case of OERP re-
cordings, “recording site” (positions Fz, Cz, Pz, C3 and C4) and “odor”
(H,S, PEA) as within-subjects factors. The factor “group” (patients vs.
controls) was used as a between-subjects factor. Degrees of freedom
were adjusted with the Greenhouse-Geisser correction. Post hoc com-
parisons were performed using Bonferroni-corrected t-tests for depen-
dent and independent variables. The level of significance was set at
0.05. Only significant main effects and two-way interactions will be
reported.

2.4. Experiment 2—fMRI

The participants in Experiment 2 were a subset of those who par-
ticipated in Experiment 1. The 11 patients who agreed to participate in
Experiment 2 were included (7 males and 4 females, age range 26-47
years, mean age 36 years, SD = 7.39 years). The control group con-
sisted of 11 subjects (6 males and 5 females, age range 25-53 years,
mean age 35 years, SD = 9.83 years). No significant difference was
found between the two groups in terms of age (t;; = 0.07,p = 0.78) or
smoking habits (chi squared = 1.04, p = 0.30). To enable concomitant
olfactory stimulation and MRI acquisition, we used a model involving
delivery of odors via a computer-controlled OM6b air-dilution olfact-
ometer (Burghart Instruments, Wedel, Germany). This allowed alter-
nation between olfactory and non-olfactory stimulation conditions in a
20 s ON/20 s OFF block design. Stimuli were delivered for 1s every 2s
during the ON period. Every ON period was followed by a matching
baseline OFF period during which only pure air was delivered. Each of
the two stimuli, H,S and PEA, was presented in alternating blocks re-
peated 4 times, resulting in an overall 340 s scanning run. Each run was
repeated 2 times, both to the left and to the right nostril alternatively.
The order of odorant blocks in a run and the order in which the nostrils
were tested were randomized across participants. A passive task was
employed for distribution of stimuli. Subjects were instructed to con-
centrate on the odorants during the presentation of stimuli. At the end
of the scanning session, subjects were asked to rate the intensity (“0" -
nothing perceived to “10" - extremely intense) and hedonic value
(“—5" - extremely unpleasant to “+ 5" — extremely pleasant) of each of
the 4 conditions: PEA and H,S, right and left. Anatomical scans were
acquired for each participant prior to each functional run. The overall
scanning time was approximately 35 min, and the whole fMRI session,
including positioning of the subject in the scanner, lasted less than 1 h

Data were acquired using a 1.5 T MR scanner (Sonata; Siemens,
Erlangen, Germany). For anatomic overlays, a T1-weighted
(turboFLASH sequence) axial scan with 224 slices, voxel size of
1.6 X 1.1 X 1.5mm, a repetition time (TR) of 2500 ms, an echo time
(TE) of 35ms, and two averages (2500/3.93/2) was acquired. fMRI
acquisitions were performed in the axial plane (oriented parallel to the
planum sphenoidale to minimize bone artefacts) using a multi-slice
spin- echo-planar imaging (SE-EPI) sequence. The scan parameters in-
cluded a 64 x 64 matrix and a voxel size of 3 X 3 x 3.75mm. A total
of 120 images were acquired at each of 24 slice locations per paradigm.

Neuroimaging data were processed using SPM12 (Wellcome
Department of Cognitive Neurology, London, UK, implemented in



S. Negoias, et al.

Table 2

Psychiatry Research 278 (2019) 218-227

Brain areas with significantly varied activation patterns between BD patients and healthy subjects (3-way ANOVA, p < 0.005, cluster level 3, main effect of “group”).
Data presented includes the number of activated voxels, the effect size (F), the statistical threshold (2), the relative statistical significance threshold (p), the cluster

mean coordinate in MNI system and the corresponding brain area.

Brain Area Brodmann area

Increased in BD patients

Hemi-sphere

Cluster size

Voxel F-Score Voxel Z-Score Voxel p(unc) MNI coordinates

Middle Frontal Gyrus R 10 23
Inferior Frontal Gyrus R 10 7
Inferior Frontal Gyrus/OFC/Insula R 47 10
Medial Frontal Gyrus R 10 9
Inferior Frontal Gyrus/OFC L 47 5
Anterior Cingulate L 25 18
Medial Frontal Gyrus/Anterior cingulate L 10/32 27
R
L
Uncus/Amygdala R 6
Lentiform Nucleus - Putamen L 4
Insula/Superior Temporal Gyrus R 13/22 34
R
Insula/Superior Temporal Pole L 13 12
L
Increased in healthy'control’ subjects
Insula L 13 3

24.69 4.48 0.000 36 42 15
14.13 3.41 0.000 512415
14.06 3.40 0.000 4218 -15
12.86 3.25 0.001 9606
11.50 3.07 0.001 —3315 -21
18.32 3.88 0.000 —-315 -3
16.14 3.65 0.000 -9576
11.05 3.00 0.001 0513

9.43 2.76 0.003 045 -3
15.01 3.52 0.000 21 -6 —24
12.47 3.20 0.001 —21612
26.80 4.65 0.000 486 -9
13.04 3.27 0.001 57 -3 -6
11.59 3.08 0.001 —-366 —15
11.05 3.00 0.001 —420 —-18
10.81 2.97 0.002 —33243

MATLAB 2018b; The MathWorks, Inc., Natick, MA, USA). Functional
data were registered, realigned to correct for problems associated with
movement and then coregistered to the corresponding structural
images. Finally, the spatially normalized (stereotactically transformed
into MNI ICBM152 space; MNI template supplied by SPM12) and
smoothed images (by means of a7 x 7 x 7 mm® FWHM Gaussian filter)
were analysed.

First, a general linear model (GLM) modeling the on-off-stimuli
period for the canonical haemodynamic function plus derivatives was
performed. Hypotheses were tested using one-sample t-tests (df: 464) to
explore activations following the stimuli. The analysis according to the
GLM was performed on the two groups using all SPM images from each
single subject analysis (random effect). A one-way three-level ANOVA
was employed to check the effect of the canonical haemodynamic
function and its derivative. A two-sample t-test (df: 20; p < 0.005,
cluster level 3) was used to compare the activation differences between
the two groups. Finally, a group-odor interaction analysis was per-
formed, and the separate effects of PEA and H,S were studied (two-
sample t-test; p = 0.005, cluster level 3).

3. Results
3.1. Psychophysical tests

No difference was found between the two groups in terms of self-
rated olfactory function (chi squared = 3.95, p = 0.41). None of the
tested olfactory domains (thresholds, discrimination or identification)
differed between patients and subjects (p > 0.05).

3.2. Experiment 1

3.2.1. Ratings

Due to technical issues, intensity ratings were obtained consistently
throughout the OERP recordings from 18 controls and 13 patients.
Hedonic ratings, however, were obtained from 20 controls and 21 pa-
tients. ANOVA of intensity and hedonic ratings, employing “odor”
(PEA/H,S) and “side” (left/right) as the within-subjects factors,
“group” (patients/controls) as the between-subjects factor and
“smoking habits” as a covariate, showed no significant differences be-
tween groups. However, a significant effect of the factor “odorant” in
the case of hedonic ratings (F 41) = 208.14, p < 0.001) was observed,
with H,S being rated more negatively than PEA.

3.2.2. Electrophysiological responses

Latency analyses did not provide significantly different results for
within- or between-group comparisons. Generally, the amplitudes ap-
peared to be larger in the patient group than in the control group. A
significant effect of the factor “group” was found for PIN1 peak-to-peak
amplitude in response to both PEA (F4;o = 8.12, p < 0.01) and H,S
(Fs = 8.77,p < 0.01).

3.3. Experiment 2

3.3.1. Group differences in olfactory function

The subset of patients and healthy controls participating in
Experiment 2 did not differ significantly in terms of self-rated or mea-
sured olfactory function; neither individual nostril assessment nor “best
nostril” varied significantly between the two groups (p > 0.1).

3.3.2. Ratings

All participants rated the four conditions (rose-left, rose-right, H,S-
left and H,S-right) as equally intense (p > 0.1). In both groups, a sig-
nificant difference was found between the hedonic ratings of the two
odors. An analysis of variance of the hedonic ratings, adopting “side of
stimulation” (left/right) and “odor” (PEA/H,S) as within-subjects fac-
tors and “group” (control/patients) as the between-subjects factor, re-
vealed a significant main effect of “odor” (Wilks's lambda 0.101,
p < 0.001) and a trend towards significance for the “group” variable
(F40 = 4.17, p = 0.055), with patients rating PEA as less pleasant and
H,S as more unpleasant than controls.

3.3.3. fMRI results

The main effect of “group” in a 3-way ANOVA (p < 0.005, cluster
level 3) revealed the amygdala, anterior insula, ventral anterior cin-
gulate cortex (VACC) (BA 24/25), dorsal ACC (BA 32) and ventro-lat-
eral PFC (middle and medium FG, BA 10 and 11), superior temporal
gyrus (STG), inferior frontal gyrus (IFG) and dorsal striatum (pallidum)
as regions with significantly different activation patterns between pa-
tients and healthy subjects. A relative increase in activation in controls
was observed in only one cluster in the insula. The remainder showed
higher activation in patients than in controls (Table 2, Fig. 1). Speci-
fically, t-test analysis between “patients” (P) and “controls” (C), re-
gardless of odor quality and side of stimulation, showed numerous
activated voxels in the P > C contrast, much more than in the C > P
contrast. The results from both contrasts are shown in Table 3. Speci-
fically, in the P > C contrast, the amygdala showed bilateral activation,
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Fig. 1. Series of axial sections with clusters showing differences in activation
between BD patients and healthy subjects (main effect of “group”, 3-way
ANOVA, p < 0.005, cluster level 3, R-right). Blue and orange circles surround
regions of increased activation in patients and in healthy subjects group, re-
spectively. Labels indicate the amygdala — Amy, inferior frontal gyrus- IFG,
orbitofrontal cortex — OFC, medial frontal gyrus - MeFG, middle frontal gyrus -
MiFG, anterior cingulate cortex — ACC, superior temporal gyrus — STG, insula,
caudate. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

as did the hippocampus and parahippocampal gyrus; the ACC was ac-
tivated on the left side. Furthermore, in this contrast, the PFC showed
extensive activation in BA 47 and BA 10 bilaterally. The region showing
the largest signal variation between patients and healthy subjects was
the left PFC. A PFC volume of approximately 729 mm?, with its center
of mass at (— 12, 54, 3) in the MNI coordinate space, corresponds to the
MFG (BA 10). For the reverse contrast, C > P, activated areas included
clusters in the insula, left fusiform gyrus and right amygdala.

The next step of the analysis was to investigate group-odor inter-
actions. The results of 2-sample t-test analyses for PEA and H,S are
shown in Tables 4 and 5, respectively. For the pleasant odorant PEA
(Fig. 2, Table 5), the control group showed preferential activation of the
right OFC (BA 47) as well as the pars triangularis of the left inferior
frontal gyrus (BA 10). Patients showed more extensive activation than
healthy subjects; the activated regions included the PFC (BA 10), left
insula, caudate body, and STG; strengthened activation was also ob-
served in limbic structures such as the bilateral amygdala and right
hippocampus. Overall, data acquired during presentation of the usually
unpleasant odorant H,S (Fig. 3, Table 4) showed the same predominant
activation in the patient group as in the control group. In the C > P
contrast, only a cluster in the right amygdala emerged at the threshold
level employed. This was not found in the equivalent contrast using
data acquired during PEA presentation. In contrast, when compared to
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healthy subjects, patients showed extensive activation in the PFC (BA
10, 11 and 47); in limbic structures (bilateral ACC (BA 24/32) and
bilateral amygdala); and in the bilateral insula, caudate head, and STG.

4. Discussion

This is the first study comprehensively analysing the olfactory
function of patients with euthymic BD in the aspects of psychophysics,
electrophysiology and functional neuroimaging. The main findings of
this study were as follows:

a) Patients with euthymic BD neither showed significant differences
compared to healthy controls in olfactory thresholds, discrimination
or identification, and they were not significantly different in terms
of the intensity and hedonic ratings of odors;

b) Patients with euthymic BD responded more vigorously to odors than
controls did, as demonstrated by a higher P1N1 amplitude of OERPs,
regardless of the hedonic valence of the odor;

c) Patients with euthymic BD exhibited increased fMRI activation as a
response to both pleasant and unpleasant olfactory stimuli and re-
gardless of the side of stimulation in multiple cortical and sub-
cortical brain regions that are part of olfactory or emotion proces-
sing circuits.

The most remarkable observation is the discrepancy between the
increased central response to odors reflected in both fMRI and OERP
and the otherwise normal performance in olfactory function tests and
normal ratings of odor intensity and hedonic value. These results are in
line with the previous literature on BD in remission, reporting persistent
central abnormalities accompanied by subclinical signs of affective la-
bility — seen in both emotional and non-emotional contexts, despite
clinical remission (Kurtz and Gerraty, 2009).

Olfaction is, in this context, a unique probe of particular interest: of
all senses, olfaction, through its hedonic dimension (Yeshurun and
Sobel, 2010) and through its extensive anatomical and functional
connections to the limbic system, can induce strong emotional reactions
(Larsson et al., 2014; Schiffman, 1974) and seems to be an excellent
trigger for the exploration of the functionally overlapping emotional
processing circuits. Evidence points towards affective values dom-
inating olfactory perception, with affective valence being the main
perceptual correlate of odorous molecules (Khan et al., 2007; Yeshurun
and Sobel, 2010). Consequently, hedonic value is the main dimension
of olfaction and the determinant of its affective charge (Yeshurun and
Sobel, 2010). The discrepancy between central processing and normal
psychophysical olfactory measurements in our study may result from an
over-responsive emotional processing circuit in the remission phase of
BD, entering action when confronted with a potential emotional si-
tuation, eventually leading to controlled affective responses and beha-
viors. Specifically, this would imply an increase in the effort necessary
to identify the emotional meaning of stimuli and thus to differentiate
between relevant and irrelevant emotional stimuli, then produce ade-
quate responses, enabling patients to cognitively regulate and maintain
their behavioral responses to the stimuli (Phillips et al., 2003b). This
concurs with findings that euthymic patients with BD have higher af-
fective lability and experience everyday emotions with a higher in-
tensity than controls, as assessed with self-rating scales (Henry et al.,
2008). A previous study demonstrated that patients with euthymic BD
and a history of event-triggered episodes exhibited shorter OERP N1
peak latencies than euthymic BD patients without such a history, sug-
gesting a disinhibition of orbitofrontal areas involved in the processing
of emotional events in patients with BD (Kruger et al., 2006).

In line with earlier results from smaller sample sizes, the current
study indicated that euthymic patients with BD had more-vigorous
OERP responses than normal controls did, suggesting there may be
odor-related brain hyper-reactivity in patients with BD. Regarding the
fMRI results, when we investigated the main effect of “population”,
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Table 3
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Contrast: Patients vs Healthy subjects” and “Healthy subjects vs. Patients” over all conditions (2-sample t-test, p < 0.005, cluster level 3). Data presented includes the
number of activated voxels, the statistical threshold (T), the relative statistical significance threshold (p), the cluster mean coordinate in MNI system and the

corresponding brain area.

Brain area
Patients vs. Healthy subjects

Hemi-sphere

Brodmann area

Cluster size Voxel Tscore Voxel p(unc) MNI coordinates

Frontal lobe

Orbitofrontal R 47
Medial Frontal Gyrus R 10
Medial Frontal Gyrus R 10
Medial Frontal Gyrus R 10
Medial Frontal Gyrus L 10
Inferior Frontal Gyrus/Insula L 47
Sub-lobar
Caudate Head
Anterior Cingulate R
Caudate Head (Olfactory) R
L
Limbic lobe
Uncus/Amygdala Parahippocampal Gyrus L
Uncus/Amygdala L
Anterior Cingulate
Caudate Head L 24
L
Anterior Cingulate L 32
Parahippocampal Gyrus
Hippocampus R
Parahippocampal Gyrus
Amygdala R
Parahipocampal Gyrus R 28
Temporal lobe
Superior Temporal Gyrus/Insula R 38 /13
Superior Temporal Gyrus R
Fusiform Gyrus R 20
Superior Temporal Gyrus R 38
Fusiform Gyrus R 20
Middle Temporal Gyrus R 21
Middle Temporal Gyrus L 21
Healthy subjects vs. Patients
Sub-lobar
Insula L 13
Amygdala R
Temporal lobe
Fusiform Gyrus L 20

6 4.47 0.000 3030 —18

6 3.59 0.001 9606

5 3.36 0.002 36 42 15

6 3.61 0.001 333915

27 4.27 0.000 —-12543

10 3.69 0.001 -5121 -3

19 4.62 0.000 92412

16 3.73 0.001 060
3.3 0.002 -615 -3

14 4.52 0.000 —-18 -9 —24
3.57 0.001 —-240 —-27

11 4.31 0.000 -92412
3.5 0.001 —-15246

8 4.02 0.000 -3399

10 4.04 0.000 27 —12 —-18

9 3.61 0.001 21 -9 —24
3.18 0.002 27 =9 -30

77 5.2 0.000 4518 -30
4.55 0.000 309 —24
4.19 0.000 39 -3 -30

13 4.54 0.000 540 -9

6 3.77 0.001 51 —15 —24
3.39 0.001 516 —36

12 4.64 0.000 —-513 -39

9 5.71 0.000 —33243

4 3.15 0.003 27 -6 —12

7 3.87 0.000 -39 —15 -30

clusters in the amygdala, anterior insula, VACC (BA 24/25) and VLPFC
(middle and medium FG, BA 10 and 11) but also DACC (BA 32), STG,
IFG and dorsal striatum (pallidum) showed significantly stronger acti-
vation in the patient group than in the control group. All these struc-
tures are central parts of the emotional circuits. Specifically, the
amygdala, insula, ventral striatum, VACC and ventral PFC are often
highlighted in tasks involving appraisal of the emotional significance of
a stimulus and the production of affective states, while more dorsal
structures (the VLPFC, DLPFC, DMPFC, and DACC) and the hippo-
campus are primarily implicated in emotional regulation (Phillips et al.,
2003). Such increased activation in emotional processing structures
(the VLPFC, amygdala, and parahippocampus) has been previously
described for euthymic BD in response to a non-emotional task
(Strakowski et al., 2005a,b).

Further support for this hypothesis comes from the separate analysis
of responses to pleasant and unpleasant stimuli. Again, compared to
controls, patients exhibited increased activation in the bilateral OFC
and VLPFC (BA 10, 11 and 47). This activation was even stronger for
the unpleasant than for the pleasant odor. The control group showed
significantly greater activation for the pleasant odorant PEA in a region
of BA 10 corresponding to the pars triangularis of the left inferior
frontal gyrus. In addition, following exposure to the unpleasant odorant
H,S, increased activation for the healthy group compared to the BD
group was found in a cluster in the insula and one in the amygdala as
well as in the hippocampus. This pattern seems to fit the previous lit-
erature (Urry et al., 2006, 2009). Studies of cognitive reappraisal and
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suppression have revealed the existence of a network comprising reg-
ulatory cortical regions, mainly the PFC, and apparently downregulated
limbic areas, including the amygdala and insula, thought to govern
emotional regulation (Goldin et al., 2008; Ochsner et al., 2002; Quirk
and Beer, 2006). These authors propose that failure of emotion reg-
ulation is the mechanism underlying mood disorders, especially BD,
through disinhibition of limbic areas following malfunction of the in-
hibitory PFC (Campbell-Sills and Barlow, 2007). Using PET, OFC hy-
poactivity has been described in euthymic BD patients at rest and after
induction of a sad mood (Kruger et al., 2003, 2006). Decreased activity
in the VLPFC (BA 11/47) has been shown in all phases of BD
(Blumberg et al., 2003) and reconfirmed in euthymic BD (Strakowski
et al., 2005a,b) during a Stroop task after induction of a sad mood
(Kruger et al., 2006) or after viewing positive and negative words
(Malhi et al., 2007). VPFC (BA 10/47) activity increases together with a
decrease in MFC (BA 11) activity after performance of a non-emotional
attentional task and has also been described in euthymic BD patients
(Strakowski et al., 2004).

We found extensive activation in the BD patient group after ex-
posure to an unpleasant odor, while, following a pleasant odor ex-
perience, OFC and IFG activation was found to be decreased in patients.
On the other hand, there were clusters of increased activity in other
regions of the VLPFC (BA 10) for the same group. The tasks adminis-
tered to the subjects in the scanner might have been a confounding
factor. Some authors describe a series of regions, including the ventral
PFC, IFG, temporal pole, retrosplenial cortex, ACC, PCC, and angular
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Contrast ,Patients vs Healthy subjects” and “Healthy subjects vs. Patients” for H2S (2-sample t-test, p < 0.005, cluster level 3). The tables show the number of
activated voxels, the statistical threshold (T), the relative statistical significance threshold (p), the cluster mean coordinate in MNI system and the corresponding brain

area.

Brain area
Patients vs. Healthy subjects

Hemi-sphere

Brodmann area

Cluster aize Voxel T-score Voxel p(unc) MNI coordinates

Frontal lobe

Inferior frontal gyrus R 47
Inferior Operculum R 44
Middle Frontal Gyrus/Orbitofrontal R 10
Middle Frontal Gyrus R 10
Medial Frontal Gyrus L 10
Medial Frontal Gyrus/Orbitofrontal L 10/11
L
Limbic lobe
Anterior Cingulate R 24/32
R 32
L 24
Uncus/Amygdala L 28
Amygdala/Uncus R
Sub-lobar
Insula L 13
Insula R 13
Caudate head L
Caudate head R
Temporal lobe
Superior Temporal Gyrus L 38
Superior Temporal Gyrus/Middle Temporal Gyrus R 21/22
Healthy subjects vs. Patients Sub-lobar
Amygdala/Hippocampus R

11 4.52 0.000 4218 —15

7 3.93 0.000 451212

8 3.89 0.000 27 48 0

5 3.25 0.002 333915

5 3.89 0.000 —-12543

9 3.43 0.001 —-354 -15
3.14 0.003 —-345 -9

46 4.79 0.000 33012
4.09 0.000 6333
3.51 0.001 -92915

7 3.25 0.002 —-306 —24

5 3.15 0.003 240 —24

7 4.44 0.000 —27 1815

17 3.61 0.001 429 -9

28 3.9 0.000 -66 —3
3.34 0.002 39 -3

7 5.07 0.000 —4812 —18

8 4.56 0.000 57 -3 -9

5 3.4 0.001 21 -3 —12

gyri, with increased default activity in the resting state and during
passive perception as well as decreased activity during attention-de-
manding cognitive tasks (Gusnard et al., 2001; Mckiernan et al., 2006;
Raichle et al., 2001). Moreover, a correlation between resting-state
activity in some of the mentioned regions and subjects’ emotional state
has been shown (Zald et al., 2002). The idea that cognitive activity can
attenuate appraisal or expression of emotions has been suggested in a
range of studies (Derryberry, 1988; Posner and Rothbart, 1998).

A passive task was chosen in the present study for the delivery of
stimuli in the scanner: subjects were instructed to let themselves be
influenced by the odorants in an attempt to avoid effortful generation of
affect and the inconveniences associated with a parallel cognitive task.
That the subjects spontaneously categorized and evaluated the odorants
is to be presumed, especially since subjects had previously participated
in the electrophysiological part of the experiments, where they were
asked to judge olfactory intensity and hedonic value. Furthermore, even
for passive perception, there is evidence for the engagement of semantic

Table 5

circuits (Savic and Berglund, 2010). Nevertheless, as Ehrlichman and
Bastone stated, olfaction is a particular case, as stimuli are first pro-
cessed in limbic structures and therefore short-circuit the neocortical
level of cognitive analysis to a greater extent that the other sensory
modalities (Ehrlichman, 1992). This could imply that less cognitive
input is needed for evaluating the emotional meaning of olfactory sti-
muli than stimuli of other modalities. Consequently, this observation
needs to be taken into consideration when interpreting imaging results
based on tasks involving cognitive demands, and it could partially ex-
plain the increased extent of activation in the PFC, temporal pole, and
ACC found within the patient group in the present study.

A series of limitations must be considered when interpreting the
results of this study. Chronic medication use may influence cerebral
blood flows and thus account for some of the differences observed. The
low number of subjects did not allow us to analyse the effects of
medication. Future studies with larger sample sizes should be con-
ducted. Only patients who were able to cooperate with our tests were

Contrast ,Patients vs. Healthy subjects” and “Healthy subjects vs. Patients” for PEA (2-sample t-test, p < 0.005, cluster level 3). The tables show the number of
activated voxels, the statistical threshold (T), the relative statistically significance threshold (p), the cluster mean coordinate in MNI system and the corresponding

brain area.

Brain area Hemi-sphere Brodmann area

Cluster size Voxel Tscore Voxel p(unc) MNI coordinates

Patients vs. Healthy subjects
Frontal lobe

Middle Frontal Girus R 10
Medial Frontal Girus L 10
Limbic lobe

Hippocampus R

Amygdala R

ParaHippocampal Amygdala L 28
Sub-lobar

Caudate Body L

Insula L 13
Temporal lobe

Superior Temporal Girus/Insula R 38
Healthy subjects vs. Patients

Frontal Lobe

Inferior Frontal Triangle L 10

21 5.35 0.000 36 39 15

6 3.98 0.000 -12579

15 4.11 0.000 30 —12 —18
4.09 0.000 21 -6 —21

4 3.34 0.002 -21 -12 =27

10 3.83 0.001 —-31212

5 3.26 0.002 —-456 -3

8 3.87 0.000 483 -9

4 3.79 0.001 —-39390
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MIFG

Caudate

Fig. 2. Series of axial sections showing activation clusters for P vs. C (blue) and
C vs. P (orange) contrasts during exposure to PEA (2 sample t-test, p < 0.005,
cluster level 3, R-right). Labels indicate the amygdala — Amy, inferior frontal
gyrus- IFG, orbitofrontal cortex — OFC, medial frontal gyrus - MeFG, middle
frontal gyrus - MiFG, anterior cingulate cortex — ACC, superior temporal gyrus —
STG, insula, caudate. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

included, and there were 8 medication-free patients in the current
study, which may not completely represent the true proportion of BD
patients in the clinic, as many patients with BD are on medication for
life. Another confounds might result from the passive presentation of
odorants inside the scanner. As discussed previously, a baseline of in-
creased brain activity during resting and passive perception states has
been described in most of the regions discussed above, while a cognitive
task requiring the subjects’ attention leads to decreases in activity. It
can be speculated that patients could have attended the passive per-
ception task with less interest than healthy subjects. Furthermore, in-
formation on participants’ menstrual cycles was not included in the
current study, which prevented us from excluding the influence of
menstrual phases. Finally, it must be mentioned that no standardized
interviews were used to exclude psychiatric disorders for the control
group. Nevertheless, detailed subjective histories were collected, and
subjects with past or present Axis I or II diagnoses were excluded.

In summary, this study highlights several regions with extended
activation after exposure to a passive olfactory paradigm in patients
with remitted BD, and this work also discusses the most important re-
gions involved in emotional and olfactory processing, aiming to offer an
integrative view in the context of previously published data.
Nevertheless, the lack of data on central olfactory processing in the
episodic stages of the disease and the scarcity of literature on further
perceptual changes make it impossible to tie the changes to the stage of

Psychiatry Research 278 (2019) 218-227

Insula

Caudate

Fig. 3. Series of axial sections showing activation clusters for P vs. C (blue) and
C vs. P (orange) contrasts during exposure to H2S (2 sample t-test, p < 0.005,
cluster level 3, R-right). Labels indicate the amygdala — Amy, inferior frontal
gyrus- IFG, orbitofrontal cortex — OFC, medial frontal gyrus - MeFG, middle
frontal gyrus - MiFG, anterior cingulate cortex — ACC, superior temporal gyrus —
STG, insula, caudate. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

the disease or the sensory modality. Future studies should address these
points, especially the particular regional differences in olfactory and
emotional sub-circuits.

Furthermore, the current study investigated olfactory processing in
patients with euthymic BD compared to healthy controls. No significant
differences in terms of overall olfactory function or ratings of odorous
stimuli were found. Nevertheless, patients reacted to olfactory stimu-
lation more vigorously than controls did, as reflected by increased
amplitudes P1N1 of the OERP and a pattern of odor-stimulated acti-
vation on fMRI in regions involved at all levels of emotion processing.
The findings suggested over-reactivity in cortical and subcortical
structures following passive odor exposure in euthymic BD patients, in
line with other clinical and neuropsychological studies describing over-
reactivity patterns during this period of disease.

5. Conclusion

Patients with euthymic BD showed increased central responsiveness
to odorous stimuli despite normal psychophysical results, indicating the
probable existence of a brain network that is over-reactive to odor in
the remission phase of BD.
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