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A B S T R A C T

Olfactory impairment has been reported in patients with schizophrenia and individuals with a high risk of psy-
chosis, but its neural basis is largely unknown. We used magnetic resonance imaging to investigate the
morphology of the olfactory sulcus (an indicator of olfactory system development) and its relation to olfactory
function in 38 persons with an at-risk mental state (ARMS), 62 patients with schizophrenia, and 61 healthy
controls. Odor detection and identification were examined with a T & T olfactometer. Compared with the con-
trols, the olfactory sulcus was significantly shallower and odor identification was inferior among the ARMS and
schizophrenia subjects. Across all subjects, but not within each group, the olfactory sulcus depth was significantly
related to better identification of odors. Our results support the concept that olfactory sulcus morphology reflects
the neurodevelopmental process of the olfactory system.
1. Introduction

Neuroimaging has generally demonstrated an abnormally shallow
olfactory sulcus, possibly reflecting abnormal embryonic development of
the olfactory system [8], in various stages of psychosis [23, 24, 30]. This
suggests that olfactory sulcus morphology could be a marker of vulner-
ability to psychosis. It was reported that olfactory sulcus depth may be
related to prodromal symptomatology [24], but the pathophysiological
role of the morphology of this sulcus in psychosis remains unclear.

The potential influence of olfactory system underdevelopment on
vulnerability to psychosis is supported by impairment of odor identifi-
cation among schizophrenia patients, their unaffected family members,
and persons with a high risk of psychosis [at-risk mental state (ARMS)]
[10, 20, 28]. Olfactory deficits may be related to negative symptoms and
cognitive/social impairment of schizophrenia patients [6, 16], which
could be partly due to the same neural region [e.g., the orbitofrontal
cortex (OFC)] being involved in both olfaction and processing of
social/affective information [2, 21]. However, it remains unclear
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whether olfactory sulcus morphology is associated with olfactory deficits
and other clinical characteristics in persons with schizophrenia or ARMS.

The present study was performed to confirm previous magnetic
resonance imaging (MRI) findings of an association between an abnor-
mally shallow olfactory sulcus and ARMS or schizophrenia [23, 24] in a
different cohort, and to further elucidate the relation of olfactory sulcus
morphology to olfactory function and other clinical characteristics.

2. Materials and methods

2.1. Subjects

Thirty-eight persons with ARMS, 62 patients with schizophrenia, and
61 healthy controls participated in the study (Table 1). These subjects did
not overlap with those in our previous studies of the olfactory sulcus [23,
24], while olfactory function of 30/38 ARMS subjects, 50/62 schizo-
phrenia patients, and 40/61 healthy subjects has been reported previ-
ously [28]. The demographic and clinical characteristics of the study
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Table 1
Demographic/clinical data, olfactory function, and brain measures in the ARMS, schizophrenia, and control groups.

Controls (n ¼ 61) ARMS (n ¼ 38) Sz (n ¼ 62) Group differencea

Age 25.6 � 3.2 18.4 � 3.9 28.2 � 9.3 F (2, 158) ¼ 28.40, p < 0.001; ARMS < Contols, Sz
Male/female 32/29 24/14 29/33 Chi-square ¼ 2.54, p ¼ 0.281
Height (cm) 166.0 � 8.3 165.3 � 9.0 163.3 � 8.5 F (2, 158) ¼ 1.63, p ¼ 0.199
JART-IQ 110.2 � 5.9 98.0 � 10.2 99.9 � 9.4 F (2, 158) ¼ 32.75, p < 0.001; ARMS, Sz < Controls
Handedness (right/mixed/left) 40/15/6 22/12/4 51/9/2 Fisher's exact test, p ¼ 0.074
Age of onset (years) - - 22.5 � 7.4 -
Duration of illness (years) - - 5.6 � 6.0 -
Medication dose (HPD equiv., mg/day) - 2.0 � 1.6 (n ¼ 11) 11.1 � 7.8 (n ¼ 50) F (1, 58) ¼ 13.76, p < 0.001; ARMS < Sz
Medication type (atypical/typical/mixed) - 9/1/1 44/1/5 Fisher's exact test, p ¼ 0.379
Duration of medication (years) - 0.7 � 1.3 (n ¼ 14)b 5.2 � 6.2 (n ¼ 52)b F (1, 63) ¼ 0.05, p ¼ 0.832
PANSS positive - 11.4 � 3.6 14.0 � 5.6 F (1, 97) ¼ 6.23, p ¼ 0.014; ARMS < Sz
PANSS negative - 15.4 � 6.7 16.2 � 6.2 F (1, 97) ¼ 3.92, p ¼ 0.051
PANSS general - 30.4 � 8.1 31.1 � 9.8 F (1, 97) ¼ 1.71, p ¼ 0.195
SOFASc,d - 52.2 � 10.8 48.1 � 14.0 F (1, 96) ¼ 4.75, p ¼ 0.032; not significant (post-hoc test)
SCoRS global rating scorec - 5.4 � 2.4 5.2 � 2.5 F (1, 96) ¼ 0.31, p ¼ 0.580
BACS subdomain z-scorese Group x domain interaction, F (5, 490) ¼ 5.45, p < 0.001
Verbal memory - -0.9 � 1.6 -1.4 � 1.4 p ¼ 0.930
Working memory - -0.8 � 1.4 -1.0 � 1.3 p ¼ 1.000
Motor function - -0.8 � 1.4 -1.9 � 1.5 p ¼ 0.007; Sz < ARMS
Verbal fluency - -1.0 � 1.6 -0.8 � 1.1 p ¼ 1.000
Attention and processing speed - -0.3 � 1.3 -1.4 � 1.5 p ¼ 0.023; Sz < ARMS
Executive function - -0.5 � 1.3 -0.8 � 1.6 p ¼ 1.000

BACS mean z-score - -0.7 � 1.1 -1.2 � 1.0 F (1, 97) ¼ 3.54, p ¼ 0.063
Odor detection thresholdf

Mean 0.05 � 0.42 0.17 � 0.83 0.10 � 0.84 F (2,154) ¼ 0.26, p ¼ 0.775
Odor A (rose) -0.13 � 0.85 0.00 � 1.16 0.23 � 1.23 F (2,154) ¼ 0.71, p ¼ 0.494
Odor B (caramel) 0.07 � 0.54 0.05 � 0.93 -0.06 � 0.94 F (2,154) ¼ 1.41, p ¼ 0.247
Odor C (rotten food or sweaty clothes) 0.30 � 0.74 0.53 � 1.11 0.27 � 1.07 F (2,154) ¼ 0.48, p ¼ 0.619
Odor D (sweet fruit) 0.33 � 0.79 0.34 � 0.97 0.35 � 1.04 F (2,154) ¼ 0.09, p ¼ 0.913
Odor E (fecal material) -0.30 � 0.64 -0.08 � 1.02 -0.27 � 1.03 F (2,154) ¼ 1.58, p ¼ 0.210

Odor identification thresholdf

Mean 0.75 � 0.45 1.29 � 0.88 1.18 � 0.90 F (2,154) ¼ 6.24, p ¼ 0.002; C < ARMS, Sz
Odor A (rose) 0.89 � 0.82 1.71 � 1.64 1.69 � 1.65 F (2,154) ¼ 5.36, p ¼ 0.006; C < ARMS, Sz
Odor B (caramel) 0.59 � 0.59 0.87 � 1.04 0.76 � 0.78 F (2,154) ¼ 0.82, p ¼ 0.444
Odor C (rotten food or sweaty clothes) 0.66 � 0.54 1.37 � 1.08 1.00 � 0.83 F (2,154) ¼ 5.16, p ¼ 0.007; C < ARMS
Odor D (sweet fruit) 1.00 � 0.63 1.29 � 0.93 1.42 � 1.42 F (2,154) ¼ 1.50, p ¼ 0.227
Odor E (fecal material) 0.64 � 1.46 1.24 � 1.26 1.03 � 1.46 F (2,154) ¼ 3.04, p ¼ 0.051

Subjects with olfactory deficitsg [n (%)] 12 (19.7) 23 (60.5) 28 (45.2) Chi-square ¼ 17.95, p < 0.01; Controls < ARMS, Sz
Olfactory sulcus length (mm) F (2,153) ¼ 3.40, p ¼ 0.036; not significant (post-hoc test)
left 43.3 � 3.2 42.0 � 3.8 42.1 � 3.4
right 44.4 � 3.4 42.7 � 4.5 42.6 � 3.5

Olfactory sulcus depth (mm) F (2,153) ¼ 108.70, p < 0.001; ARMS, Sz < C
left 11.1 � 0.8 9.6 � 0.8 9.5 � 0.9
right 11.9 � 0.9 9.9 � 0.9 9.8 � 0.9

Intermediate orbital sulcus depth (mm) F (2,153) ¼ 0.22, p ¼ 0.799
left 8.7 � 1.4 8.7 � 1.4 8.8 � 1.3
right 8.9 � 1.4 9.0 � 1.4 8.8 � 1.6

Heschl's sulcus depth (mm) F (2,153) ¼ 0.48, p ¼ 0.618
left 7.7 � 1.4 7.6 � 1.4 7.9 � 1.7
right 6.4 � 1.0 6.3 � 0.8 6.5 � 1.4

Intracranial volume (ml)h 1459 � 126 1408�127 1436�145 F (2,157) ¼ 1.21, p ¼ 0.300

Values represent the mean � SD unless otherwise stated.
ARMS, at-risk mental state; BACS, Brief Assessment of Cognition In Schizophrenia; HPD, haloperidol; JART, Japanese version of National Adult Reading Test; PANSS,
Positive and Negative Syndrome Scale; SCoRS, Schizophrenia Cognition Rating Scale; SOFAS, Social and Occupational Functioning Assessment Scale; Sz, schizophrenia.

a Demographic differences between groups were examined with one-way analysis of variance (ANOVA) or the chi-square test. Intergroup differences of social and
cognitive function, symptom severity, and intracranial volume were tested using analysis of covariance (ANCOVA) with age as a covariate because the groups showed a
significant difference of age. Intergroup differences of olfactory function (detection and identification thresholds) were tested by ANCOVA with age as a covariate and
diagnosis and gender as between-subject factors. See the text for details of the statistical analysis of sulcus morphology.

b Some participants were medication-free at the time of scanning but had a history of antipsychotic medication.
c Data were missing for one schizophrenia patient.
d Healthy subjects generally have a score ranging from 90-100 [15].
e The primary measure from each test of the BACS was standardized by creating z-scores, with the mean score of Japanese healthy controls set to zero and the standard

deviation set to one [11].
f Analyzed using log-transformed values because of their skewed distributions (p< 0.001, Kolmogorov-Smirnov test). Note that lower threshold scores indicate better

olfactory performance (range, -2 to 5).
g Subjects with a mean identification threshold > 1.0.
h Estimated using SPM 12 (https://www.fil.ion.ucl.ac.uk/spm/software/spm12/).
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participants, as well as the inclusion criteria, have been described else-
where [27].

Briefly, the ARMS group was recruited from the Consultation and
Support Service in Toyama (CAST), which is a service specifically for
young persons at risk of developing psychosis [17]. ARMS was diagnosed
according to the Comprehensive Assessment of At-Risk Mental States
(CAARMS) criteria [33]. Most participants also fulfilled criteria for
Diagnostic and Statistical Manual of Mental Disorders (DSM) Axis I dis-
orders [1], including anxiety disorders (n ¼ 9), depressive disorders (n ¼
6), and schizotypal personality disorder (n ¼ 6). During follow up for a
mean of 896.1 � 841.6 days, 4/38 ARMS subjects (10.5%) transitioned
to overt schizophrenia, but the others did not develop psychosis.

The patients with schizophrenia were recruited from Toyama Uni-
versity Hospital. Schizophrenia was diagnosed by using the Structured
Clinical Interview for DSM-IV Axis I Disorders (SCID-I) Patient Edition
[4].

Healthy volunteers were hospital staff and local community members.
They were screened by using the SCID-I Non-patient Edition [4], and
none of them had a past or family history of neuropsychiatric disease.

Subjects were excluded if they had a history of a serious medical (e.g.,
thyroid diseases, diabetes, or hypertension) or surgical condition, head
trauma, neurological illness, steroid use, substance abuse, or nasal
trauma. Subjects with nasal congestion (e.g., rhinitis) at the time of the
study were also excluded. This study was approved by the Ethics Com-
mittee of Toyama University. Written informed consent was obtained
from the subjects in agreement with the Declaration of Helsinki. If a
subject was under 20 years old, written consent was also obtained from a
parent or legal guardian.

2.2. Clinical assessment

Clinical characteristics (i.e., symptoms, social function, and cognitive
function) were assessed at the time of MRI by the same methods as
previously reported [26, 27, 28]. Briefly, the Brief Assessment of
Cognition in Schizophrenia (BACS) [13], the Social and Occupational
Functioning Assessment Scale (SOFAS) [5], and the Schizophrenia
Cognition Rating Scale (SCoRS) [7, 14] were used to assess the cognitive
and social function of subjects with ARMS or schizophrenia, while the
Positive and Negative Syndrome Scale (PANSS) [12] was employed for
symptoms.

2.3. Olfactory function testing

As described elsewhere in detail [25, 28], olfactory function was
tested at the time of MRI with a T & T olfactometer (Daiichi Yakuhin
Sangyo, Tokyo, Japan), which quantitatively assesses both odor detec-
tion sensitivity and odor identification based on the average threshold
scores of five different odors (Table 1).

2.4. Magnetic resonance imaging

Subjects underwent brain MRI with a 3-T Magnetom Verio (Siemens,
Erlangen, Germany) at Toyama University Hospital. A three-dimensional
MPRAGE sequence was used to acquire 176 contiguous T1-weighted
sagittal slices with a thickness of 1.2 mm. Imaging parameters were as
follows: repetition time ¼ 2300 ms, echo time ¼ 2.9 ms, flip angle ¼ 9�,
field of view ¼ 256 mm, matrix ¼ 256 � 256, and voxel size ¼ 1.0 � 1.0
� 1.2 mm.

Images were reconstructed by using Dr. View software (Infocom,
Tokyo, Japan), to obtain contiguous coronal slices with a thickness of 1.0
mm perpendicular to a line connecting the anterior and posterior com-
missures. As detailed elsewhere [23, 24], one rater (T Takahashi) who
was blinded to the identity of the subjects, assessed the mean depth of the
olfactory sulcus (i.e., total depth in all coronal slices containing the sulcus
3

divided by the number of slices) and its anteroposterior length (mm).
Two control sulci [i.e., the intermediate orbital sulcus (IOS) on the OFC
surface and Heschl's sulcus (HS) in the superior temporal plane (Fig. 1)]
were identified as described previously [18, 22], and were also evaluated
to test the specificity of our findings regarding the olfactory sulcus. Due
to their complexity and variability, the average depth was estimated for a
portion of each control sulcus; the IOS was assessed in 10 contiguous
slices anterior to the plane showing its connection to the transverse
orbital sulcus, and the HS was assessed in the posterior-most 10 slices in
which it could be identified. When there were two or three IO sulci, we
assessed the depth of the most prominent one. The intra-rater and
inter-rater (T Takahashi and YN/DS) reliability (intraclass correlation
coefficient) of sulcus measurements in 10 randomly selected brains was
>0.9.

2.5. Statistical analysis

Analysis of covariance (ANCOVA) was performed to assess the sulcus
data, with group and gender as between-subject factors, age and intra-
cranial volume (ICV) as covariates, and side as a within-subject variable.
A post hoc Scheff�e's test was performed.

Pearson's partial correlation analysis adjusted for ICV was done to
evaluate the relationship between sulcus measurements and the odor
threshold, after log-transformation because of the skewed distribution (p
< 0.001, Kolmogorov-Smirnov test), as well as between sulcus mea-
surements and clinical factors [age of onset and duration of schizo-
phrenia, dose and duration of medication, and PANSS subscores] or
social/cognitive factors (SOFAS, SCoRS, and BACS scores). A p value
<0.05 was regarded as indicating significance.

3. Results

3.1. Characteristics of the subjects

Demographic and clinical characteristics of the subjects, including
olfactory function, are summarized in Table 1. The groups were matched
for gender, but there were differences of age and IQ. Patients with
schizophrenia had more severe positive symptoms, higher doses of an-
tipsychotics, and lower BACS measures compared to the subjects with
ARMS [27]. Both the ARMS group and the schizophrenia group had a
higher mean odor identification threshold (i.e., impaired identification)
than the controls [28].

3.2. Sulcus morphology

With regard to olfactory sulcus depth, ANCOVA showed main effects
of group (Table 1) and side [F (1, 155) ¼ 56.73, p < 0.001], as well as
their interaction [F (2, 155) ¼ 7.13, p ¼ 0.001]. Compared with healthy
controls, the olfactory sulcus was significantly shallower bilaterally in the
ARMS group and the schizophrenia groups (p < 0.001), while it was
deeper in the right hemisphere of the schizophrenia group (p ¼ 0.004)
and the control group (p < 0.001). However, olfactory sulcus length did
not differ among the groups (Table 1).

The HS was significantly deeper in the left hemisphere [F (1, 155) ¼
98.04, p < 0.001], but there were no intergroup differences in the depth
of the IOS and HS (Table 1).

3.3. Correlation analyses

Among all patients, but not within each group, the depth of the left (r
¼ -0.202, p ¼ 0.010) and right (r ¼ -0.265, p < 0.001) olfactory sulcus
was significantly correlated with the odor identification threshold
(Fig. 2). The correlations did not differ among the groups (left, χ2 ¼ 0.48,
p¼ 0.787; right, χ2¼ 0.84, p¼ 0.658), and were specific to odors A and E



Fig. 1. Representative coronal slices showing the orbitofrontal (A) and superior temporal (B) regions. The olfactory sulcus, intermediate orbital sulcus (IOS), and
Heschl's sulcus on the left hemisphere are colored red. Because we traced the surface of the intrasulcal gray matter using a line 1 mm in width, the number of pixels
(1.0 � 1.0 mm) in each coronal slice was equal to the sulcus depth (mm). LOS, lateral orbital sulcus; MOS, medial orbital sulcus.

Fig. 2. Correlation between the right olfactory sulcus depth and the mean odor
identification threshold in all subjects.
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when we separately assessed each odor (Table 2). The depths of the two
control sulci (IOS and HS) were not correlated with the odor identifica-
tion threshold. Sulcus morphology [olfactory sulcus (length, depth), IOS
depth, and HS depth] was not correlated with the odor detection
threshold across all patients or in each group.

In the schizophrenia and ARMS groups, sulcus morphology was not
Table 2
Correlation between the olfactory sulcus depth and identification threshold for
each odor.

Entire sample (n ¼ 161)

Left depth Right depth

r p r p

Odor identification threshold
Odor A (rose) -0.2130 0.007 -0.274 >0.001a

Odor B (caramel) -0.1200 0.130 -0.067 0.400
Odor C (rotten food or sweaty clothes) -0.0570 0.472 -0.153 0.054
Odor D (sweet fruit) -0.1010 0.203 -0.127 0.110
Odor E (fecal material) -0.1630 0.040 -0.231 0.003a

a Significant even after Bonferroni's correction for multiple comparisons.
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correlated with clinical or social/cognitive measures after Bonferroni's
correction.

4. Discussion

The present study replicated our previous finding that the olfactory
sulcus is shallow in ARMS and in schizophrenia [23, 24]. In addition, the
depth of the olfactory sulcus was significantly associated with olfactory
function, but this relation was not specific to any of the groups, sug-
gesting that olfactory sulcus depth may be a general marker of olfactory
system development. Furthermore, the control sulci on the OFC surface
and in another brain region showed no relation to olfactory function.

The olfactory sulcus can be detected in the forebrain of the fetus
around 16 weeks of gestation [3] and its integrity is thought to be
associated with development of other olfactory structures [19]. Olfactory
sulcus depth was reported to show a correlation with olfactory function
in healthy persons and in patients with olfactory impairment [9, 10],
suggesting that it may reflect both healthy and pathological embryonic
development of olfaction. In agreement with previous reports of no sig-
nificant correlation, or only a weak correlation, between olfactory sulcus
depth and olfaction in schizophrenia [19] and ARMS [30] groups, our
study suggested that olfactory sulcus depth reflects olfactory function in
general, but not specifically in schizophrenia and related conditions. Our
results also suggest a significant influence of the test odors on this rela-
tionship, which requires further clarification under various conditions.

In the ARMS and schizophrenia groups, our study showed that ol-
factory sulcus morphology was not related to clinical characteristics
(symptom severity, duration of illness, medications, and/or social and
cognitive function), indicating that it represents a stable trait marker of
psychosis. Despite progressive brain atrophy in the early stages of psy-
chosis [29], our longitudinal assessment found no changes of olfactory
sulcus morphology during the first episode of schizophrenia [23].
However, as suggested in our previous study [24], it is still possible that
olfactory sulcus morphology may be affected by the chronicity of illness
and that its association with clinical characteristics (e.g., prodromal
symptoms, social and cognitive functions) is only evident in ARMS sub-
jects with later onset of psychosis.

This study had several limitations. First, there was no assessment of
other olfactory structures like the olfactory bulb, which also reflects ol-
factory system underdevelopment in psychosis [31], but could not be
reliably measured on T1-weighted images. Second, while the olfactory
deficit in our ARMS and schizophrenia subjects may imply orbitofrontal
dysfunction [2, 21], neurocognitive (e.g., decision-making [32]) and
neuroimaging data on OFC function were not available. Third, this
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preliminary study could not assess the outcomes of ARMS subjects (i.e.,
later psychosis onset) because of a small sample size and this point re-
quires further investigation in a larger high-risk cohort.

In conclusion, individuals with a high risk of developing psychosis
shared an abnormally shallow olfactory sulcus and impairment of odor
identification with schizophrenia patients, potentially reflecting a com-
mon psychopathologic vulnerability. Our finding of a significant corre-
lation between olfactory sulcus morphology and olfactory function
suggested that the depth of this sulcus may reflect both normal and
pathological olfactory system development.
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