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Background: Olfactory impairments are prominent in both schizophrenia and the preceding at-risk state. Their
presence prior to illness predicts poor functional outcome. In schizophrenia, these impairments reflect peripheral
olfactory structural abnormalities, which are hypothesized to arise during early embryonic development. If this is
correct, then similar structural anomalies should be apparent among clinical high-risk subjects.

Methods: Thirty-nine clinical high-risk (CR) subjects (24 M/15F) were compared to 36 low-risk (LR) subjects
(19 M/17F). Olfactory measures derived from 3 T MRI scans included olfactory bulb volume, primary olfactory

I;s%%ﬁirisk cortical gray matter volume, and the depth of the olfactory sulcus overlying the bulb. Additionally, nasal cavity
Olfaction volumes were assessed with acoustic rhinometry.

Nasal cavity Results: Male CR subjects exhibited bilateral reductions in olfactory bulb volume and abnormal asymmetries of
Olfactory bulb the posterior nasal cavities and olfactory sulci (left reduced relative to right). Post-hoc contrasts also indicated

Olfactory sulcus
Negative symptoms

reduced left, but not right, olfactory cortical gray matter volume. Female CRs had no significant abnormalities, al-
though they exhibited similar trend effects. Left olfactory bulb volume correlated, across all CR subjects, with neg-
ative, but not positive, symptoms. In a classification analysis, with 80% target specificity, olfactory measurements
distinguished male CR from male LR subjects with 93% sensitivity. Among females, the comparable sensitivity
was 69%.

Conclusion: Psychosis-risk youths exhibit an array of sexually dimorphic and laterally asymmetric anomalies of
the peripheral olfactory system. These are consistent with a developmental disruption primarily affecting male
fetuses. These structural biomarkers may enhance the identification of at-risk subjects with poor prognosis, be-

fore their clinical trajectory is apparent.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Olfactory deficits are a prominent feature of schizophrenia (Moberg
et al., 1999). A growing body of evidence indicates that olfactory perfor-
mance impairments precede the onset of overt psychosis (Kamath et al.,
2012, 2014) and these may, among individuals who are at clinical high
risk, be predictive of those who will develop frank psychosis (Brewer
et al., 2003; Woodberry et al., 2010) or otherwise progress to a poor
functional outcome (Lin et al., 2015). It is also clear that olfactory deficits
are not merely specific exemplars of the relatively diffuse cognitive im-
pairment that characterizes schizophrenia. Rather they are the conse-
quence, at least in part, of structural and functional abnormalities of
the peripheral olfactory system. These abnormalities include reduced
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nasal cavity volumes (Moberg et al., 2004; Turetsky et al., 2007), re-
duced olfactory bulb volumes (Nguyen et al., 2011; Turetsky et al.,
2000), physiological and molecular anomalies of olfactory receptor neu-
rons in the nose (Borgmann-Winter et al., 2016; Turetsky et al., 2009b),
shallow olfactory sulci in the prefrontal cortex (Takahashi et al., 2013;
Turetsky et al., 2009a), and reduced gray matter volumes in the primary
olfactory cortex (Prasad et al., 2004; Sim et al., 2006; Turetsky et al.,
2003). While olfactory deficits have been observed in both men and
women, there is evidence to suggest that they may be more pronounced
in males (Malaspina et al., 2012; Seidman et al., 1997; Turetsky et al.,
2007).

We have hypothesized that these anomalies are markers of aberrant
intrauterine neurodevelopmental processes occurring during the late
first and early second trimesters of pregnancy (Turetsky et al., 2007,
2009a). This is when the neural architecture of olfactory system, the
earliest and most primitive sensory network, is constructed (Farbman,
1994; Kostovic et al., 1993). This also coincides with a period of height-
ened fetal developmental risk for schizophrenia. Environmental
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stressors (e.g., maternal infection, famine) during this period increase
the incidence of adult schizophrenia, presumably by altering brain de-
velopment and increasing susceptibility to a subsequent “second hit”
(Brown, 2006; van Os and Selten, 1998). The coincidental development
of the olfactory system during this risk period makes it especially sensi-
tive to these developmental perturbations. Olfactory anomalies may
therefore serve as neural markers of an early fetal developmental dis-
turbance. If this hypothesis is correct, it implies that structural anoma-
lies of the olfactory system will be evident prior to the onset of
clinically diagnosable signs and symptoms of schizophrenia.

There is now some evidence to support this assertion (Roalf et al.,
2017; Takahashi et al., 2014). We recently examined the volumes of
several temporal lobe regions in a large community-based cohort of
youths who met screening criteria for psychosis spectrum features
without overt psychosis (Roalf et al., 2017). The only region that differ-
entiated this young at-risk cohort from both healthy adolescents and
those with psychopathology outside the psychosis spectrum
(e.g., anxiety, mood disorders) was the left entorhinal/perirhinal cortex,
which is the target for primary afferent neurons from the olfactory bulb.
Importantly, volume reductions in this region were associated with
greater negative symptomatology and cognitive impairment, but not
positive symptomatology, which is consistent with observations re-
garding olfactory deficits in schizophrenia.

This suggests, but does not actually establish, the existence of devel-
opmental anomalies in peripheral olfactory structures. A thorough in-
vestigation of the structural integrity of the peripheral olfactory
system has never been conducted in clinical high-risk subjects, despite
the evidence for olfactory behavioral impairments in this population.
Here, we present a comprehensive examination of these peripheral
structures in a new sample of high-risk subjects. Measures of interest in-
clude the volumes of the nasal cavities, the olfactory bulbs and the olfac-
tory cortex, and the depths of the olfactory sulci - which develop in
tandem with the underlying olfactory tracts. We consider the relation-
ship of these structural measures to olfactory behavioral performance,
and the real-world utility of these measures as biomarkers that can
aid in identifying at-risk individuals. Since there is evidence supporting
sexual disparities in both normal olfactory ability and schizophrenia ol-
factory impairments, as well as illness-related developmental anoma-
lies in other brain regions, we focus especially on the presence or
absence of anomalies compared to same-sex healthy comparison sub-
jects. Our primary hypotheses are: 1) structural anomalies of the pe-
ripheral olfactory system will be evident in individuals at clinical high
risk for psychosis, prior to the onset of an overt psychotic illness;
2) these abnormalities will be more prominent among male at-risk sub-
jects, rather than females.

2. Methods and materials
2.1. Subjects

Young adults and adolescents were recruited into one of two groups:
1) Clinical Risk (CR) individuals who exhibited sub-psychotic symptoms
(n = 39), but did not meet DSM-IV criteria for a psychotic disorder, and
2) Low Risk (LR) comparison subjects who were symptom free, without
an Axis II Cluster A diagnosis or a family history of psychosis (n = 36).
Subjects ranged in age from 15 to 28. Written informed consent was ob-
tained from all participants over the age of 18. Parental consent and the
subject's assent were obtained for those under 18.

Consensus diagnoses for all subjects were established using data
gathered from either the Diagnostic Interview for Genetic Studies
(DIGS) (Nurnberger et al., 1994) or the Kiddie Schedule for Affective
Disorders and Schizophrenia (K-SADS) (Kaufman et al,, 1997), the Fam-
ily Interview for Genetic Studies (FIGS) (NIMH Genetics Initiative,
1992), and any available information from medical records, family,
and care providers. Collateral information was obtained from a parent
or caregiver for all participants under the age of 18. All participants

were administered the Structured Interview for Prodromal Syndromes
(SIPS), which included the Scale of Prodromal Symptoms (SOPS)
(Miller et al., 2003).

Classification of a subject as CR required at least one positive symp-
tom (rated 3-5 in severity) or two negative and/or disorganized symp-
toms (rated 3-6 in severity) on the SOPS in the six months prior to
testing. Among CR subjects, 23 met inclusion criteria for both positive
and negative/disorganized symptoms, 14 exhibited solely positive
symptoms, while 2 exceeded threshold only for negative/disorganized
symptoms.

Individuals were excluded for lack of English proficiency, any medi-
cal condition that could affect brain function, significant loss of con-
sciousness or head trauma, current substance abuse, past substance
dependence, positive urine drug screen, or any medical condition that
could alter olfactory functioning (e.g., upper respiratory infection, aller-
gies, obvious craniofacial abnormality). Individuals with an estimated
IQ < 70 (WRAT-3R) (Wilkinson, 1993) were also excluded. No subjects
had a history of past or current treatment with psychiatric medications.

Descriptive clinical and demographic measures are presented in
Table 1. CR and LR groups did not differ in age [t(73) = 1.67,p =
0.10], sex [x*(1) = 0.59, p = 0.44], racial composition [y*(2) = 3.73,
p = 0.16] or smoking status [¥*(1) = 3.04, p = 0.08]. When males
and females were examined separately, however, there was a signifi-
cant difference in smoking status for females [x?(1) = 3.94, p = 0.05]
but not males [¥*(1) = 0.37, p = 0.54]. CRs had lower levels of educa-
tion [t(72) = 3.50, p = 0.0008] and parental education [mothers:
t(72) = 2.00, p = 0.049; fathers: t(67) = 2.94, p = 0.004]. Not surpris-
ingly, they also differed in levels of clinical symptomatology, as denoted
by both SOPS and Global Assessment of Functioning (GAF) ratings.
Within the CR group, there were no differences in clinical symptomatol-
ogy between males and females.

2.2. Olfactory psychophysical assessments

2.2.1. Odor detection thresholds

Odor detection ability was assessed using two different odorants,
lyral and citralva. Odors were presented birhinally in a single reversing
staircase, forced-choice task format, with the order counterbalanced
across subjects. Two vials, one containing mineral oil and the other con-
taining odorant diluted in mineral oil, were presented sequentially to
the subject's nares. The subject was asked to identify the vial that
“smells stronger.” Odor concentrations ranged from 10~ ! M (strongest)
to 10™° M (weakest) in 0.5 log step dilution increments. The test began
at the 10~> M step, and odor concentration was increased in full-molar
steps until correct detection occurred on five consecutive trials at a

Table 1
Demographic and clinical characteristics.

Clinical risk
(n=39)

Low risk
(n=36)

Mean 4+ SD (range)

Mean =+ SD (range)

Age (years)
Sex (male: female)

19.9 + 2.64 (16-24)
24: 15

21.0 + 2.5 (15-25)
19:17

Race (Cauc., Afr. Amer., 10:21: 8 16:12: 8
other)
Education level (years)? 119+£20 138 £2.6
Mother education (years)* 14.2 +2.3 153 £ 24
Father education (years)* 13.7 £ 2.8 157 £ 2.7
Smoker: nonsmoker (#) 12 (7 M/5F): 27 (17 5 (4 M/1F): 31 (15
M/10F) M/16F)

SOPS:" total score? 333+ 155 324+49
Positive subscale® 126 + 54 1.0+ 20
Neg./disorg. subscales® 15.0 + 8.6 15+20
GAF€ score® 56.0 £ 11.2 85.5 £ 6.5

@ Significant group difference (p < 0.05).
b SOPS = Scale of Prodromal Symptoms.
€ GAF = Global Assessment of Functioning.
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given concentration. Odor concentration was then increased or de-
creased in half-molar increments, depending upon performance on
two trials at each concentration step (i.e., odor concentration was de-
creased after two correct trials and increased after an incorrect trial).
The geometric mean of the last four staircase reversal points (out of
seven total) was taken as the estimate of odor detection threshold sen-
sitivity (i.e., the weakest odor concentration that could be reliably iden-
tified as stronger than mineral oil). Results for the two odorants were
averaged to yield a composite detection threshold measure. Test data
were unavailable for four CR and four LR subjects.

2.2.2. Odor identification and discrimination

Participants were administered the Sniffin' Sticks Odor Identification
and Discrimination Test (Hummel et al., 1997; Kobal et al.,, 1996). In the
identification task, subjects were presented with 16 odor-impregnated
markers which they smelled and then identified in a four-alternative
multiple choice format. In the 16-trial discrimination test, subjects
were presented with three odors on each trial. They then indicated
which one odor differed from the other two. The score for each task
was the number correct (0-16). These were combined to yield a com-
posite odor processing score. Data were unavailable for three CR and
three LR subjects.

2.3. Nasal cavity volume

Morphologic measurements of each nasal cavity were acquired
using a Sleep Group Solutions Eccovision™ Acoustic Rhinometer. This
device transmits an acoustic pulse which is reflected off walls of the
nasal cavity and transmitted back to the device. The time-lagged
reflected wave provides a measurement of acoustic impedance, which
is proportional to cross-sectional area. By summing cross-sectional
area measurements along the length of the nasal cavity, a volume mea-
surement is obtained. Two independent measurements were averaged
for each nostril. Consistent with standard practice (Clement and
Gordts, 2005; Hilberg and Pedersen, 2000), total nasal volume was di-
vided into anterior (0-3.5 mm) and posterior (3.5-5.5 mm) compart-
ments. This break-point typically denotes the anterior end of the
inferior turbinate. The nasal cavity anterior to this location is vulnerable
to mucosal congestive changes caused by infection, pollutants or smoke
irritation; the posterior region, being more cartilaginous, is relatively re-
sistant to such changes. The posterior cavity is similarly less sensitive to
racial and/or ethnic differences in nasal structure.

2.4. Olfactory bulb volume

MRIs were acquired on a 3 T Siemens Tim Trio whole-body scanner
equipped with a 32-channel head coil. High-resolution images of the ol-
factory bulbs were acquired using a T2-weighted three dimensional
multi-slice turbo-spin echo sequence: TR 9000 ms; TE 63 ms; band-
width 190 Hz/pixel; FOV, 256 x 256 mm; 60 slices; flip angle, 180°; ef-
fective voxel resolution, 0.8 x 0.8 x 0.8 mm. An automated process was
employed to select the FOV during acquisition, based on a previously ac-
quired whole-brain scan. This was accomplished in real-time using the
Imscribe tool, which was designed to allow reproducible selection of the
same anatomical FOV within and between subjects (cmroi.med.upenn.
edu/imscribe). When necessary, manual adjustments were made to en-
sure coverage of bilateral olfactory bulbs. Scan time was approximately
4 min. Bilateral olfactory bulb volumes were extracted by manual trac-
ing of the bulb contour on multiple slices in the sagittal plane (Fig. 1A).
Inter-rater reliability > 0.85 was established on a set of ten training
scans, after which all tracings were completed by a single operator
blind to diagnosis, using manual drawing and statistics tools in FSL
(http://fsl.fmrib.ox.ac.uk/fsl/).

2.5. Olfactory sulcal depth

Whole brain structural images were acquired using a T1-weighted
MPRAGE sequence: TR 1850 ms; TE 4.0 ms; FOV, 192 x 256 mm; matrix,
180 x 240; 160 slices; slice thickness/gap, 1/0 mm; flip angle, 9°; effec-
tive voxel resolution, 0.9375 x 0.9375 x 1 mm. Scan time was approxi-
mately 5 min. All MPRAGE images were AC-PC aligned and resampled
for quantification. Resampled images were viewed in the coronal
plane and left and right olfactory sulci were traced using Image] soft-
ware (https://imagej.nih.gov), beginning just caudal to the eyeballs
and progressing posteriorly to the tip of the temporal horn. A single
voxel-width line that followed the contour of each sulcus was drawn
by a single operator trained to an inter-rater reliability > 0.85 on a set
of ten training scans. All drawings were made blind to diagnosis, begin-
ning at a tangent line connecting the most superficial surfaces of the
gyrus rectus and medial orbital gyrus and ending at the deepest point
of the sulcus (Fig. 1B). The length of this line, averaged across all slices,
was computed as the measure of sulcal depth.

Fig. 1. (A) Sagittal magnetic resonance image through the olfactory bulb (arrows) sitting
beneath the basal forebrain. (B) Coronal MR slice showing left and right olfactory bulbs
(arrows) and the overlying olfactory sulci, with depth tracings.
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2.6. Olfactory cortex volume

Cortical reconstruction and measurement of the whole brain T1-
weighted structural images was performed using FreeSurfer 5.3
(http://surfer.nmr.mgh.harvard.edu/). Regions of interest (ROIs) were
automatically segmented from each subject's MPRAGE (Fischl et al.,
2004). Intra-cranial volume (ICV) was obtained using FreeSurfer's pro-
cess of estimation based on linear transformation to MNI305 space
(Buckner et al., 2004). Automated quality assurance procedures and vi-
sual inspection of the resulting gray-white matter segmentation were
performed on all images (Vandekar et al.,, 2015). Measures of left and
right hemisphere olfactory cortical gray matter volume were extracted
for further analysis (ROI designated as entorhinal cortex in Freesurfer
but, as delineated, also incorporates perirhinal cortex).

2.7. Data analysis

Statistical analyses were conducted using STATISTICA version 13
(https://software.dell.com/products/statistica/). Differences in age, ed-
ucation, parental education and clinical ratings were assessed using in-
dependent group t-tests. Pearson's chi-squares assessed group
differences for sex, race and smoking status. Multivariate analyses of
variance (MANOVA) were used to assess group differences for all con-
tinuous variables, with sex and clinical group (CR vs. LR) as between-
subjects factors. Olfactory task (identification vs. discrimination) was a
within-subject factor for the psychophysical behavioral tests. Odorant
(lyral vs. citralva) was a within-subject factor for threshold detection
sensitivity. Laterality (left vs. right) was a within-subject factor for
each structural measure, and total intracranial volume was a covariate.
Compartment (anterior vs. posterior) was an additional within-
subject factor for nasal cavity volume. Post-hoc analyses examined CR
vs. LR contrasts on individual measures, separately for males and fe-
males. The relationships between clinical and olfactory measures, with-
in the CR sample, were examined via Pearson correlation coefficients.

To assess the “real-world” utility of these measures to classify sub-
jects as either CR or LR, logistic regression analyses were conducted sep-
arately within male and female subsamples. The initial analysis included
the four psychophysical test measures as independent predictors of
group status. A second analysis assessed the utility of the olfactory
structural measures, and a third examined the combined effect of both
behavioral and structural measures. A ROC curve, which plots true pos-
itive rate (sensitivity) against false positive rate (1 - specificity), was
generated for each analysis, and the area under the curve (AUC) was
computed. Prediction accuracy of a parameter set increases as the AUC
approaches 1.0 (Zweig and Campbell, 1993). AUC provided a quantita-
tive index of each parameter set's ability to distinguish clinical high-
risk from low-risk youth.

3. Results
3.1. Psychophysical tests

3.1.1. Odor discrimination and identification

There was a marginally significant group difference in identification
and discrimination performance (CR < LR) [F(1,67) = 3.87, p = 0.05].
Scores were better, overall, on the identification task [F(1,67) = 21.06,
p < 0.0001] but there was no interaction between task and group
[F(1,67) = 0.58, p = 0.45]. Separate within-sex contrasts revealed
that olfactory performance was impaired in male CRs [F(1,39) = 4.62,
p = 0.04], but not females [F(1,26) = 0.005, p = 0.95] (Table 2).

3.1.2. Odor threshold detection sensitivity

There was a marginally significant group difference in threshold de-
tection sensitivity [F(1,65) = 3.66, p = 0.05]. This reflected, primarily, a
CR decrement in the ability to detect lyral [F(1,65) = 3.45, p = 0.06],

Table 2
Olfactory behavioral and structural measures Mean + S.D.
Males Females
Clinical risk ~ Low risk Clinical risk ~ Low risk
Psychophysical measurements
Sniffin' sticks tests (# correct)
Odor 113+ 238 129 +£ 2.2 120+ 2.2 125+ 1.8
identification
Odor 9.8 +2.7 11.1+£23 1124+ 21 10.8 £ 2.3
discrimination
Composite score 212+ 45 241 +£38 232 437 233427
Threshold detection (—log vol/vol)
Citralva 327 +089 3524091 3974119 3914+ 1.04
Lyral 269+093 3.04+100 2604093 3174+ 1.15
Composite 298 £070 3284+ 0.65 3294+0.60 3.5440.74
threshold
Structural measurements
Olfactory bulb volume (mm?)
Left 65.7 +£342 1040+ 275 895+382 100.1 +50.8
Right 712 +431 1108 £459 883 +488 96.1 +£51.0
Olfactory sulcal depth (mm)
Left 10.06 + 143 1037 +£1.34 9214104 10.05+1.19
Right 1055+ 1.13 1044 £ 134 9544084 10.07 +£1.34
Nasal cavity volume (cc®)
Left anterior 3.10£1.03 2994094 2.834+0.53 3.0740.87
Right anterior 3.47 + 139 287 +098 3.14+096 3.15+0.76
Left posterior  2.88 +1.89 2914+ 157 232+1.02 3.174 165
Right 3.68 £211 2744207 2864106 2.864+1.14
posterior
Olfactory Cortex Volume (mm?)
Left 1793.9 + 1982.7 + 15783 £+ 1634.2 +
hemisphere 278.6 268.4 358.5 266.9
Right 1667.3 £+ 1759.1 + 1478.6 + 1502.0 +
hemisphere 3244 404.0 352.0 292.6

while the ability to detect citralva was preserved [F(1,65) = 0.73,p =
0.39]. Male and female CRs exhibited similar response profiles (Table 2).

3.2. Olfactory bulb volume

CRs exhibited significant bilateral reductions in olfactory bulb vol-
ume [F(1,73) = 8.11, p = 0.006]. Co-varying for total intracranial vol-
ume did not affect this. Within-sex comparisons revealed that bulb
volumes were significantly smaller in male CRs [F(1,41) = 12.55,p =
0.001], but not females [F(1,30) = 0.32, p = 0.57]. On a percentage
basis, male CR bulb volumes were 36% smaller than LR males (Fig. 2A).

3.3. Nasal cavity volume

There was no overall group difference in nasal cavity volume
[F(1,63) = 0.27, p = 0.60]. There were, however, significant group X
nostril [F(1,63) = 5.86, p = 0.018] and group X nostril X compartment
[F(1,63) =4.53, p = 0.037] interactions. CRs exhibited a prominent left-
right asymmetry (left nostril volume smaller than right) [F(1,34) =
8.30, p = 0.006], which was more pronounced in the posterior compart-
ment [nostril x compartment Interaction: F(1,34) = 5.68, p = 0.02].LRs
showed no evidence of a lateralized left vs. right nostril difference
[F(1,29) = 0.42, p = 0.52] (Fig. 2B). Co-varying for total intracranial vol-
ume did not alter these findings. Follow-up analyses revealed that this
posterior left-right asymmetry was significant for CR males [t(22) =
2.53, p = 0.02] but not CR females [t(11) = 1.45, p = 0.17].

3.4. Olfactory Sulcal depth

There was a significant hemispheric asymmetry [F(1,73) = 7.47,p
= 0.008], with left olfactory sulcus shallower than right. There was
also a significant group X hemisphere interaction [F(1,73) = 4.64,p =
0.03]. As illustrated (Fig. 2C), this left-right asymmetry was significant
in CRs [t(38) = 3.73, p = 0.0006] but not LRs [t(35) = 0.38, p =
0.71]. Within the CR sample, this asymmetry was again more robust in
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Fig. 2. Means and standard errors for the various olfactory structural measures, plotted by group, sex and laterality: (A) olfactory bulb volume; (B) posterior nasal cavity volume; (C)

olfactory sulcal depth; (D) olfactory cortex gray matter volume.

males [t(23) = 3.11, p = 0.005], though females also demonstrated a
marginal effect [t(14) = 2.02, p = 0.06].

3.5. Olfactory cortex volume

There were no overall group [F(1,71) = 1.93, p = 0.17] or group X
hemisphere [F(1,71) = 0.74, p = 0.39] effects. However, there were ro-
bust main effects of both sex [F(1,71) = 15.2, p = 0.0002] and hemi-
sphere [F(1,71) = 14.96, p = 0.0002]. In paired contrasts, CR males
had less olfactory gray matter volume on the left [F(1,41) = 5.03,p =
0.03] but not the right [F(1,41) = 0.68, p = 0.41]. CR females were indis-
tinguishable from LR females [Left: F(1,30) = 0.25, p = 0.62; Right:
F(1,30) = 0.04, p = 0.84] (Fig. 2D).

3.6. Relationship of olfactory structural anomalies to olfactory behavioral
meastures

There was a significant association, in CR subjects, between abnor-
mal posterior nasal cavity asymmetry and impaired olfactory identifica-
tion performance (r = 0.54, p = 0.001). When segregated by gender,
this relationship persisted for males (r = 0.57, p = 0.004) but not fe-
males (r = 0.42, p = 0.169). There were no other significant cross-
modal correlations within the CR sample. However, among male LR sub-
jects, there was a significant association between posterior nasal cavity

asymmetry and lyral threshold detection performance (r = —0.56,p =
0.031), with reduced (i.e., more normal) asymmetry associated with
better lyral detection. This normative relationship was disrupted in
male CRs (r = 0.07,p = 0.77).

3.7. Relationship of structural to clinical measures

Among the CR subjects, left olfactory bulb volume correlated signif-
icantly with both total score on the SOPS clinical rating scale (r =
—0.34, p = 0.036), and with the negative/disorganized subscale score
(r= —0.36, p = 0.024). Subjects with greater clinical symptomatology
had smaller left bulb volumes. Right bulb volume exhibited similar, but
non-significant, trends (total SOPS score: r = —0.27, p = 0.100; nega-
tive/disorganized score: r = —0.28, p = 0.082). SOPS positive symptom
scores were unrelated to bulb volume (left bulb: r = —0.18, p = 0.280;
right bulb: r = —0.19, p = 0.258). None of the other olfactory structural
or behavioral measures correlated with clinical symptomatology.

3.8. Classification sensitivity and specificity of olfactory measures

For male subjects, logistical regression analysis with the four behav-
ioral olfactory measures (identification, discrimination, lyral threshold,
citralva threshold) as predictors of group membership yielded an area
under the curve (AUC) of 0.763. As illustrated (Fig. 3A), with targeted
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Fig. 3. ROC curves (A) male subjects and (B) female subjects, illustrating the sensitivity vs.
(1-specificity) for correct prediction of group membership, based on olfactory behavioral
tests alone, olfactory structural measures alone, or the combination of both behavior and
structure.

specificity >0.80, these behavioral measures could discriminate male
CRs from male LRs with 0.56 sensitivity. A comparable model using
four significant structural measures (mean olfactory bulb volume, left
olfactory cortex volume, olfactory sulcal depth asymmetry (left -
right), posterior nasal cavity asymmetry) as independent predictors
yielded AUC = 0.872, with sensitivity = 0.76 for specificity >0.80. Com-
bining behavioral and structural measures in one model resulted in AUC
= 0.883 and sensitivity = 0.93 for specificity >0.80.

A parallel analysis in female subjects yielded AUC = 0.739 and
sensitivity = 0.44 for the behavioral measures. For structural measures
alone, AUC was 0.679 and sensitivity at 80% specificity was 0.61. Al-
though sensitivity was higher, the overall fit for the structural model,
as denoted by the AUC, was lower. The Receiver Operating Characteris-
tic (ROC) curve (Fig. 3B) illustrates why: any further increase in sensi-
tivity beyond this level required a nearly complete loss of specificity.
The combined behavioral plus structural model, however, yielded
both a substantially higher AUC (0.821) and a higher sensitivity (0.69)
for the targeted 0.80 specificity. This combined model outperformed
both of the individual models at all points along the sensitivity-
specificity continuum.

4. Discussion

In this study, adolescents at clinical high risk for psychosis exhibited
a relatively robust and consistent profile of structural anomalies linked
to development of the olfactory system. Abnormalities were observed
at all levels of the ascending olfactory system, including the nasal cavi-
ties, the olfactory bulbs, the overlying olfactory sulcus in the forebrain,
and the primary olfactory cortex in the medial temporal lobe. However,
these abnormalities were more prominent in peripheral structures,
such as the olfactory bulb, than the cortex. To illustrate, on a percentage
basis, the left olfactory bulb was 36% smaller in male CR compared to
male LR subjects. The left olfactory cortex decrement, in these same sub-
jects, was only 10%. Clinically, olfactory bulb volume reduction was re-
lated specifically to negative/disorganized, but not positive, symptoms.
These findings broadly mirror previous observations in established
schizophrenia patients, who also exhibit abnormalities in each of
these structures (Turetsky et al., 2000, 2003, 2007, 2009a), and whose
olfactory impairments have been similarly linked to negative symptoms
(Moberg et al., 1999). Similarly, among the established schizophrenia
patients, olfactory bulb volume was reduced by 23% (Turetsky et al.,
2000), while the olfactory cortex was reduced by 8% (Turetsky et al.,
2003). This suggests that peripheral measures, such as bulb volume,
may be more sensitive developmental risk markers than cortical vol-
ume measures. It is also notable that, in this high-risk sample, structural
abnormalities were unequivocal despite the fact that there were only
marginal decrements on olfactory psychophysical tests. This suggests
that olfactory structural changes may be somewhat independent, and
perhaps more sensitive, indicators of clinical risk status than olfactory
behavioral decrements. This is borne out by the ROC analyses, which
demonstrated enhanced classification sensitivity for structural, com-
pared to performance, measures.

There are two striking aspects of these findings. One is the extent to
which they manifested not as overall volume decrements but as abnor-
mal patterns of left-right asymmetries, consistent with focal left-sided
disturbances. The only structures that did not exhibit clearly lateralized
disruption were the olfactory bulbs, which are located adjacent to the
midline and each other. Yet even in this case, the association with clin-
ical severity was evident for the left, but not right, bulb. The second is
the extent to which these abnormalities were confined, almost exclu-
sively, to male CR subjects. Deficits in males were quite strong across
all olfactory structures, while females showed only sporadic marginal
effects that failed to reach statistical significance.

These two aspects - sex specificity and anomalous asymmetry - are
both consistent with, and provide support for, the hypothesis that these
structural anomalies are byproducts of an early developmental distur-
bance. It is a clinical truism that schizophrenia often presents quite dif-
ferently in men and women, with some even questioning whether they
share the same illness (Hdfner, 2002). Likewise, the idea that schizo-
phrenia is characterized by a disruption of the normal emergent pattern
of cerebral asymmetry, which preferentially alters left hemisphere de-
velopment (especially of the temporal lobes) and leads to more promi-
nent left hemisphere dysfunction, is a long-standing one for which there
is substantial evidence (Crow et al., 1989). Normal developmental brain
asymmetry is highly sexually dimorphic, with male brains exhibiting
greater lateral asymmetry. Recent studies have suggested that sex dif-
ferences in cortical development and plasticity may exist not only at
the level of gross structure and circuitry, but even at the level of synaptic
mechanisms (Dachtler and Fox, 2017). Sex differences can be detected
in MRI scans of fetal brains as early as 21 weeks gestational age
(Kyriakopoulou et al., 2017). In schizophrenia, structural abnormalities
are also commonly sex-specific (Gur et al., 2004; Mendrek and
Mancini-Marie, 2016), with men exhibiting more numerous and more
severe anomalies (Leung and Chue, 2000). Structural abnormalities
are also more common in patients with prominent negative symptoms
(Medkour et al.,, 2010), a clinical feature that is similarly more prevalent
and more severe in men (Drake et al., 2016). Although these disease-
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related developmental anomalies have been linked to fetal and perina-
tal insults, such as prenatal infections and obstetrical complications,
there is no evidence that these environmental events actually occur
more frequently in male vs. female patients — though they may have a
differential impact (Dalman et al., 1999; Debost et al., 2017). Rather,
the regions that most often exhibit sex-specific abnormalities in schizo-
phrenia tend to be the same ones that exhibit normal sexual dimor-
phisms (Abel et al., 2010; Goldstein et al., 2002). This suggests that
the developmental factors that contribute to typical genetically and
hormonally-mediated sex differences also modulate the development
of brain abnormalities in the illness (Abel et al., 2010).

Consistent with this there is a growing body of literature, derived
primarily from animal models, which clearly demonstrates that compa-
rable prenatal insults have a greater negative impact on the developing
male brain compared to the female brain (Llorente et al., 2009; Nunez
et al,, 2003. Santos-Galindo et al., 2011; Wischhof et al., 2015; Wynne
et al., 2011). One intriguing aspect of these model systems is that the
emerging effects of the prenatal insults are often not clearly evident
until subsequent adolescent brain maturation. These prenatal insults
appear to alter the normal trajectory of subsequent adolescent brain de-
velopment. This delayed effect makes these models especially relevant
as developmental models of emerging psychosis. Mechanistically, it is
thought that prenatal insults can induce epigenetic changes which
then alter subsequent genetically-mediated developmental changes.
There is now evidence to support the idea that prenatal inflammatory
processes, which are increasingly recognized as important mediators
of psychosis risk (Miller and Goldsmith, 2017), can induce such epige-
netic changes (Basil et al., 2014). While it in not clear, at this point,
why the effect of these insults are enhanced in male offspring, recent
data indicate that pro-inflammatory cytokines are enhanced in the
brains of male fetuses following maternal infection (Makinson et al.,
2017), thus providing a mechanistic link for the sex-specific impact of
intrauterine insults.

It is important to note, in this context, that the normal developmen-
tal course of the peripheral olfactory system is both sexually dimorphic
and laterally asymmetric. Olfactory structures and processes are typical-
ly enhanced in women compared to men (Alizadeh et al., 2015; Doty
et al., 1984; Garcia-Falgueras et al., 2006; Oliveira-Pinto et al., 2014),
and on the right side compared to the left (Brand et al., 2002; Frasnelli
et al,, 2010; Hummel et al., 2003; Zatorre et al., 1992). Our findings
are thus consistent with a neurodevelopmental disease model in
which olfactory structures emerge, coincidentally, during an established
period of embryonic disease vulnerability. Their developmental trajec-
tory is disrupted at that point, presumably by environmental stressors
interacting with genetic susceptibility, with a more significant impact
on male fetal development (Ursini et al., 2016). This results in a set of ol-
factory abnormalities that, like other disease-related brain anomalies,
are consonant with their own sexually dimorphic and laterally asym-
metric character and are associated with negative, rather than positive,
symptoms.

Definitive proof of this early developmental hypothesis would
require MRI scans acquired well before the emergence of clinical
high-risk symptoms. However, as is true for total cranial size, it is
difficult to explain differences in the bony/cartilaginous structure
of the nasal cavity as anything other than a developmental anomaly.
Without more longitudinal data, though, we cannot rule out the
possibility that these abnormalities emerge during childhood
growth periods, rather than prenatally. Nevertheless, our findings
clearly establish that structural disruptions of the olfactory system
are present during the psychosis risk period, prior to the emergence
of any diagnosable psychotic illness, and that they are relatively
more sensitive indicators of this clinical state than olfactory
performance alone.

There are several “real world” implications of these findings.
During the pre-psychosis risk period, young adults can present
with a highly variable mélange of symptoms. In addition to sub-

psychotic symptoms, they may exhibit depression, anxiety, attention
deficit, and conduct disorder symptoms (Calkins et al., 2014). Reli-
able identification of a “true” psychosis prodrome that presages the
onset of a psychotic illness, especially early in its course, can be a
challenge. The ROC curves demonstrate that, among males at least,
these olfactory measures — which are not subject to the temporal
variability of clinical symptoms - are both sensitive and specific
markers of clinical risk status. In cases where the diagnosis of clinical
high-risk is unclear, these olfactory measures may serve as second-
ary or confirmatory classification tools which can be applied follow-
ing a suggestive or inconclusive clinical assessment. The presence of
robust abnormalities would increase confidence in the at-risk diag-
nosis, while an entirely normal profile might help to identify false
positive cases and allay some clinical concerns.

Additionally, these measures may be useful even when the psychosis
risk diagnosis is unambiguous. Diagnostic criteria for the clinical risk
state typically focus on subthreshold positive psychosis symptoms.
However, in this study, we included an additional set of diagnostic
criteria based solely on negative/disorganized symptoms. Twenty five
subjects (64%) exceeded this diagnostic threshold, all but two of
whom also exceeded the positive symptom threshold. This indicates
that negative symptoms, which have been associated with greater func-
tional impairment and poorer clinical prognosis, are variably present
during the clinical risk period. Olfactory deficits during this period
have also been associated with poorer long-term outcome (Lin et al.,
2015). The link between these two sets of measures - olfactory abnor-
malities and negative symptoms - is well established in schizophrenia.
Consistent with this, we observed an association between negative
symptoms and olfactory bulb volume in the clinical risk sample, despite
the relatively reduced range of negative symptoms in subthreshold psy-
chosis. If the association between olfactory measures and poor function-
al prognosis is valid, then a measure such as olfactory bulb volume could
serve as an objective anatomical marker to stratify individuals, even in
the very early stages of psychosis risk, before behavioral symptom tra-
jectories are established, to identify those with especially worrisome
pre-clinical presentations.

Ultimately, the predictive utility of these measures will require
longitudinal follow-up to determine subjects' long-term clinical
outcomes. The absence of outcome data, at this point, is the major lim-
itation of this cross-sectional study. Additionally, although we found no
difference in the relative number of smokers in the male CR and LR
groups, we cannot rule out the possibility that male CRs smoked more
heavily than male LRs, and that this may have had a differential impact
on their olfactory structures. However, we are impressed by the consis-
tent parallels between what we observe here in the pre-psychotic risk
period and what has been reported in schizophrenia patients,
independent of smoking. Identifying these neurobiological markers
prior to the emergence of super-threshold symptomatology may
enhance our predictive capability and facilitate earlier intervention.
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