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purpose for which the variables were used (Table 2). For example, if
the optimal thresholds of the integral values of R1 and R2 derived
from the initial site (73 and 104) were applied to the independent
test data from the remaining 6 sites, the sensitivities were 0.73
(proportion of patients/measurement: 96/131) and 0.79 (104/131)
and the specificities were 0.63 (proportion of HCs/measurement:
326/514) and 0.63 (324/514) for R1 (positive predictive value
(PPV) = 0.37, negative predictive value (NPV) = 0.90) and R2
(PPV = 0.40, NPV = 0.92), respectively.

Test for differentiation of patients with unipolar MDD from those with BP
and SZ

Using the preliminary data from the initial site, one-way ANOVA
performed between the patients with MDD and those with one of
the other 2 disorders of interest (BP or SZ) revealed a significant dif-
ference in the R1 centroid values [F(1,53) = 9.54,p < 0.01; d = 0.96,
95% C1, (0.25 to 1.62)], but not in the R1 [F(1,53) = 0.14,p = 0.71] or
the R2 [F(1,53) = 0.05, p = 0.83] integral values.

As the significant R1 centroid value proved to be the most useful
variable, we applied it to ROC analysis for the differentiation of
patients with unipolar MDD from those with non-MDD disorders.
The resulting area under the ROC curve (Az) value was 0.74 [95% CI,
(0.61 to 0.87)] and the optimal threshold was 54 [s] from the extreme
top left point of the ROC curve (eFig. S4).

To validate the optimal threshold calculated, we applied it to the
independent test data of the remaining 6 sites, to differentiate the
patients with MDD from those with SZ and BP [Az = 0.81, 95% Cl,
(0.74 t0 0.89); d = 1.17, 95% (I, (0.79 to 1.54); optimal threshold =
54 [s], PPV = 0.79, NPV = 0.82; Fig. 4]. Using this threshold (54 [s]),
74.6% of the patients with MDD (proportion of patients/measurement:
41/55) and 85.5% of those with SZ or BP {65/76) were classified correct-
ly [76.9% of BP patients (20/26) and 90.0% of SZ patients (45/50)]
(Fig. 5). The ROC curves of MDD v. BP [Az = 0.74, 95% (I, (0.62 to
0.85); d = 0.81, 95% (I, (0.32 to 1.29); optimal threshold = 54 [s],
PPV = 0.87, NPV = 0.59] and MDD v. SZ [Az = 0.86, 95% Cl, (0.78 to
0.93); d =140, 95% (I, (0.96 to 1.82); optimal threshold = 54 [s],
PPV = 0.89, NPV = (.78] are shown separately in eFig. S5.

For reference, the test performed for the differentiation between
patients with BP and those SZ is shown in Supplementary Material (VII).

Correlational analysis of demographic and clinical confounding factors

Correlational analysis showed no significant correlations between
any of the significant dependent variables (among the R1 and R2
integral values and the R1 centroid value of NIRS signals) and any of

Table 2

Sensitivities and specificities of the integral values of Region 1 (R1) and Region 2 (R2)
signals between healthy controls and all patients with psychiatric disorders, based on
the independent data collected from the 6 additional sites.

Integral value R1 R2
Sensitivity Specificity Sensitivity Specificity

160 0.95 0.27 0.90 0.39
150 0.93 030 0.89 043
140 0.92 034 0.88 047
130 0.90 037 0.87 0.52
120 0.88 042 0.85 0.57
110 0.85 046 0.82 0.61
100 0.82 0.50 0.78 0.64
90 0.78 0.54 0.76 0.68
80 0.74 0.61 0.73 0.73
70 0.72 0.65 0.64 0.76
60 0.66 0.71 0.57 0.78
50 057 0.75 0.52 0.81
40 047 0.80 043 0.86
30 0.38 0.84 033 0.89
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the demographic confounding factors [performance (number of correct
words), education years and pre-morbid 1Q; p > 0.05] for all patients
with psychiatric disorders (MDD, BP and SZ).

Regarding clinical confounding factors, a stepwise regression anal-
ysis of each significant dependent variable for each disorder revealed
that there was no entry clinical variable in the linear regression
models, with the exception of the global assessment of functioning
(GAF) score (beta = 0.50, p < 0.01) for the R2 integral value (F =
10.73, p < 0.01; R = 0.50, R? = 0.25, adjusted R? = 0.23) in patients
with MDD, and the GAF score (beta = 0.58, p = 0.01) for the R2
integral value (F = 8.43, p = 0.01; R = 0.59, R* = 0.35, adjusted
R? = 0.30) in patients with BP who exhibited depressive symptoms.
Thus, only one clinical variable (i.e., GAF score) among all of the med-
ication and clinical variables examined had a significant impact on the
R2 integral values for patients with MDD or BP who exhibited depres-
sive symptoms.

Discussion

The present multi-site study is the first large-scale, case-control
study that demonstrates the utility of NIRS for the differential diagno-
sis of major psychiatric disorders. The main strengths of this study
include the application of a neuroimaging biomarker in clinical prac-
tice that allows the clinically useful differential diagnosis of depres-
sive states. The frontal centroid value, which represents the timing
of frontal NIRS signal patterns, was a significant variable for differen-
tial diagnosis and the optimal threshold derived from the ROC analysis
correctly discriminated patients with unipolar MDD (74.6%) from those
with non-MDD disorders (85.5%; BP, 76.9% and SZ, 90.0%).

Single-individual diagnostic classification analyses among various
psychiatric disorders

The present study was not only a case-control study of group com-
parisons, but also a study specifically designed for examining the
practical utility of single-individual diagnostic classification in various
psychiatric disorders. Several studies have reported the single-
individual diagnostic classification of one psychiatric disorder compared
with HCs by applying multivariate statistical methods (eg.,
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Fig. 4. Receiver operating characteristic analysis of the centroid value of Region 1 (R1)
near-infrared spectroscopy signal between patients with major depressive disorder
and those with either of the other 2 disorders of interest (bipolar disorder and schizo-
phrenia) based on the independent data collected from the 6 additional sites.



504 R. Takizawa et al. [ Neurolmage 85 (2014) 498-507
120 120 + r
+:Major Depressive Disorder + +:Major Depressive Disorder
+:Bchizophrenia +:Schizophrenia
100} 1001 + Bipolar Haorder
Ty Iy
@
2 80 iﬁ’ 80
2 &
s [+]
S eof 3 60
g 54 > 54
© 2
S 40 £ 40}
€ [od
@
O 8
20} 20
0 L . 0 . "
-100 0 100 200 300 -100 0 100 200 300
Integral value of R1 Integral value of R1
Initial site Six sites

Fig. 5. Scatter plots of the centroid and integral values of Region 1 (R1) signal in the patients, both at the initial site (Gunma University) and at the 6 additional sites.

neuroanatomical pattern classification) to structural MRl data
(Davatzikos et al., 2005) and NIRS data (Hahn et al., 2013) from SZ and
high-risk psychosis samples (Koutsouleris et al, 2009), as well as to
functional MRI data from patients with depression (Hahn et al., 2011).
These studies were technically sophisticated; however, more research
must be performed to test their reproducibility and generalisability in
the advanced stage of clinical application, because (1) they were
designed for the analysis of one diagnostic classification based on com-
parison to HCs, and not for differential diagnosis among multiple psy-
chiatric disorders; and (2) they were performed using one relatively
small cohort; thus, they must be replicated in another cohort including
larger sample groups.

Furthermore, we will discuss briefly our results in comparison with
those of other single-individual diagnostic classification studies
(Davatzikos et al,, 2005; Fu et al,, 2008; Hahn et al., 2011; Koutsouleris
et al., 2009). We used only a single variable (simple ‘centroid value’ of
NIRS signals) and found that the classification rates (unipolar MDD:
74.6% correct classification; the 2 other disorders: 85.5% correct classifi-
cation (BP, 76.9%; SZ, 90.0%)) were almost equivalent to the rates
reported in the previous MRI studies using multivariate statistical
methods (which had 80-90% classification rates in the patient group
compared with the HC group).

To determine whether a higher disease classification rate could be
achieved by using a multivariate pattern analysis (compared with
that obtained using one simple variable), which was used in previous
MRI studies, we confirmed the results using the multivariate pattern
classification analysis described in Supplementary Material (VIII).
The leave-one-out cross-validation method revealed that 4 significant
variables, or even one variable (the R1 centroid value), could differen-
tiate patients with unipolar MDD from those with either of the 2
other disorders (non-MDD) with a similar degree of mean accuracy
(76.8% (unipolar MDD: 73.0% (54/74), non-MDD: 74.8% (83/111))).

Clinical importance and implications

Another clinically valuable feature of our work is that it aimed to fa-
cilitate diagnosis among patients with similar depressive symptoms,
which psychiatrists often find to be a difficult task. Most BP patients
with depressive symptoms are initially diagnosed with and treated for
MDD (Akiskal et al,, 1995; Goldberg et al., 2001 ). Therefore, our findings
may help differentiate BP with depressive symptoms from MDD. De-
pressive symptoms and cognitive deficits are also common early signs
of SZ (Hafner et al., 2005). Of particular clinical relevance is the

observation that SZ patients with concomitant depression have a great-
er risk of suicide or an unfavourable disease course (an der Heiden et al.,
2005). Therefore, sufficient attention must be given to the diagnosis and
treatment of depression in SZ patients.

The results of the present study may draw attention to the hetero-
geneity observed among MDD patients. Rather than simply being
misclassified, approximately 25% of patients with unipolar MDD
who were classified by the system as having a non-MDD disorder
may have a brain pathophysiology that is biologically different from
that of the majority of MDD patients. Evidence suggests that 25-50%
of individuals with recurrent major depression (particularly those in
atypical early-onset or treatment-refractory subgroups) may in fact
have broadly defined BP (Angst, 2007). In this study, 74.6% of the
patients with MDD were classified correctly; the remaining 25.4%
might include either patients who would progress to a diagnosis of
one of the 2 other disorders or patients with a broadly defined BP
who were diagnosed with MDD according to the DSM criteria. This
explanation might be justified by the finding of a correct classification
rate of 75% for patients with MDD. For practical purposes, among
patients diagnosed clinically with MDD, the early suspicion of the
possibility of a diagnosis of a non-MDD disorder with depression
would also provide an opportunity to reduce the hazardous effects
of the illness on personal, social and occupational aspects; therefore,
our results should be of great clinical importance in practical applica-
tions. Thus, a prospective study aimed at elucidating the heterogeneity
of unipolar MDD is required.

Advantages of the NIRS method

We used the same NIRS system (a non-invasive, portable and
user-friendly device) and the same concise measurement procedure
at every site; therefore, inter-site compatibility was not an issue here;
however, it may be an obstacle in other neuroimaging multi-site stud-
ies. Furthermore, we used a high temporal resolution (0.1 s) in the
NIRS system for measuring time-specific characteristics of dynamic pre-
frontal cortical functions; this enabled analyses that included more
detailed time-course comparisons of NIRS signal changes. We created
and adopted new variables, such as the ‘centroid value’, to determine
the timing of the haemodynamic response (Fig. 1). The high temporal
resolution of NIRS might allow not only the detection of functional ab-
normalities (e.g., hypofrontality), but also the capture of the specific
haemodynamic activation time courses of each psychiatric disorder
and aid differential diagnosis.
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The practical application of biomarkers requires that they be
relatively simple. The simplicity of both the test procedure and the
associated data analysis is important not only for the participants,
but also for their caretakers and clinicians. Therefore, rather than
using complicated multivariate statistical methods, we developed a
robust classification algorithm for real-time visual evaluation of
patients using the simplest, and lowest number of variables on the
basis of a ROC analysis. This was important because we sought to
develop a psychiatric practice empowered by the initiative of patients
by sharing the ‘comprehensively visualised’ results that can be easily
recognisable by patients and caretakers, rather than results from
complicated ‘black-box’ analyses. In addition, using the condensed
VFT (<3 min) developed previously by us, we designed a diagnostic
support system in a way that the results are available to clinicians
in less than 15 min. The availability of such a ‘comprehensively
visualised’ report to clinicians, patients and their caretakers at a first
visit, while laying out a future treatment plan, would likely lead to a
paradigm shift to a patient-centred approach in clinical psychiatry.

Limitations

The methodological aspects of the present study warrant com-
mentary. First, most of the patients included in the study were taking
medications at the time of measurement. To our knowledge, no clear
evidence of the effects of medication on NIRS signals has been dem-
onstrated. We found that none of the medications at any dose was
significantly correlated with NIRS signals in this study; however, we
cannot fully exclude the effects of medication on haemodynamic
signals. For confirmation, the application of the algorithm described
above (optimal cut-off of the R1 centroid value) to the drug-free
patients exclusively, 6 out of 10 patients with MDD patients (60%)
and 4 out of 5 patients with SZ (80%) were classified correctly. Sec-
ond, the size of the sample included in our final analysis was substan-
tially reduced from that initially recruited, because we tried to
minimise the confounding factors of age and gender by matching
the groups and excluded patients in remission, as well as patients in
the manic phase (see Flow diagram). In our confirmatory analysis,
we included all non-matched and in-remission patients and found
that the results were quite similar, although this analysis had a
lower detection power. The optimal threshold of the sample sets
before demographical matching was also the same as that calculated
originally. These results suggest that the reduction in the total num-
ber of study participants after demographical matching did not affect
the development of the algorithm [see Supplementary Material (I)].
However, we must consider the possibility that this diagnostic sup-
port system is best suited for young and middle-aged patients with
moderate or severe symptoms (e.g., aged between 23 and 65 years
(mean + 1.5 SD)). Third, a PCA of haemodynamic response per-
formed to capture a channel cluster led to the identification of 2
cluster regions. Nonetheless, as we thought that pooling many NIRS
signals together into only 2 representative regions of interest
(R1 (frontopolar and dorsolateral prefrontal regions) and R2 (ventro-
lateral prefrontal and temporal regions)) might oversimplify the
results (see the Discussion of Supplementary Material (II)), we
sought to confirm the reliability of the 2 clusters by performing a
test-retest analysis in a portion of the samples. We found significant
ICCs for both the R1 and R2 integral values and for the R1 centroid
value between 2 measurements (see Supplementary Material (IV)).
Therefore, we used the two data-derived clusters that reflected a
fronto-temporal haemodynamic response during VFT. Fourth, we
have controlled some well-known confounders in the analyses.
However, the NIRS signal might be affected by the other systemic
confounders, such as autonomic function, neuroendocrine function,
diet and physical activity. In addition, brain anatomical factors, such
as scalp-cortex distance and frontal sinus volume, as well as genetic
variants might also be potential confounders. Further studies are
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required to address the relationship between the NIRS signal and
these confounders. If these findings are fully replicated, the develop-
ment of methods of integrating confounding factors into NIRS signal
in the future will be ideal. Fifth, we did not use the exclusion criterion
of first-degree relatives with axis I psychiatric disorders for healthy
controls. This could give a bias to the data in healthy controls,
which means that some of the first-degree relatives of persons with
axis I psychiatric disorders might have been included as a healthy
control in the present study. However, as the same situations are as-
sumed in real clinical settings, we daringly recruited healthy controls
without applying that strict exclusion criterion.

Conclusions and future implications

In conclusion, this multi-site study provided evidence that the
fronto-ternporal NIRS signal may be used as a tool in assisting the diag-
nosis of major psychiatric disorders with depressive symptoms. Future
NIRS research should be performed to study the applicability of this
method to (1) the identification of a need for therapy, (2) the assessment
of the efficacy of various treatments, (3) the establishment of prognostic
predictions that may be clarified by longitudinal follow-up assessments
of patients in various clinical stages and (4) the examination of the use
of NIRS as a screening tool.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.neuroimage.2013.05.126.
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Corrigendum to “Neuroimaging-aided differential diagnosis

of the depressive state”
[Neuroimage 85: 498-507, 2014

@ CrossMark

Ryu Takizawa, Masato Fukuda, Shingo Kawasaki, Kiyoto Kasai,
Masaru Mimura, Shenhong Pu, Takamasa Noda, Shin-ichi Niwa, Yuji
Okazaki on behalf of the Joint Project of Psychiatric Application of
Near-Infrared Spectroscopy (JPSY-NIRS) Group

The authors have recently noticed errors as specified below. We
sincerely apologize for not being able to notice them before publication,
but confirmed that they did not affect any other parts of the study
including sample sizes, data analyses, and statistical conclusions.

Corrigendum:

(1) Page 499

Error: The participants were recruited from June 2004 to June 2009,
with the exception of recruitment at the initial site (Gunma University
Hospital in Maebashi City), which was conducted over 6 years (March
2003 to March 2009).

Correction: The participants were recruited from April 2004 to june
2009, with the exception of recruitment at the initial site (Gunma
University Hospital in Maebashi City), which was conducted over
6 years (October 2003 to September 2009).

Comment: We really apologize for the mistakes. However, they did
not affect any data or data analysis at all.

(2) Page 500 & Flow diagram (page 506):

Error: (page 506) Because our clinically valuable target were help-
seeking unremitted patients, subsequently we excluded study participants
with extremely mild symptoms (HAMD score < 5, PANSS depression
item score < 1, PANSS negative symptom score < 11, PANSS general
psychopathology score < 21, or PANSS positive symptom score-negative
symptom score < 11; the latter 3 criteria were based on the criteria from
the PANSS manual for the 5th percentile of patients with mild SZ, Kay
et al, 1991).

Flow diagram (page 506): “Excluded extremely mild symptomatic
patients”

Correct: ¥0ur clinically valuable target were help-seeking unremitted
patients. Moreover, clinicians do not necessarily rely on an objective
biomarker for diagnosis of schizophrenia if clinical manifestation of a
help-seeker is characterized by predominant positive symptoms relative

DO of original article; http://dx.doi.org/10.1016/j.neuroimage.2013.05.126.

http://dx.doi.org/10.1016/j.neuroimage.2015.01.021
1053-8119/© 2015 Elsevier Inc. All rights reserved.

to negative symptoms. Subsequently, we excluded study participants
with: HAMD score < 5, YPANSS negative symptom score < 11, PANSS
general psychopathology score < 21, or PANSS positive symptom
score-negative symptom score 3> 12; the latter 3 criteria were based
on Ythe 5th percentile rank converted from raw scores among N = 138
schizophrenia patients from the PANSS rating manual (Kay et al, 1991).

Flow diagram (page 506): “Excluded extremely mild symptomatic
patients and schizophrenia patients with extreme predominance with
positive than negative symptoms”

Comments:

A9The criterion of “PANSS positive symptom score-negative
symptom score (composite score) < 11" was an inclusion criterion
which should be corrected to exclusion criterion of “>12". Also, this
exclusion criterion does not necessarily indicate exclusion of schizo-
phrenia patients with extremely mild symptoms, but more precisely,
exclusion of those with extreme predominance with positive than
negative symptoms. Thus, we now state more precisely. Accordingly,
the statement of “Excluded extremely mild symptomatic patients” in
Flow diagram (page 506) should also be modified. These changes did
not affect any data or data analysis at all.

P)“pANSS depression item score < 17 was not used as a criterion.
Thus, this was removed. Again, this is just a mistake in the text and
did not affect data or data analysis at all.

9IBecause there are various versions of tables presenting conversion
of raw scores of the PANSS to percentile ranks (for example, in the orig-
inal paper (Kay et al,, Schizophrenia Bulletin, 1987), the sample size was
N = 101), we wanted to clarify the source of information.

(3) Page 501:

Error: LBPA40

Correct: LPBA40

Again, the authors really regret these mistakes and sincerely
apologize for potential confusions to readers.
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Abstract

Purpose Diffusion tensor tractography (DTT) is not ade-
quately reliable for prediction of facial and vestibulocochlear
(VII-VIID) nerve locations, especially relative to a vestibu-
lar schwannoma (VS). Furthermore, it is often not possible
to visualize normal VII-VIII nerves by DTT (visualization
rates were 12.5-63.6%). Therefore, DTT post-processing
was optimized for normal VII-VIII nerve visualization with
and without manual noise elimination.

Methods DTT examinations of ten patients were evalu-
ated to assess the improvement in performance by modifying
seed region of interest (ROI) and fractional anisotropy (FA)
threshold. Seed ROI was placed at the porus of the internal
auditory meatus, and FA threshold values were either fixed or
variable for each patient. DTT visualization of cranial nerves
VI-VII was evaluated and the noise effect was measured.
Results  Cranial nerves VII-VIII were visualized in 90 %
of patients without using manual noise elimination by mod-
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ifying the seed ROI and FA threshold. The visualization rate
with FA threshold of the upper limit in each patient (100 %)
was significantly higher than that with FA threshold of 0.1
(75%) (p = 0.02). The incidence rate of noise with FA
threshold of the upper limit (10 %) was not significantly dif-
ferent than the FA threshold of 0.1 (20%) (p = 0.66).

Conclusion Seed ROI modification and FA thresholding
can improve the visualization of cranial nerve VII-VIII loca-
tions in DTT. This technique is promising for its potential to
determine the relationship of cranial nerves VII-VIII to VS.

Keywords Diffusion tensor tractography - Facial nerve -
Vestibulocochlear nerve - Seed region of interest - Fractional
anisotropy threshold

Introduction

Diffusion tensor tractography (DTT) is one method that
depicts diffusion tensor data and visualizes consecutive nerve
fibers by tracking the direction of the diffusion tensor’s max-
imum eigenvalue A; with arbitrary seed regions of interests
(ROIs) [1]. DTT is dependent on the conditions of diffu-
sion tensor imaging, such as slice thickness or pixel size,
as well as fiber tracking condition settings such as the seed
ROI, end point, fractional anisotropy (FA) threshold, turn-
ing angle, and step length of fiber tracking [2—7]; therefore,
reliability becomes an issue since the results greatly vary by
modifying each of these conditions. Consequently, with the
objective to improve reliability of white matter fiber visu-
alization, numerous studies to determine optimal conditions
for diffusion tensor imaging and fiber tracking have been
conducted [4—17]. As aresult, DTT has been widely used to
visualize white matter fibers [2,4,11,13,14]. Through recent
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studies, it has been discovered that not only intracerebral
white matter fibers, but also cranial and peripheral nerves,
can be visualized [18§-23]. Moreover, it has been reported
that the visualization of the facial nerve that is elongated
by vestibular schwannoma (VS), which used to be problem-
atic with traditional morphological imaging alone, is feasible
with this technique [18,24--26]. However, condition settings
for diffusion tensor imaging and fiber tracking in patients
with VS vary greatly among studies [18,24-26]; thus, appro-
priate settings have not been established. More importantly,
the method to distinguish the facial and vestibulocochlear
(VII-VII) nerve from surrounding noise has not been estab-
lished for fiber tracking in patients with VS. Therefore, it is
hard to assess whether visualized fibers truly represent the
nerve. In addition, it was not possible to constantly visu-
alize normal facial and vestibulocochlear nerves with DTT
according to previous reports (visualization rates were 12.5—
63.6%) [18,19,21]. Based on the above-mentioned informa-
tion, it appears that the current DTT is not entirely reliable
when using DTT to predict the facial and vestibulocochlear
nerve location in relation to the VS. Therefore, keeping in
mind the objective of the present study to help increase the
reliability of DTT enough to use it daily in the prediction
of facial and vestibulocochlear nerves location in relation to
VS, we investigated the DTT conditions for normal facial
and vestibulocochlear nerves. Our aim was to improve both
its visualization performance and establish a way to distin-
guish facial and vestibulocochlear nerves from the surround-
ing noises without using manual elimination based on the
anatomical knowledge. In addition, diffusion tensor imaging
conditions and fiber tracking conditions need to be studied
[2,6]; however, imaging conditions vary greatly depending
on the instrument used. Therefore, the present study assessed
the fiber tracking condition settings. Furthermore, since it
is currently difficult to constantly and separately visualize
facial and vestibulocochlear nerves with DTT [21], we eval-
nated the visualization performance of both nerves together
and subsequently referred to this visualization target as the
VII-VIII nerve complex.

Methods
Patient population

We investigated 10 patients {5 men and 5 women, mean age
of 61 years (standard deviation = 11.5 years) } with supraten-
torial aneurysms who were admitted to the Department of
Neurosurgery at the University of Tokyo hospital for treat-
ment. These patients have never exhibited hearing impair-
ment or facial disorders, and diffusion tensor image and fast
imaging employing steady state acquisition (FIESTA) were
taken as preoperative tests.

@ Springer

The internal review board at the University of Tokyo Hos-
pital approved the study protocol, and written informed con-
sent was obtained from all subjects prior to participation.

Image acquisition

MRI was performed using a 3.0-T system (Signa 3.0T; GE,
Wisc., USA) equipped with an 8-channel phased-array head
coil. DT images were obtained with a single-shot spin-echo
echo-planar sequence using the following protocol: response
time (TR), 17,000 ms; echo time, 65.6 ms; slice thickness,
2.5 mm with no gap; field of view (FOV), 25.6 cm; num-
ber of excitations, 1; matrix size, 128 x 128; reconstructed
images were zero-fill interpolated to 256 x 256. DT imaging
data were acquired along 30 non-collinear gradient directions
with a b value of 1,000 s/mm? and an additional zero b-image
(B0 image). Realignment of these images and compensation
for eddy-current morphing were performed, using a mutual-
information-based algorithm [27] on a workstation equipped
with the MR unit (Functool2; GE, Milwaukee, WI, USA). We
also acquired anatomical MR images using a FIESTA with
following protocol: TR, 4.2 ms; TE, 1.6 ms; slice thickness,
0.4 mm; FOV, 20 cm; matrix size, 512 x 512; flip angle, 45°;
voxel size, 0.39 x 0.39 x 0.4 mm; and slice number, 228.

DTI and FIESTA data were transferred to a personal com-
puter (Precision T7500; Dell, Round Rock, TX; CPU: Intel
Xeon X5550,2.67 GHz, 2.66 GHz; PAM: 8.00 GB; graphics
card: NVIDIA Quadro FX5800). DTT was performed using
volume-one 1.72 and dTV-II SR [3] that utilize determin-
istic tractography procedure, a single-tensor approach and
maximum path lengths set. Regions of interest (ROI) and
FA thresholds are described in the next section. Target ROI
was not used. As for other parameters, such as step length
and turning angle, we used a default value of dT'V (step
length; 160, turning angle; 30°). Interpolation along the z
axis was applied to obtain isotropic data (with a voxel size of
0.9 x 0.9 x 0.9). We also used Avizo 6.3 software (Visual-
ization Science Group, Bordeaux, France) for co-registration
between DTT and FIESTA, and then used rigid registra-
tion with normalized mutual information as a value for co-
registration between them.

Fiber tracking condition setting of proposed method

Of the fiber tracking conditions, seed ROI and FA thresh-
old for fiber tracking are known to greatly influence the fiber
tracking results [2,6]. Specifically, seed ROI refers to the
position where fiber tracking calculations are initiated within
the image, and if an incorrect position is selected, fibers other
than the target fibers are visualized; thus, it is important to
select an appropriate seed ROIL. However, previous reports
often only explained that “[seeds] were placed at the inter-
nal auditory meatus,” regarding the seed ROI placement in
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DTT of normal facial nerve, vestibulocochlear nerve, and
vestibular schwannoma [21,24,25]. Moreover, other reports
differed in their methodology [18,19,26], and the assessment
of seed ROI placement methods was not adequate. In addi-
tion, FA threshold is one of the parameters used during fiber
tracking, and if FA value of the target tissue is lower than the
FA threshold value that has been set, fiber tracking is com-
pleted. In other words, if FA threshold is set low, the detec-
tion of noise from non-neural tissues increases. Conversely,
although noise decreases if FA threshold is maintained at
a higher level, the target nerve for visualization could also
disappear if this level is inappropriately high [4,6,17]. For
these reasons, it is also important to set the FA threshold
at an appropriate value; however, optimal conditions have
not been previously investigated, and in many cases, the
threshold values were arbitrary selected between 0.1 and 0.2
[18,19,21,24-26]. Therefore, in the present study, with con-
siderations for problems with existing methods, we used the
following methods (a) and (b) to establish seed ROI and FA
thresholds (Fig. 1).

Seed ROI placement

The facial nerve, cochlear nerve, and vestibular nerve that
rotate three-dimensionally and pass through the internal audi-
tory meatus [28-30] were all included in the seed ROI, and
in order to eliminate the effect of the planar structure of the
fundus of the internal auditory meatus on tensor analysis, we
proposed a method to “select the internal auditory meatus
on a plane perpendicular to the facial and vestibulocochlear
nerves passing through at the porus of the internal auditory
meatus.” Detailed methods are shown in Fig. 2. We first
viewed the opening to the internal auditory meatus from a
direction parallel to the nerve passing through the internal
auditory meatus (Fig. 2a, arrowhead), and placed the seed
ROI at the porus of the internal auditory canal in a plane
perpendicular to the courses of the VII-VIII nerve complex.
In addition, when placing the seed ROI, the internal audi-
tory meatus was encircled with a manually created line for
each individual patient such that surrounding tissues were
included as little as possible (Fig. 2b, circle). All of these
procedures were conducted on the BO image; however, if
confirming the internal auditory meatus was deemed dif-
ficult, a distribution map of appropriate apparent diffusion
coefficients (ADC) (ADC map) was used.

FA threshold setting

Since the measured FA value may decrease depending on
the partial volume effect for facial and vestibulocochlear
nerves, we added 0.00, 0.05 in addition to values from previ-
ous reports (0.1-0.2) and set the FA thresholds at 0.00, 0.05,
0.10, 0.15, and 0.20. In addition, since there is individual

Seed ROI placement

The seed ROl was placed at the porus of the internal
auditory canal in a plane perpendicular to the courses of
the VII-VIII nerve complex

FA threshold setting

Fixed FA threshold

NS

Verification on the FIESTA image

Variable FA threshold

Visualization rate of R .
Incidence rate of noise

the VII-VIll nerve complex

Fig. 1 Flowchart of this study. First, we set the region of interest (ROI)
at the porus of the internal auditory meatus in a plane perpendicular to
the courses of the VII-VIII nerve complex. Next, we performed the fiber
tracking either with fixed fractional anisotropy (FA) threshold values or
with variable FA threshold values. Finally, we displayed the visualized
fibers after aligning them to fast imaging employing steady state acqui-
sition (FIESTA), and assessed the DTT visualization performance of
the VII-VIII nerve complex by using the visualization rate of the VII-
VIII nerve complex and the incidence rate of noise in each FA threshold
value setting. In this case, visualization rate was calculated as the per-
centage of patients with fibers corresponding to VII-VIII nerve complex
on FIESTA of all patients. Incidence rate of noise was calculated as the
percentage of patients with fibers corresponding with noise of the total
number of patients

variation in the development of mastoid cells [31], individ-
ual variation in the effects of signal degradation caused by
magnetic susceptibility artifacts is also suspected in the facial
and vestibulocochlear nerves. Therefore, we also set variable
threshold values per each individual. Specifically, for each
patient, we increased the FA threshold by 0.01 from 0.00
and determined the FA threshold value immediately before
the fiber disappeared. We then set this FA threshold as the
upper limit and subsequently set FA thresholds at the upper
limit and at 75, 50, 25, and 0% for each individual patient
(Fig. 1). For the remainder of this manuscript, the former
will be referred to as fixed FA threshold value setting and
the latter will be referred to as variable FA threshold value
setting.

Verification of the visualized fiber and assessment of
appropriate FA threshold of the proposed method

With the VII-VIII nerve complex confirmed on the FIESTA
image as “true,” we verified the fiber and assessed the DTT
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Fig. 2 Seed region of interest
(ROJ) placement method. The
porus of the internal auditory
meatus was viewed from a
direction parallel to the nerve
that passes through the internal
auditory meatus (a red
arrowhead), and the seed ROI
was placed on a plane that is
perpendicular to the nerve
passing through at the porus of
the internal auditory meatus (b
red circle). IAM internal
auditory meatus, L left, R right,
A anterior, P posterior

visualization performance of the VII-VII nerve complex.
First, we displayed the visualized fibers after aligning them
to FIESTA [32] and then classified fibers that pass through
VII-VII nerve complex on FIESTA as VII-VII nerve com-
plex, and fibers that pass through all other areas as noise.
Subsequently, we evaluated the visualization rate of VII-
VII nerve complex and the incidence rate of noise in the
fixed FA threshold value setting. In this case, visualization
rate was calculated as the percentage of patients with fibers
corresponding with VII-VIII nerve complex on FIESTA out
of all patients. Incidence rate of noise was calculated as the
percentage of patients with fibers corresponding with noise
of the total number of patients (Fig. 1). We then decided the
FA threshold, with which both the visualization rate of VII—-
VIII nerve complex was high and incidence rate of noise
was low, to be the appropriate FA threshold since the aim
of this study was to propose the setting that enabled us to
visualize only the VII-VIII nerve complex constantly with-
out using manual elimination of noise based on anatomical
knowledge. Subsequently, the appropriate FA threshold in
the variable FA threshold value setting was evaluated in a
similar manner. Finally, when comparing visualization and
incidence rates of appropriate FA threshold in the fixed FA
threshold value setting with that of appropriate FA threshold
in the variable FA threshold value setting, we decided the
FA threshold, with which visualization rate was higher and
incidence rate was lower, to be the appropriate FA threshold
for our methodology.

DTT visualization was performed by one neurosurgeon
(M.Y.), and verification after alignment was conducted by
consulting with a neurosurgeon who was not involved in
DTT visualization (T.K.). The above-mentioned neurosur-
geons were neurosurgery specialists.

@ Springer
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Statistical analysis

Chi-square test was used for comparison of the visualization
rates of VII-VIII nerve complex and the appearance rates
of noise. Statistical analyses were conducted using SPSS for
Mac Version 21 (SPSS Inc, IBM, Somers, NY).

Results

Verification of the visualized fiber and assessment of
appropriate FA threshold of proposed method

First, we verified the visualized fiber on FIESTA with fixed
FA threshold value setting and found that the number of
patients with fibers classified as a VII-VII nerve complex
was the highest (10 out of 10 patients) with FA thresholds of
0.00 and 0.05, and the number of patients with fibers classi-
fied as a VII-VIII nerve complex decreased with the increase
in FA threshold values (8 out of 10, 1 out of 10, and 0 out of
10 with FA thresholds of 0.10, 0.15, and 0.20, respectively).
Similarly, the number of patients with fibers classified as
noise was the highest (10 out of 10 patients) with FA thresh-
olds of 0.00 and 0.05, and decreased with the increase in
FA threshold values (4 out of 10, 1 out of 10, and 0 out of
10 with FA thresholds of 0.10, 0.15, and 0.20, respectively)
(Table 1). We investigated this threshold value setting with
the visualization rate of the VII-VIII nerve complex and the
incidence rate of noise, and found that the visualization rate
of VII-VIII nerve complex was the highest (100 %) with FA
threshold of 0.00 and 0.05, but the incidence rate of noise was
also high (95-100 %) with these thresholds. In contrast, the
incidence rate of noise was the lowest (0 %) with FA threshold
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Table 1 Verification results of fibers visualized with fixed fractional anisotropy (FA) threshold values

Test subject FA threshold: 0.00 FA threshold: 0.05

FA threshold: 0.10 FA threshold: 0.15 FA threshold: 0.20
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@ Fibers that pass through facial and vestibulocochlear (VI-VIII) nerve complex on fast imaging employing steady state acquisition (FIESTA)

@ Fibers that did not pass through VII-VIII nerve complex on FIESTA
— Not visualized

of 0.15 and 0.20, but the visualization rate of VII-VIII nerve
complex at these thresholds was also low (0-5 %). Finally,
we found that the visualization rate of VII-VII nerve com-
plex was high (75 %) and the incidence rate of noise was low
(20 %) with FA threshold of 0.10, and decided FA threshold
of 0.10 as the appropriate setting in the fixed FA threshold
value setting (Fig. 3a).

Next, with variable FA threshold value setting, the number
of patients with fibers classified as noise was the highest (10
out of 10 patients) with FA thresholds of 0.00, 0.05, and
0.10, and decreased with the increase in FA threshold (8 out
of 10 and 2 out of 10 with FA thresholds of 0.15 and 0.20,
respectively). In contrast, fibers classified as VII-VIII nerve
complex could be confirmed in all patients at all FA threshold
values (Table 2). We also found that the visualization rate
was consistently 100 % regardless of the FA threshold, and
that the incidence rate of noise decreased with FA threshold
increase, and was the lowest (10 %) when the FA threshold
was set at the upper limit (Fig. 3b). Therefore, we decided
the upper limit to be an appropriate setting in the variable FA
threshold value setting.

We then compared visualization and incidence rates with
appropriate FA threshold in each setting and found that the
visualization rate of VII-VIII with FA threshold of the upper
limit was significantly higher than that with FA threshold

of 0.1 (ledf = 7.059, p = 0.02), and the incidence rate
of noise with FA threshold of the upper limit was lower than
that with FA threshold of 0.1 (x?1,; = 0.784, p = 0.66). As
a result, FA threshold of the upper limit was considered the
appropriate FA threshold of our methodology. FA threshold
values of the upper limit in each patient were 0.10 & 0.04
(mean = standard deviation) (Table 3).

Representative case presentation
Case: 8R

We performed a visualization using fixed FA threshold values
(Fig. 4) and found that fibers that correspond with the right
VII-VII nerve complex could be visualized with fixed FA
threshold values of 0.00, 0.05, and 0.10. However, because
noises appeared at the same time, we were not able to visu-
alize just the fibers that correspond with the right VII-VIII
nerve complex. Additionally, these fibers were not visualized
with FA threshold values beyond 0.15.

In contrast, fibers that correspond with the VII-VIII nerve
complex were visualized with any of the variable FA thresh-
old values (Fig. 5). Also, noises appeared with FA threshold
values up to 75 % of the upper limit; however, only fibers
that correspond with the VII-VIII nerve complex could be

@ Springer

145



388

IntJ CARS (2015) 10:383-392
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Fig. 3 a Visualization and incidence rates with fixed fractional
anisotropy (FA) threshold values. b Visualization and incidence rates
with variable FA threshold values. Visualization rate was calculated as
the percentage of patients with fibers corresponding with the facial and
vestibulocochlear nerve complex on FIESTA. Incidence rate of noise
was calculated as the percentage of patients with fibers corresponding
with noise

visualized when the FA threshold was set at the upper limit
(Fig. 5).

Discussion

In the present study, we were able to increase the visualiza-
tion rate of VII-VII nerve complex and decrease the inci-
dence rate of noise by investigating fiber tracking conditions,
such as seed ROI placement method and FA threshold set-
ting method, without using manual elimination based on the
anatomical knowledge.

Fiber tracking conditions for normal facial and
vestibulocochlear nerves

Seed ROI
In order to assess the influence of seed ROI setting on visu-

alization rate, we compared visualization rate of our result
with that of Kabasawa et al. [19] (seed ROI placement to

@ Springer

Table2 Verification results of fibers visualized with variable fixed frac-
tional anisotropy (FA) threshold values

Test FA FA FA FA FA
sub- threshold:  threshold: threshold: threshold: threshold:
ject 0% 25% 50% 75% upper limit
1R o, @ @, @ ©, @ ©, @ 0}
1L ®, 2 O, @ @, ® O]
2R o, @ O, @ D, > D, @ @

2 ®, @ O, ® o, ® D D
3R ® O] O} © 0]
3L O, @, @ ,® D, ® @,@
4R m, @ o, @ O, ® © ®
4L o, ® @, 2 O, @ ® @
5R @, @ o, @ D, O, ® @, @
5L o, @ @, @ o, @ o, @ @
6R O, ® @, @ O, ® ® @
6L, o, ® @, @ @ 0] @
TR ,® ©, @ ,® O, @ @
7L O, @ o, @ ©,® ®, ® @
8R @, @ o, @ O, @ @, ® @
8L O, @ ®,® ©,® o, @ @
9R @, @, @ o, @ o, @ @
9L O, @ @, @ o, ® @, @ 0]
10R o, o, @ D, O, @ @
10L O, @ , ® ®,® @, ® @

@ Fibers that pass through facial and vestibulocochlear (VII-VIII)
nerve complex on fast imaging employing steady state acquisition
(FIESTA)

@ Fibers that did not pass through VII-VII nerve complex on FIESTA
- Not visualized

the internal auditory meatus on the axial cross section; FA
threshold: 0.1) and Taoka et al. [18] (seed ROI placement to
the fundus of internal auditory meatus on the sagittal cross
section; FA threshold: 0.1). In this comparison, our result
with the FA threshold of 0.1 was used because FA thresh-
old in these two reports was also 0.1. As a result, we found
that our result of visualization with FA threshold of 0.1 was
75 %. On the other hand, results of the two above-mentioned
reports were 37.5 and 12.5 %, respectively. Although it is
difficult to compare these results simply because each diffu-
sion tensor imaging condition was different, we found that
our visualization rate was much higher than that of the pre-
vious reports. Therefore, it is speculated that the reason why
the visualization rate was higher with our setting even with
the same FA threshold conditions, was due to the fact that all
nerves that passed through the internal auditory meatus could
be included in the seed ROI, which is placed on a plane per-
pendicular to the nerve passing through. On the other hand,
it is difficult to entirely include the nerve with the seed ROI
described by Kabasawa et al. [19]. We, therefore, speculated
that this led to the decrease in visualization rate. Moreover,
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Table 3 Fractional anisotropy threshold values of the upper limit in
each patient

Test subject FA threshold value: upper limit
IR 0.07
1L 0.11
2R 0.08
2L 0.12
3R 0.09
3L 0.08
4R 0.06
4L 0.06
5R 0.08
SL 0.08
6R 0.1
6L 0.2
7R 0.13
7L 0.08
8R 0.1
8L 0.13
9R 0.1
9L 0.18
10R 0.11
10L 0.12

Visualized fibe

Cerebellum

Fig. 4 Verification with diffusion tensor tractography (DTT) and fast
imaging employing steady state acquisition (FIESTA) using fixed frac-
tional anisotropy (FA) threshold values (a—e axial cross section of the
BO image, f axial cross section of FIESTA, g anterior to posterior view
of a three-dimensional anatomical image, h oblique view of a three-
dimensional anatomical image. FA threshold of a 0.00, b 0.05, ¢ 0.10,
d:0.15, and e 0.20. f Fibers visualized at FA threshold of 0.10 were vox-

just as the visualization rate was low with the seed ROI as
described by Taoka et al. [18], it is speculated that the fundus
of the internal auditory meatus was more susceptible to sig-
nal degradation caused by magnetic susceptibility artifacts
compared to the opening to the internal auditory meatus. In
addition, when eigenvalue analysis is performed at the site
where nerve fibers intersect, A1 3> A2 = A3 is not necessarily
true, and the FA value is known to decrease [6,33]. At the
fundus of the internal auditory meatus; since the nerve fiber
and the bone of the fundus of internal auditory meatus are
orthogonal to each other, eigenvalue analysis at this same site
is affected for a similar reason and FA value is decreased.
It is speculated that this influenced the DTT visualization
rate.

FA threshold

The optimal FA threshold for pyramidal tract during DTT
is reported to be approximately 0.2 [4]. In this study, FA
threshold values of the upper limit in each patient were
0.10 £ 0.04 (mean = standard deviation); therefore, a FA
threshold value of 0.1, which was used in several stud-
ies, seemed reasonable. However, the present results sug-
gested that setting the FA threshold based on the upper limits

Visualized fiber

elized and depicted on FIESTA. g, h Fibers visualized at FA threshold
of 0.10 were voxelized and depicted on three-dimensional anatomical
image). Although fibers that did not correspond with facial and vestibu-
locochlear (VII-VIII) nerve complex decreased by increasing the FA
threshold, it was difficult to visualize only fibers that corresponded with
VII-VII nerve complex at any FA threshold. L left, R right
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Cerebellum

Fig. 5 Verification with diffusion tensor tractography (DTT) and fast
imaging employing steady state acquisition (FIESTA) using variable
fractional anisotropy (FA) threshold values (a—e axial cross section of
the BO image, f axial cross section of FIESTA, g: anterior to poste-
rior view of a three-dimensional anatomical image, h oblique view of a
three-dimensional anatomical image. 2 0%, b 25 %, ¢ 50 %, d 75 %, and
e 100 % (upper limit) of the FA threshold upper limit. f Fibers visualized

Table 4 Comparison of proposed method with existing methods

Visualized fiber

at FA threshold of upper limit were voxelized and depicted on FIESTA.
g, h fibers visualized at FA threshold of upper limit were voxelized
and depicted on three-dimensional anatomical image). By increasing
the FA threshold, fibers that did not correspond with facial and vestibu-
locochlear (VII-VII) nerve complex decreased, and only fibers that
corresponded with VII-VIII nerve complex, when FA threshold was
set at the upper limit, could be visualized. L left, R right

Series Software FA threshold Seed Visualization
ROI rate

Taoka et al. [18] DTV 0.1 Placement at the fundus of the 12.5%
internal auditory meatus on the
sagittal cross section

Kabasawa et al. [19] DTV 0.1 Placement to the internal auditory 37.5%
meatus on the axial cross section

Hodaie et al. [21] 3D slicer 0.2 Placement to the internal auditory 63.6%
meatus

Roundy et al. [26] Track Vis 0.15 Placement on the nerve passing Not described
through the middle of the cistern
on sagittal cross section

Present study DTV Upper limit for each Placement at the porus of the 100 %

patient

internal auditory meatus on a
plane perpendicular to the facial
and vestibulocochlear nerves

Visualization rate was calculated as the percentage of patients that could visualize the facial and vestibulocochlear nerves out of all patients

for each patient rather than with fixed values can improve
visualization rate of VII-VIII nerve complex and decrease
appearance rate of noise. The reason for this, compared
to supratentorial structures such as the pyramidal tract, is
that the area near internal auditory meatus is easily influ-
enced by magnetic susceptibility artifacts caused by mas-
toid cells, etc. [6]. Therefore, it is speculated that the large

@ Springer

individual differences by patient in the FA value of VII-
VIII nerve complex contributed to this observation. From
the above findings, we considered that, in DTT for normal
facial and vestibulocochlear nerves, it is difficult to make
adjustments for individual variation of each patient using
fixed values, and it is therefore necessary to use variable val-
ues.
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Comparison with existing reports

There are four existing reports regarding DTT of normal
facial and vestibulocochlear nerves. We compared our study
with these reports (Table 4). As mentioned, the seed ROI
placement is considered to be one of the reasons for decreased
visualization rate in the reports by Taoka et al. and Kabasawa
et al. Additionally, in a report by Hodaie et al. [21], the place-
ment method of seed ROI was only described as “internal
auditory meatus”; thus, it was difficult to make comparisons
because detailed method of setting the seed ROI was not
mentioned. In a report by Roundy et al. [26], seed ROI was
placed on the nerve that passes through the cistern. Their
method reproducibility, however, seems low because there
are often difficulties confirming normal facial and vestibu-
locochlear nerves with diffusion tensor imaging. Therefore,
we excluded this report for the purposes of comparison. Fur-
thermore, all of these reports used fixed FA threshold values,
and it is postulated that this also contributed to the decrease
in visualization rate.

Limitations

In the present study, we were able to both increase the visu-
alization rate and decrease the incidence rate by modifying
the methods for seed ROI placement and FA threshold set-
ting. However, increasing the FA threshold and setting it at
the upper limit not only reduces noise, but also decreases the
target nerve to be visualized. For this reason, it is highly prob-
able that fibers viewed at the upper limit visualize only a part
of VII-VII nerve complex. However, to achieve the ultimate
goal, which is to improve the precision in predicting the facial
and vestibulocochlear nerve locations in relation to vestibu-
lar schwannomas, a method to extract nerve fibers alone from
the abundance of noise is necessary. We, therefore, postulate
that the present method will prove useful.

Conclusion

In the present study, we were able to achieve both the visu-
alization rate of the VII-VIII nerve complex of 100 % and
incidence rate of noise of 10 %, by placing the seed ROI on
a plane that is perpendicular to the nerve passing through
the porus of the internal auditory meatus, and by setting the
FA threshold at the upper limit for each patient. Since the
present method enabled us to visualize only VII-VIII nerve
complex in 90 % patients without using manual elimination
of noise based on the anatomical knowledge, we considered
this method to be a highly anticipated means to improve the
prediction of the facial and vestibulocochlear nerve locations
in relation to vestibular schwannomas.
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Common variants at 1p36 are associated with superior frontal
gyrus volume
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INTRODUCTION

Schizophrenia is a common and complex psychiatric disorder with
a lifetime risk of approximately 1%. This disorder has a strong
genetic component; the estimated heritability is 81%." Multiple
genetic variants that have a small effect have been implicated in
the pathogenesis of schizophrenia.? A genome-wide association
study (GWAS) of single-nucleotide polymorphisms (SNPs) that
accesses tens of thousands of DNA samples from patients and
controls can be a powerful tool for identifying common risk
factors for complex diseases, such as schizophrenia. GWASs on
schizophrenia have identified several genome-wide significant
associated variants.>* Subsequently, GWASs on neurobiological
guantitative traits as intermediate phenotypes that possibly reflect
the underlying genetic vulnerability better than diagnostic
categorization, such as schizophrenia,®® have been performed to
minimize the clinical and genetic heterogeneity in studies of
schizophrenia.”

The superior frontal gyrus (SFG) of the brain is frequently found
to have reduced gray matter in individuals with first-episode
schizophrenia and neuroleptic naive schizophrenia, as well as
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chronic patients with schizophrenia.®® The SFG is involved in self-
awareness and emotion.'®"" Self-awareness is the cognitive ability
to differentiate between self and non-self cues and is necessary to
understand the behavior of other humans. Disturbance in self-
awareness linked to social cognition is a core feature of
schizophrenia.? Emotional disturbances, including meaningless
laughter, are often observed in patients with schizophrenia.
Meaningless laughter was also observed in unaffected siblings of
schizophrenia, thus indicating its heritability.”® In addition, laugh-
ter can be elicited by electrical stimulation of the SFG. Gray matter
volumes of bilateral SFG have a strong genetic component, with
an estimated heritability of 76-80%."* As there is considerable
inter-individual variation in the degree of reduced volume of the
SFG, it appears that genetic influences have a role in determining
the degree of volume reduction of the SFG in schizophrenia.
Although GWASs of bilateral hippocampal volume have recently
been reported,'*'® no study has investigated other brain areas in
patients with schizophrenia. To identify an SNP related to SFG
volumes, we conducted a GWAS of gray matter volumes in the
right or left SFG of patients with schizophrenia and healthy
subjects.
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MATERIALS AND METHODS
Subjects

We selected 281 patients with schizophrenia (52.0% males, 146 males and
135 females; mean age 36.0:+12.4 years) and 413 healthy controls (49.6%
males, 205 males and 208 females; mean age 36.4 4 12.8 years) for a GWAS
of schizophrenia-related phenotypes, such as structural brain morphology,
neurocognitive function and neurophysiological assessments.'”'? All of
the subjects were biologically unrelated, there were no first- or second-
degree relatives, and all were of Japanese descent’®*' The subjects were
excluded if they had neurological or medical conditions that could
potentially affect the central nervous system, such as atypical headaches,
head trauma with loss of consciousness, chronic lung disease, kidney
disease, chronic hepatic disease, thyroid disease, active cancer, cerebro-
vascular disease, epilepsy, seizures, substance-related disorders or mental
retardation. Patients with schizophrenia were recruited from the Osaka
University Hospital. Each patient had been diagnosed by at Jeast two
trained psychiatrists according to the criteria from the DSM-IV (Diagnostic
and Statistical Manual of Mental Disorders, Fourth Edition) based on the
Structured Clinical Interview for DSM-IV. Current symptoms of schizo-
phrenia were evaluated using the positive and negative syndrome scale.
Controls were recruited through local advertisements at Osaka University.
The healthy subjects were evaluated using the non-patient version of the
Structured Clinical Interview for DSM-IV to exclude individuals who had
current or past contact with psychiatric services or who had received
psychiatric medications.

Superior frontal volumes obtained from the magnetic resonance
imaging data were assessed in 158 patients with schizophrenia and 378
healthy subjects. Detailed demographic information is shown in
Supplementary Table S1. Mean age and handedness did not differ
significantly between the cases and controls (P>0.50); however, the
gender ratio, years of education and estimated premorbid intelligence
quotient differed significantly between the cases and controls (P < 0.05).
The ratio of male was higher in patients with schizophrenia compared with
the controls. The years of education and estimated premorbid intelligence
quotient were significantly lower in patients with schizophrenia compared
with the controls. When the genotype groups in the top five SNPs with
genome-wide significance of the right SFG volume were compared within
the patient and control groups, we found no differences across the
demographic variables, except for the gender ratio in the controls
(rs6700718, rs1354792, rs10218584, and rs6702110; P < 0.05). Written
informed consent was obtained from all the subjects after the procedures
had been fully explained. This study was performed in accordance with the
World Medical Association's Declaration of Helsinki and was approved by
the Research Ethical Committee of Osaka University.

Magnetic resonance imaging procedure and extraction of SFG
volumes

All magnetic resonance imaging data were obtained using a 1.5-T GE Signa
EXCITE system (Tokyo, Japan). A three-dimensional volumetric acquisition
of a T1-weighted gradient echo sequence produced a gapless series of 124
sagittal sections using a spoiled gradient-recalled acquisition in the steady
state (SPGR) sequence (TE/TR, 4.2/12.6 ms; flip angle, 15°% acquisition
matrix, 256x256; TNEX, FOV, 24x24 cm; slice thickness, 1.4 mm). We
screened all scans and found no gross abnormalities, such as infarcts,
hemorrhages or brain tumors, in any of the subjects. Each image was
visually examined to eliminate any images with motion or metal artifacts,
and the anterior commissure-posterior commissure line was adjusted.”
MR images were processed with the VBM8 toolbox (http://dbm.neuro.uni-
jena.de/vbm/download/) implemented for SPM8 (Wellcome Department of
Imaging Neuroscience, University College London, UK, http://www fil.ion.
uclac.uk/spm) running in MATLAB (The Mathworks, Natick, MA, USA) for
tissue segmentation and anatomical normalization, as described
elsewhere>* The voxel values of the normalized gray matter images
were modulated according to the nonlinear component of the transforma-
tion, which resulted in approximating brain-size-adjusted gray matter
volumes while preserving local volume changes.?® Gray matter volumes of
the bilateral SFG were then calculated by using the maximum probabilistic
atlas using 20 hand-labeled images (Supplementary Figure §1).2728

SNP selection and SNP genotyping

Genotyping was performed using the Affymetrix Genome-Wide Human
SNP Array 6.0 (Affymetrix, Santa Clara, CA, USA), according to the
manufacturer’s protocol. The genotypes were called from the CEL files
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using Birdseed v2 for the 6.0 chip implemented in the Genotyping Console
software (Affymetrix). We then applied the following quality control (QC)
criteria to exclude samples: (i) arrays with low QC (< 0.4) according to
Birdseed v2 (N=0), (i} samples for which < 95% of the genotypes were
called (N=0) and (iii) samples in the same family according to fi (>0.4,
N=0). Next, we excluded SNPs that: (i) had low call rates ( < 0.95), (i) were
duplicated, (iii) were localized to sex chromosomes, (iv) deviated from
Hardy-Weinberg equilibrium in the controls (P < 0.0001) or (v) had low
minor allele frequencies < 0.05. After all of these exclusions, 517 946 SNPs
that underwent QC remained for experimental analysis.

To test for the existence of a genetic structure in the data, we performed
a principal component analysis using EIGENSTRAT 3.0 software®® Ten
eigenvectors were calculated. Genotype information from the JPT
(Japanese in Tokyo, Japan), CHB (Han Chinese in Beijing, China), CEU
(Utah residents with ancestors from northern and western Europe) and YRI
(Yoruba in Ibadan, Nigeria) in HapMap phase Il was compared with our
data set to check for population stratification (Supplementary Figure S2).

Statistical analyses

Statistical analyses of the demographic variables were performed using
PASW Statistics 18.0 software (SPSS Japan, Tokyo, Japan). Differences in the
clinical characteristics between patients and controls were analyzed using
¥’ tests for the categorical variables and the Mann-Whitney U-test for the
continuous variables. Multiple linear regression analysis was performed to
compare the gray matter volumes in the right and left SFG regions among
genotypes (the number of major alleles; 0, 1 or 2) using PLINK 1.07
software. Diagnosis, age and gender were included as covariates.
Quantile-Quantile is listed in Supplementary Figure S3.

RESULTS

We observed associations between five variants (rs4654899,
rs6702110, rs6700718, rs10218584 and rs1354792) on 1p36.12
and the right SFG volume at a widely used benchmark for
genome-wide significance (P <5.0x107%, » among SNPs >0.8;
Figure 1). The strongest association was observed at rs4654899, an
intronic SNP in the eukaryotic translation initiation factor 4
gamma, 3 (EIF4G3) gene on 1p36.12 (P=7.5x%107%; Figure 2). No
SNP with genome-wide significance was found in the volume of
the left SFG; however, the rs4654899 polymorphism was identified
as the locus with the second strongest association with the
volume of the left SFG (P=15%x1075 Figure 1). The top 10 and
top 200 markers on each SFG are shown in Tables 1 and 2 and
Supplementary Tables S2 and S3. Post hoc analyses separately
assessed in patients and controls also revealed reduced but
significant associations (Tables 1 and 2 and Supplementary Tables
S2 and S3). Genotype effects of rs4654899 on gray matter volume
of right superior frontal gyrus were found in patients with
schizophrenia and controls (Figure 3). We attempted to bioinfor-
matically ascertain the potential effects of the rs4654899
polymorphism on the expression levels of genes at the genome-
wide region by using the mRNA by SNP Browser 1.0.1 database
(http://www.sph.umich.edu/csg/liang/asthma/). Significant effects
of the 153767248 proxy SNP for rs4654899 (¥ = 1.0) were identified
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Figure 1. Manhattan plots derived from the multiple linear regres-

sion analysis of the bilateral superior frontal volumes. The blue line
indicates a P-value of 1.0E—05. The red line indicates a P-value of
5.0E-08.
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in the expressions of the heterochromatin protein 1, binding
protein 3 (HP1BP3) gene (P=7.8 X 107), which lies 3’ to EJF4G3, as
a cis-acting effect { < 200kb), and the calpain 14 (CAPN74) gene
(P=6.3%107%), as a trans-acting effect (> 200 kb; Supplementary
Table S4). Both HP1BP3 and CAPN14 are expressed in moderate-to-
high levels throughout the adult human SFG (Supplementary
Figures S4 and Supplementary Figure S5), as visualized in the Allen
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Figure 2. The strongest association with the right superior frontal
gyrus was found for rs4654899. P-values (-log;o) are shown in
regions peripheral to rs4654899 (+750 kb).
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Institute Human Brain Atlas Explorer 2 software (http://human.
brain-map.org/static/brainexplorer).

DISCUSSION

To date, it remained unclear whether there were genetic variants
strongly related to SFG volume in patients with schizophrenia and
healthy subjects. This study is the first GWAS to identify the SNPs
associated with the SFG, which have an important role in
schizophrenia-related social functions and is reduced in patients
with schizophrenia. We revealed that there were associations at
the genome-wide significant level between SFG and genetic
variants of the EIF4G3 gene on 1p36.12. Individuals with minor
A-allele of the most significant variant rs4654899 had smaller right
SFG volumes compared with those with major C-allele in both
patients and controls. Bioinformatical data indicate that the
rs3767248 proxy SNP for rs4654899 has important roles in the
expression of the HP1BP3 and CAPN14 genes, which are expressed
in human adult SFG. The HP1BP3 and CAPN14 gene expressions of
the minor G-allele of the rs3767248 polymorphism were
significantly lower than those of the major A-allele. However,
whether the expression levels of these genes in the brains or
serums of patients with schizophrenia are lower or higher than
those in healthy subjects is unknown. Further study is needed to
investigate the difference of the expressions between patients
and controls.

Table 1. TOP 10 SNPs for the right superior frontal gyrus

Rank SNP Chr Bp m M MAF Combined subjects Schizophrenia Controls Closest gene

N B N B P N B P

1 rs4654899 1 21410231 A C 033 509 -969.5 7.52E—-09 153 ~1164 3.71E-04 356 -9359 1.86E—06 EIF4G3

2 rs6702110 1 21515906 G A 032 526 -9653 1.07E-08 155 —1255 1.79E-04 371 —-9023 4.34E~06 EIF4G3

3 rs6700718 1 21299363 A C 033 537 -8951 2.89E-08 159 -—-1110 4.68E—-04 378 -—847.7 6.81E-06 EIF4G3

4 rs10218584 1 21474480 G C 033 537 -891.8 3.21E-08 159 -1110 4.68E—04 378 -842.7 7.68E—06 FEIF4G3

5 rs1354792 1 21391875 C T 033 535 -8927 3.46E—-08 157 —1114 535E-04 378 -847.7 6.81E~06 EIF4G3

6 156703227 1 21374810 C T 033 537 -879.3 528E-08 159 —1056 9.55E—04 378 -847.7 6.81E—06 EIF4G3

7 151609558 1 21525228 C T 030 533 -899.8 536E-08 158 -1031 1.18E—-03 375 -870.9 7.67E—06 EIF4G3

8 rs12402486 1 21447935 A G 034 527 -8809 558E-08 159 -—-1110 4.68E—-04 368 -—830 1.20E~05 EIF4G3

9 152874367 1 21324491 A C 033 531 -8745 7.19E-08 157 —1092 6.24E—-04 374 -829 1.25E—05 EIF4G3

10 rs6945071 7 26122423 G A 016 537 -1035 846E~-07 159 ~—1120 3.25E~03 378 -—983.2 1.02E-04 NFE2L3
Abbreviations: Chr, chromosome; Bp, nucleotide location; m, minor allele; M, major allele; MAF, minor allele frequency; SNP, single-nucleotide polymorphism.
Genome-wide significant P-values are shown as bold font and are underlined.

Table 2. TOP 10 SNPs for the left superior frontal gyrus

Rank SNP Chr Bp m M MAF Combined subjects Schizophrenia Controls Closest gene
N B P N B P N B P

1 154574391 4 27212223 C T 025 533 880 7.63E-07 158 —693 427E-02 375 -965 351E~06 STIM2

2 rs4654899 1 21410231 A C 033 509 -787 151E-06 153 ~691 381E-02 356 ~863 4.22E-06 EIF4G3

3 1s2046701 4 27211040 C A 025 532 -—-826 222E-~06 158 —-697 387E-~02 374 -887 1.28E-05 STIM2

4 rs1609558 1 21525228 C T 0.3 533 -~763 233E-06 158 -—-524 1.11E-01 375 -885 1.67E~06 EIF4G3
5 rs6702110 1 21515906 G A 032 526 -769 3.37E-06 155 ~714 390E-02 371 -834 9.21E-06 FEIF4G3
6 rs10218584 1 21474480 G C 033 537 -—-704 832E-06 159 -—-566 848BE—02 378 ~791 1.05E—05 EIF4G3
7 rs1354792 1 21391875 C T 033 535 704 869E-06 157 —625 592E-02 378 -776 1.59E-05 EIF4G3
8 152623384 3 99064220 G A 039 525 -724 9.15E-06 157 ~894 6.79E—-03 368 ~642 592E-04 COL8AT
9 152292343 17 45455670 C G 034 524 -721 9.74E-06 155 —836 1.22E-02 369 -666 345E—04 EFCABI3
10 rs3883317 17 45484111 A G 034 534 ~703 1.03E-05 158 ~—743 270E-02 376 —-675 1.72E-04 EFCABI3

Abbreviations: Chr, chromosome; Bp, nucleotide location; m, minor allele; M, major allele; MAF, minor allele frequency; SNP, single-nucleotide polymorphism.
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Figure 3. Impact of the rs4654899 genotype of the EIF4G3 gene on
the right superior frontal gyrus. Each column shows relative gray
matter volumes of the right superior frontal gyrus. Error bars
represent the standard error.

To our knowledge, no study has reported associations between
these genes and schizophrenia, although the chromosomal region
(1p36.12) related to the risk of schizophrenia has been reported.*
The exact functions of these two genes are unknown; however,
HP1BP3 is predicted to bind to DNA and have a role in nucleosome
assembly. CAPN74, which belongs to the calpain large subunit
family, is a cytosolic calcium-activated cysteine protease involved
in a variety of cellular processes, including apoptosis, cell division,
modulation of integrin-cytoskeletal interactions and synaptic
plasticity.

In this study, we examined the effects of genotypes on SFG
volumes in a combined sample of patients and controls, and
found similar effects of genotypes in patients and controls.
Susceptibility genes for schizophrenia do not directly encode for
their clinical syndrome/behaviors. The syndrome/behaviors
observed in schizophrenia are produced by intermediate steps
that occur between genes and syndrome/behaviors; and inter-
mediate steps, such as changes of brain volumes, underlie the
syndrome/behavior of schizophrenia. The intermediate pheno-
types are located on the pathogenesis path, and are likely
associated with a more basic and proximal etiological process
rather than pathogenesis of disease itself>® Therefore, each
genetic variant is related to controls as well as patients, and
accumulations of each genetic variant could contribute to
pathogenesis of schizophrenia through intermediate steps.

To date, although abnormal brain lateralization in schizophrenia
causing a failure of left hemisphere dominance has been
reported,®’ there is no evidence of SFG lateralization in schizo-
phrenia. In addition, there is no report for developmental/
functional differences between the right and left SFG. We found
genome-wide significant variants related to right SFG volumes,
whereas these variants were not related to left SFG volumes at
genome-wide significant level. The difference of significance
between right and left SFG was due to a difference of genotype
effects in patients (for example, rs4654899, right: P=3.71x107%,
left: P=3.81x 1072 but not in controls {right: P=1.86x 1075, left:
P=4.22x107%). As it has been reported that gray matter volume
deficits were more extensive in individuals with first-episode
schizophrenia and neuroleptic naive than that of their neuroleptic-
treated counterparts in left SFG,® confounding factors, such as
duration of antipsychotic treatment or dose of antipsychotics,
might affect our results.

In this study, we provide new insights into the genetic
architecture of a brain structure closely linked to schizophrenia.
It is still unclear whether and to what extent the effects of the
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genetic variant on SFG volumes observed here might be
associated with an increased risk for schizophrenia. We suggest
that the variant may have a role in the impairments of self-
awareness and emotion noted in patients with schizophrenia
through volumetric vulnerability of the SFG.

There were several limitations to this study. We recruited a
relatively large sample with an only Japanese ethnicity to avoid
population stratification. However, the existence of a false-positive
association cannot be excluded as an explanation for our results.
Further investigations of other samples with much larger sample
sizes and/or with different ethnicities are needed to confirm our
findings. It is unclear whether our results are directly/indirectly
linked to the rs4654899 SNP, to other SNPs in high linkage
disequilibrium with this SNP or to interactions between this SNP
and other SNPs. To determine whether rs4654899 is the most
strongly associated variant for SFG volume in the chromosomal
region, an extensive search such as sequencing for other
functional variants at this locus could provide further information
underlying the genomic mechanism for this variant.

In conclusion, we found that genetic variants of the EIF4G3 gene
could be associated with structural vulnerability of the SFG.
Further replication studies are necessary to confirm our findings.
Identification of causal variants and the functional effects of these
genes may help to reveal additional genetic variables involved in
the neurodevelopment and pathogenesis of schizophrenia.
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