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ABSTRACT

A serious problem in psychiatric practice is the lack of specific, objective biomarker-based assessments to guide
diagnosis and treatment. The use of such biomarkers could assist clinicians in establishing differential diagnosis,
which may improve specific individualised treatment. This multi-site study sought to develop a clinically suitable
neuroimaging-guided diagnostic support system for differential diagnosis at the single-subject level among mul-
tiple psychiatric disorders with depressive symptoms using near-infrared spectroscopy, which is a compact and
portable neuroimaging method. We conducted a multi-site, case-control replication study using two cohorts,
which included seven hospitals in Japan. The study included 673 patients (women/men: 315/358) with psychi-
atric disorders (major depressive disorder, bipolar disorder, or schizophrenia) who manifested depressive symp-
toms, and 1007 healthy volunteers (530/477). We measured the accuracy of the single-subject classification
in differential diagnosis among major psychiatric disorders, based on spatiotemporal characteristics of
fronto-temporal cortical haemodynamic response patterns induced by a brief (<3 min) verbal fluency task.
Data from the initial site were used to determine an optimal threshold, based on receiver-operator characteristics
analysis, and to generate the simplest and most significant algorithm, which was validated using data from the
remaining six sites. The frontal haemodynamic patterns detected by the near-infrared spectroscopy method ac-
curately distinguished between patients with major depressive disorder (74.6%) and those with the two other
disorders (85.5%; bipolar disorder or schizophrenia) that presented with depressive symptoms. These results
suggest that neuroimaging-guided differential diagnosis of major psychiatric disorders developed using the
near-infrared spectroscopy method can be a promising biomarker that should aid in personalised care in real
clinical settings. Potential confounding effects of clinical (e.g., age, sex) and systemic (e.g., autonomic nervous
system indices) variables on brain signals will need to be clarified to improve classification accuracy.

© 2013 Elsevier Inc. All rights reserved.

Introduction

importance. Currently, however, the diagnostic process in psychiatry is
mainly based on patients’ reports of symptoms, observed behaviours

Among non-communicable diseases, neuropsychiatric conditions,
including depression, contribute most significantly to overall disability-
adjusted life years (DALYs), surpassing both cardiovascular disease and
cancer (Mathers and Loncar, 2006; Prince et al., 2007). Therefore, early
and accurate diagnosis and treatment are critical in psychiatric disor-
ders, for which the development of specific biomarkers is of special

and disease course. Overcoming the limitations of relying on clinical
interviews alone for the diagnosis of psychiatric disorders has been a
great challenge.

To complicate this issue further, the manifestation of only a major
depressive episode hampers the reliable differentiation of major
depressive disorder (MDD) from bipolar disorder (BP) or

* Corresponding author at: Department of Psychiatry and Neuroscience, Gunma University Graduate School of Medicine, 3-39-22 Showa-machi, Maebashi, Gunma 371-8511,

Japan. Fax: +81 27 220 8187.
E-mail address: fkdpsy@med.gunma-w.ac.jp (M. Fukuda).
! These authors contributed equally to this paper.
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schizophrenia (SZ) based on the Diagnostic and Statistical Manual of
Mental Disorders (DSM) criteria alone (Zimmermann et al., 2009). Al-
though many clinical symptoms are common to various psychiatric
disorders, depressive symptoms are particularly ubiquitous in the
disease process or clinical staging of various psychiatric disorders
(Hafner et al,, 2005). For instance, differentiation between BP pre-
senting with depressive symptoms and unipolar MDD is a topical
issue (Akiskal et al., 1995). Indeed, most patients with BP with de-
pressive symptoms are initially diagnosed with and treated for MDD
(Akiskal et al., 1995; Goldberg et al., 2001). Therefore, biomarkers
that can facilitate early and accurate differentiation of BP with de-
pressive symptoms from MDD are necessary.

In addition, depressive symptoms that fulfil the operational diag-
nostic criteria for a depressive episode/major depression can also
occur at any stage of SZ and can contribute substantially to its associ-
ated morbidity and even mortality (an der Heiden et al,, 2005). The
differentiation of SZ from MDD, especially in the early stages, is also
important because patients with SZ also exhibit non-psychotic and
non-specific prodromal symptoms (e.g., depressive or negative symp-
toms and cognitive deficits) for several years before the onset of
full-blown psychosis (McGorry et al., 2008). Therefore, the availabili-
ty of clinically useful and cost-effective biomarkers for the differential
diagnosis of major psychiatric disorders would likely enhance patient
management, improve treatment/therapeutic response and lead to
targeted therapies tailored to the individual (Holsboer, 2008). Despite
their potential, to date, no such biomarkers have been established.

Functional imaging studies are one source of potential biomarkers
(Gur et al., 2007; Phillips and Vieta, 2007); these studies have previ-
ously elucidated subtle brain abnormalities in patients with major
psychiatric disorders relative to healthy control (HC) individuals
and have been applied to the differential diagnosis of psychiatric
disorders (e.g., to differentiate MDD from SZ, Barch et al, 2003 or
BP, Almeida et al., 2009). However, some functional neuroimaging
techniques are limited by the fact that, during the procedure, the
individuals need to be placed in an uncomfortable or unnatural set-
ting (e.g., lying in a supine position in a narrow gantry with the
head fixed during the entire examination), for accurate measurement.

In contrast, multi-channel near-infrared spectroscopy (NIRS)
using near-infrared light provides a completely non-invasive mea-
surement of the spatiotemporal characteristics of brain function in or-
dinary clinical settings and allows patients to be comfortably seated
in a well-lit room; therefore, it is considered a method for ‘real-world
neuroimaging’. Additionally, NIRS has relatively low maintenance
costs and does not involve ionising radiation or objectionable noise;
thus, it can be repeated as needed even for patients with psychiatric
disorders. The utility and limitations of NIRS have been discussed ex-
tensively in previous reports (Ferrari and Quaresima, 2012; Obrig and
Villringer, 2003; Strangman et al., 2002a). NIRS allows the measure-
ment of haemoglobin concentration changes (1) only in the cortical
surface area located immediately beneath the probes, but not in deeper
brain structures, and (2) with limited spatial resolution, although it
has a high temporal resolution. In NIRS, typical cortical activation re-
presents not only decreased concentration of deoxy-haemoglobin
([deoxy-Hb]), which is considered the main source of blood oxygena-
tion level-dependent (BOLD) contrast increase in functional magnetic
resonance imaging (fMRI), but also a relatively larger increase in
oxy-haemoglobin concentration ([oxy-Hb]) (Fig. 1).

The verbal fluency task (VFT) is a cognitive task that is used as a neu-
ropsychological test or a neuroimaging task. The VFT elicits different ab-
normalities relevant to each diagnostic group of major psychiatric
disorders (Curtis et al,, 2001; Zanelli et al., 2010). We previously devel-
oped a very brief (<3 min) VFT and used it to investigate the differential
fronto-temporal haemodynamic pattern between MDD and SZ (Suto et
al., 2004) or MDD and BP (Kameyama et al., 2006), as well as the rela-
tionship between NIRS signals and functional impairment in SZ
(Takizawa et al., 2008). We also found functional NIRS abnormalities

in individuals at ultra-high risk for SZ and patients with first-episode
psychosis (Koike et al., 2011). However, the clinical applicability of
NIRS to the differential diagnosis of individuals remains uncertain. In
this study, we extended our translational approach to replicate our pre-
vious findings (Kameyama et al., 2006; Suto et al,, 2004) in a seven-site
collaborative study using a large, fully independent sample set, and to
evaluate the application of NIRS to psychiatric differential diagnosis in
natural clinical settings.

Specifically, we used NIRS with wide coverage of the prefrontal
and temporal cortices to investigate whether the frontal and tempo-
ral brain haemodynamic responses induced by cognitive activation
could serve as biomarkers of underlying major psychiatric disorders
with depression. To validate the reproducibility and generalisability
of the results, we applied an algorithm developed using the data gen-
erated at the initial site to the test data derived from the remaining 6
sites. We hypothesised that the spatiotemporal characteristics of the
haemodynamic responses detected by NIRS would not only differen-
tiate patients with psychiatric disorders from HCs with acceptable
sensitivity and specificity, but would also differentiate correctly and
with a high concordance rate patients with MDD from patients with
bipolar disorder and schizophrenia who present with depressive
symptoms.

Material and methods
Participants

This multi-site study was performed in 7 hospitals: 6 were affiliat-
ed with universities (Fukushima, Gunma, Mie, Tokyo, Showa, and
Tottori) and one was affiliated with the National Centre of Neurology
and Psychiatry of Japan. The sites were situated in the Tokyo metro-
politan area and in moderate-scale prefectural capital cities
(Fukushima, Maebashi, Tsu and Yonago). The participants were
recruited from June 2004 to June 2009, with the exception of recruit-
ment at the initial site (Gunma University Hospital in Maebashi City),
which was conducted over 6 years (March 2003 to March 2009). The
ethics committees of the participating hospitals approved this collab-
orative study. In accordance with the Declaration of Helsinki, all
participants gave written informed consent after receiving a complete
explanation of the study.

Six hundred and seventy-three in-patients and out-patients with
psychiatric disorders (MDD, BP and SZ), in addition to 1007 HC volun-
teers (Flow diagram (1)), were initially enrolled. Of note, these indi-
viduals were not the same as those included in our previous studies
(Kameyama et al., 2006; Suto et al,, 2004). The patients were diag-
nosed by experienced psychiatrists based on the Structured Clinical
Interview for DSM-IV Axis I Disorders (SCID) (First et al., 1997). The
HC volunteers were hospital staff members, university students and
members of the general population who responded to website or
newspaper advertisements in each city. The SCID non-patient edition
was used to screen HC individuals. The exclusion criteria of the initial
enrolment were neurological illness, traumatic brain injury with any
known cognitive consequences and alcohol/substance abuse or addic-
tion. All participants were native Japanese speakers who were capa-
ble of performing a Japanese version of the VFT easily.

On the day of NIRS measurement, the depressive symptoms of
participants were evaluated using the 17-item Hamilton Rating
Scale for Depression (HAMD) (Hamilton, 1960) and their psychotic
and manic symptoms were evaluated using both the Positive and
Negative Syndrome Scale (PANSS) (Kay et al., 1991) and the Young
Mania Rating Scale (YMRS) (Young et al,, 1978), respectively, by
well-trained psychiatrists with no knowledge of the NIRS data. Dur-
ing the study, all patients with psychiatric disorders were medicated
with one or more agents (anti-psychotics, anti-depressants, anxio-
lytics and/or anti-parkinsonian agents), with the exception of 10
drug-free patients with MDD and 5 drug-free patients with SZ.
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Fig. 1. Typical time-course pattern of near-infrared spectroscopy (NIRS) signals coupled
with the verbal fluency task. The ‘centroid value' is indicated by the time [s], which is indi-
cated by a perpendicular line from the centroid of an NIRS signal-change area (calculated
with positive change) throughout all the task periods. Oxy-Hb: oxygenated haemoglobin
signal; deoxy-Hb: deoxygenated haemoglobin signal.

To minimise the influence of confounding factors, we performed
group matching for age and gender among the 4 diagnostic groups
using one-way analysis of variance (ANOVA) and a chi-squared test,
which excluded randomly selected individuals and brought the
mean age of the HC individuals and patients with MDD or SZ in closer
alignment with that of the patients with BP (44.0 & 14.9 years old
(y.0.)), which was the group with the fewest individuals (Table 1 and
Flow diagram (2)). For confirmation, we also analysed demographically
non-matched samples that are identified in the Supplementary Material
(I). The overall results were the same as those described in the main man-
uscript and the reduction in the total number of study participants after
demographical matching did not appear to have an influence on the de-
velopment of the algorithm (see Supplementary Material (I)).

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). We also excluded patients in a manic phase (YMRS score > 10)
from the NIRS measurement; rather, we focused on patients with BP
who were in the depressive phase because the different phases may pro-
duce different brain dysfunctions in patients with BP (Phillips and Vieta,
2007), and manic patients with BP were diagnosed without apparent dif-
ficulty (Flow diagram (3)).

Activation task

The activation task used in this study was similar to that used in our
previous studies (Kameyama et al., 2006; Suto et al,, 2004; Takizawa et

al,, 2008). Briefly, a VFT (letter version) was administered and NIRS signal
([oxy-Hb] and [deoxy-Hb]) changes were measured during a 10s
pre-task baseline period, a 60 s activation period and a 55 s post-task
baseline period. During the activation period, the participants were
instructed to utter as many Japanese words beginning with a designated
syllable as possible. For the pre- and post-task baseline periods, the indi-
viduals were instructed to simply repeat Japanese vowels out loud. The
total number of correct words generated during the 60 s activation period
was used as the measure of task performance (Table 1).

Among the many neuropsychological tasks used for detecting
neurocognitive deficits in patients with major psychiatric disorders
(Barrett et al., 2009; Zanelli et al., 2010), we selected the VFT because
it is an executive task that exhibits distinct differences in performance
and neuroimaging data among each diagnostic group of major psy-
chiatric disorders (Costafreda et al., 2006; Curtis et al., 2001; Zanelli
et al., 2010). In addition, the VFT is easy to understand and execute;
in fact, all participants generated more than one word during the
VFT. Therefore, this task is suitable for translational research aimed
at identifying practical biomarkers.

NIRS measurement

The NIRS apparatus and measurement procedure were described in
full previously (Takizawa et al., 2008). Briefly, we used a 52-channel
NIRS system (ETG-4000; Hitachi Medical Co., Tokyo, Japan). The pre-
paration of the apparatus, including the audiovisual on-screen in-
structions, usually took less than 7 min and our brief version of the
VFT took less than 3 min, which is less demanding for participants
(10-15 min is necessary for the entire procedure).

NIRS is based on the principle that near-infrared light is preferential-
ly absorbed by haemoglobin and less so by other tissues. Near-infrared
light emitted from the skin travels into the body, is reflected and
absorbed by the internal tissues and reappears on the skin. Thus, the
absorption of near-infrared light reflects haemoglobin concentration
([Hb]) in the tissue placed beneath emission and detection probe pairs.
Measurements taken using 2 or more wavelengths of near-infrared
light enable the determination of [oxy-Hb] and [deoxy-Hb] changes be-
cause their absorptions are different at different wavelengths. The
ETG-4000 system measures relative changes in [oxy-Hb] and [deoxy-Hb]
using 2 wavelengths (695 and 830 nm) of infrared light, based on
the modified Beer-Lambert law.(Yamashita et al, 1996) In this
continuous-wave NIRS system, these [Hb] values include a differential
pathlength factor (DPF); therefore, the unit of this form of NIRS measure-
ment is mM-mm. The distance between pairs of source-detector probes
was set to 3.0 cm and each measurement area located between pairs of
source-detector probes was defined as one ‘channel’. It is assumed that
a machine in which the source-detector spacing is 3.0 cm measures
points at a depth of 2-3 cm from the scalp (i.e,, the surface of the cerebral
cortex) (Okada and Delpy, 2003). The temporal resolution of NIRS was
setto 0.1 s.

The arrangement of the probes measured relative [oxy-Hb] and
[deoxy-Hb] signal changes in the bilateral prefrontal cortical area
(i.e., dorso-lateral [Brodmann areas (BAs) 9 and 46], ventro-lateral
[BAs 44, 45, and 47] and fronto-polar [BA 10] regions) and in the
superior and middle temporal cortical surface regions, which
was corroborated by a multi-individual study of anatomical cranio-
cerebral correction via the international 10-20 system (Fig. 2 and
Table S1) (Tsuzuki et al,, 2007). However, in the 10-20 system, the
anterior parts of the probes (e.g., Fpz) can be positioned precisely,
whereas the position errors of more lateral probes might be increased
due to inter-individual head size variability. In addition, although we
initially aimed to analyse single-individual and single-channel levels
in this study, studies of repeated NIRS measures have demonstrated
acceptable reliability of the NIRS signal at the group and cluster levels,
whereas retest reliability was unsatisfactory at the single-individual
and single-channel levels (Schecklmann et al., 2008).

— 203 —



R. Takizawa et al. / Neurolmage 85 (2014) 498-507 501

Table 1

Demographic and clinical characteristics of the 4 age- and gender-matched diagnostic groups at all 7 study sites.

Major depressive Schizophrenia

Bipolar disorder Healthy control Group difference

disorder
Mean SD Mean SD Mean SD Mean SD p-Value
n 153 136 134 590
Age years 438 12.7 43.7 121 44,0 149 439 15.7 0.99
Gender, women/men 77/76 67/69 69/65 314/276 0.812
Education, years 140 1.9 15.2 2.0 15.6 2.0 16.1 24 <0.01
Estimated premorbid 1Q 106.0 10.1 103.7 11.2 106.9 8.6 107.2 10.1 023
Task performance 13.0 38 136 44 120 36 15.3 4.8 <0.01
Age at onset, years 392 113 234 7.4 329 124 -
PANSS
Positive - 16.3 5.0 - -
Negative - 21.0 6.0 - -
General psychopathology - 37.0 7.6 - -
HAM-D 14.1 6.7 - 8.4 7.0 -
YMRS - - 4.7 5.9 -
GAF 53.9 9.7 473 114 55.5 133 -

Abbreviations: 1Q, intelligence quotient; PANSS, Positive and Negative Syndrome Scale; GAF, global assessment of functioning.
2 Chi-square test was used for testing group difference. Otherwise, one-way ANOVA was used.

Therefore, instead of undertaking a full analysis at the single-
individual and single-channel levels, here we performed an analysis
of NIRS signals at the single-individual and cluster levels. A principal
component analysis (PCA) of NIRS [oxy-Hb] signal changes in targeted
fronto-temporal channels was performed at the initial study site as a
preliminary analysis to capture a channel cluster of the analogous
time-course pattern in HC individuals. Subsequently, the weight
maps of the first and second principal component graphs were used
to identify 2 cluster components.

These analyses suggested that 2 cluster components were identified
and that the 2 clusters included the frontal region (11 channels) and the
bilateral temporal region (10 channels each) (see Supplementary Mate-
rial (I1) and eFig. S1). The channels in these 2 respective regions of inter-
est were averaged and transformed into representative ‘Region 1 (R1)’
and ‘Region 2 (R2)' NIRS signals for each individual (Fig. 3). According
to registration into the LONI Probabilistic Brain Atlas 40 (LBPA40)
(Fig. 2) (see Supplementary Table S1 for LBPA40 anatomical labels)
(Shattuck et al., 2008), the R1 NIRS signal consisted of signals from
channels located approximately in the fronto-polar and dorsolateral
prefrontal cortical regions (i.e., superior and middle frontal gyri), where-
as the R2 NIRS signal consisted of signals from channels located approx-
imately in the ventro-lateral prefrontal cortex and the superior and
middle temporal cortical regions (i.e., inferior frontal gyrus and superior
and middle temporal gyri).

An automatic artefact-rejection procedure (see Supplementary
Material (IlI)) was followed and individual data were excluded

when there were fewer than 6 remaining channels from each of the
2 cluster regions (Flow diagram (4)).

Statistical analyses

Taking into consideration the potential application of the technique
in ordinary clinical settings and personalised care, a conservative
receiver operating characteristic (ROC) analysis was performed and
used to generate simple indices of NIRS signal patterns, to aid individual
diagnoses.

The spatiotemporal characteristics of the frontal and temporal
haemodynamic responses induced by VFT were assessed and subse-
quently applied to an algorithm using the simplest and fewest variables
for differential diagnosis. Because previous studies have shown that the
best way to differentiate patients with MDD from those with BP or SZ is
to describe the time-course of changes in the NIRS signal associated
with the VFT (Kameyama et al., 2006; Suto et al., 2004), we chose to
create 2 simple visual indices, referred to here as ‘integral value’ and
‘centroid value’, to capture these time-course changes.

The integral value describes the size of the haemodynamic response
during the 60 s activation task period, whereas the centroid value
serves as an index of time-course changes throughout the task, with
periods representing the timing of the haemodynamic response. The
centroid value is indicated by a time shown with a perpendicular
line from the centroid of the NIRS signal change area (calculated as
a positive change) throughout the task periods (from 0 [s] to 125 [s]

Fig. 2. Regions of interest (Regions 1 and 2) of the near-infrared spectroscopy (NIRS) signals. The locations of near-infrared spectroscopy (NIRS) measurements were probabilis-
tically estimated and anatomically labelled in the standard brain space (LBPA40) according to Tsuzuki et al. (2007). Region 1: (ch 25-28, ch 36-38 and ch 46-49); Region 2,

Right: (ch 22-24, ch 32-35 and ch 43-45); Left: (ch 29-31, ch 39-42 and ch 50-52).
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(= 10 [s] + 60 [s] + 55 [s])) (see Fig. 1). To confirm the reproduci-
bility of each single index between the 2 measurements, a test-retest
analysis (single-measure intra-class correlation (ICC) analysis using a
one-way random effect model) revealed the presence of significant
intra-class correlation coefficients for both the R1 and R2 integral values
[r =047, p=001; r =059, p <001, respectively] and the R1
centroid value [r = 0.65, p < 0.01], but not for the R2 centroid value
[r = 0.20, p = 0.19] (see Supplementary material (IV)). PCA and ICC
analyses revealed that the 2 indices of NIRS analysis during VFT were
acceptable at the single-individual and cluster levels. Thus, the 3 signif-
icant variables were used for further analysis.

The 2 representative R1 and R2 NIRS signals obtained from each
individual were averaged separately for each type of [Hb] and the in-
tegral and centroid values were calculated using parametric statistical
tests. Further analyses focused on the increases in [oxy-Hb], because
these appear to reflect task-related cortical activation more directly
than do decreases in [deoxy-Hb], as evidenced by the stronger
correlation between the former and the blood oxygenation level-
dependent signal measured by fMRI (Strangman et al., 2002b) and
by the results of animal studies (Hoshi et al,, 2001). As the typical
[oxy-Hb] activation pattern had a positive direction (Fig. 1), data
with positive [oxy-Hb] changes (i.e., data with an integral value >0)
in R1 and R2 were used to create an algorithm (Flow diagram (4)).
Data exhibiting negative [oxy-Hb] changes were added to the analysis
and were described in the results as being appropriate. The analysis of
[deoxy-Hb] changes was reported in Supplementary Material (V);
however, no significant variable was found regarding [deoxy-Hb]
changes.

First, as a preliminary analysis to identify the variable that differ-
entiates patients with psychiatric diseases from HCs most robustly,
the 3 variables, including both integral and centroid values of the R1
NIRS signal and the integral value of the R2 NIRS signal, were

compared among all of the patients and the age- and
gender-matched controls at the initial study site using ANOVA. The
resulting significant variables were applied to ROC analyses at the
remaining 6 sites.

Because mental health professionals in real clinical settings must
differentiate patients with MDD from those with BP or SZ presenting
with depression as accurately as possible, the second main analysis
performed here aimed to determine the most informative variable
and the optimal threshold to discriminate patients with MDD from
those with non-MDD disorders. In the present study, the 3 variables,
including both integral and centroid indices of R1 and the integral R2
index of the NIRS signal, were compared among patients with MDD
and those with either of the other 2 disorders using ANOVA; the
variables that were deemed to be significant were applied to the
ROC analysis. The preliminary data from the initial site were used to
determine an optimal threshold, which was then validated using
the test data from the remaining 6 sites.

Third, Pearson's correlation analysis was performed between the
significant variables and demographic confounding factors. Data
were tested for a normal distribution using the Kolmogorov-Smirnov
test. Data that were not normally distributed were analysed using
Spearman'’s correlation analysis.

In particular, regarding clinical confounding factors, such as symp-
toms (HAMD, YMRS and PANSS scores) and medication doses (anti-
depressants: imipramine (IMP) equivalent dose; antipsychotics:
chlorpromazine (CPZ) equivalent dose; anxiolytics: diazepam equivalent
dose; and anti-parkinsonian drugs: biperiden equivalent dose, lithium
dose, sodium valproate dose and carbamazepine dose), a stepwise
multiple linear regression analysis was performed with a probability
of F for conservative entry and removal criteria of 0.01 and 0.05,
respectively, to elucidate the complicated relationships among
these clinical confounding factors in each diagnostic group.

All data are expressed as mean and standard deviation (SD). The
significance level was set to alpha = 0.05. When a difference was
considered significant, we presented both the effect size (Cohen's d)
and the 95% confidence interval (CI). Statistical analyses were
performed using the SPSS 16.0.1] software (SPSS Inc., Tokyo, Japan).

Results
Demographic characteristics

Table 1 shows the demographic and clinical characteristics of the 4
age- and gender-matched diagnostic groups used in this study.
One-way ANOVA revealed an absence of significant age differences
among the groups (p = 0.99) and a chi-squared test showed an ab-
sence of gender differences among the groups (p = 0.81). In addi-
tion, the age and gender distributions among the 4 diagnostic
groups were not significantly different at the initial site (Gunma Uni-
versity, MDD: 39.9 (11.7) y.o., 12/15; BP: 41.1 (13.2) y.o., 22/15; SZ:
40.1 (14.9) y.o0., 11/20; and HC: 40.0 (4.2) y.0., 7/10) (age, p = 0.98;
gender, p = 0.24) and at the other 6 sites (MDD: 44.6 (12.7) y.o.,
65/61; BP: 45.1 (154) y.o0., 47/50; SZ: 44.8 &+ 11.0 y.0., 56/49; and
HC: 44.0 £+ 159 y.0., 307/266) (age, p = 0.89; gender, p = 0.81).

Preliminary test of the difference between HCs and patients

Although it was not the main theme of this study, to compare our
results with those of studies of biomarkers performed only to detect
functional abnormalities in patients against a control group, we also
analysed the differences between HC individuals and patients to con-
firm the significance of the 3 variables chosen for analysis. Full analy-
ses are described in Supplementary Material (VI).

From the analyses performed using data from the initial site, we
adopted both R1 and R2 integral values as statistically significant
variables for the algorithm. Thresholds were dependent on the
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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% CI, (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% (],
(0.61 to 0.87)] and the optimal threshold was 54 [s] from the extreme
top left point of the ROC curve (eFig. 54).

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% (I,
(0.74 t0 0.89); d = 1.17, 95% (], (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% CI, (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% (I, (0.78 to
0.93); d =140, 95% (I, (0.96 to 1.82); optimal threshold = 54 [s],
PPV = 0.89, NPV = 0.78] 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 0.30 0.89 0.43
140 0.92 0.34 0.88 047
130 0.90 037 0.87 0.52
120 0.88 042 0.85 0.57
110 0.85 0.46 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 0.57 0.75 0.52 0.81
40 047 0.80 043 0.86
30 0.38 0.84 0.33 0.89

the demographic confounding factors [performance (number of correct
words), education years and pre-morbid IQ; 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 = 843, 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 (e.g.,
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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.

— 206 —



504 R. Takizawa et al. / Neurolmage 85 (2014) 498-507

120 v T
+:Major Depressive Disorder
+:8chi i

100} BB

80}

Centroid value of R1(sec)
(o2}
o

Integral value of R1
Initial site

0 x L
-100 0 100 200 300

120

o N
8 8

Centroid value of R1(sec)
[+2]
fl

40
20
0 | . .
-100 0 100 200 300
Integral value of R1
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 MRI 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

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-temporal 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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ABSTRACT

Near-infrared spectroscopy (NIRS) is commonly used for studying human brain function. However, several
studies have shown that superficial hemodynamic changes such as skin blood flow can affect the prefrontal
NIRS hemoglobin (Hb) signals. To examine the criterion-related validity of prefrontal NIRS-Hb signals, we fo-
cused on the functional signals during a working memory (WM) task and investigated their similarity with
blood-oxygen-level-dependent (BOLD) signals simultaneously measured by functional magnetic resonance
imaging (fMRI). We also measured the skin blood flow with a laser Doppler flowmeter (LDF) at the same
time to examine the effect of superficial hemodynamic changes on the NIRS-Hb signals. Correlation analysis
demonstrated that temporal changes in the prefrontal NIRS-Hb signals in the activation area were significant-
ly correlated with the BOLD signals in the gray matter rather than those in the soft tissue or the LDF signals.
While care must be taken when comparing the NIRS-Hb signal with the extracranial BOLD or LDF signals,
these results suggest that the NIRS-Hb signal mainly reflects hemodynamic changes in the gray matter. More-
over, the amplitudes of the task-related responses of the NIRS-Hb signals were significantly correlated with
the BOLD signals in the gray matter across participants, which means participants with a stronger NIRS-Hb
response showed a stronger BOLD response. These results thus provide supportive evidence that NIRS can

be used to measure hemodynamic signals originating from prefrontal cortex activation.

© 2013 Elsevier Inc. All rights reserved.

Introduction

Human tissue is highly transparent to light in the visible to
near-infrared region, so this region is called the “biological optical
window.” Millikan's development of a spectroscopic method for esti-
mating the oxygen saturation of blood in human tissue (Millikan,
1942) was followed by the development of the near-infrared spec-
troscopy (NIRS) technique for noninvasive measurement of tissue ox-
ygenation in the brain (Jobsis, 1977; Jobsis-VanderVliet et al., 1988).
Particularly important has been the application of NIRS to the mea-
surement of hemodynamic signals related to functional activation in
the brain (Chance et al., 1993; Hoshi and Tamura, 1993; Kato et al,,
1993; Villringer et al,, 1993). The NIRS technique measures relative

* Corresponding author. Fax: +81 49 296 6005.
E-mail address: hiroki.sato.ry@hitachi.com (H. Sato).
! These authors contributed equally to this work.

1053-8119/$ - see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.neuroimage.2013.06.043

changes in the concentration of oxygenated hemoglobin (Hb) and de-
oxygenated Hb (oxy-Hb signal and deoxy-Hb signal, respectively),
taking advantage of the difference in absorption coefficients between
oxy-Hb and deoxy-Hb depending on the light wavelength (Wray
et al., 1988).

From a theoretical viewpoint, the origin of the NIRS deoxy-Hb sig-
nal is assumed to be the same as that of the blood oxygenation
level-dependent (BOLD) signal in functional magnetic resonance im-
aging (fMRI), which is sensitive to changes in the concentration of
deoxy-Hb in local blood vessels (Ogawa et al.,, 1990a, 1990b). After
a NIRS imaging technique (optical topography) with multiple mea-
surement positions was introduced (Maki et al, 1995; Yamashita
et al., 1996), a number of studies using NIRS were conducted in vari-
ous fields as it offers several advantages. For example, its imposition
of fewer body constraints facilitates measurement of the infant
brain (Homae et al., 2010; Minagawa-Kawai et al., 2011; Pena et al,,
2003; Sato et al,, 2012; Taga et al., 2003) and of activations during
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walking (Atsumori et al., 2010; Miyai et al., 2001) and communica-
tion (Cui et al,, 2012; Funane et al., 2011), which are more difficult
with fMRI Moreover, NIRS is easier to administer and less expensive
than fMRI, meaning that it will open up new applications.

Although NIRS has certain advantages compared to MR, it has a
limited measurement depth and less spatial resolution. A potential
problem currently drawing attention is contamination of the mea-
surement data due to extracranial hemodynamic changes such as
skin blood flow (Germon et al, 1994, 1998; Kirilina et al, 2012;
Kohno et al., 2007; Takahashi et al., 2011; Toronov et al, 2001).
Given the measurement principle of NIRS, it would not be surprising
to find that NIRS-Hb signals contain information reflecting superficial
hemodynamic changes mainly due to systemic changes. Therefore,
researchers have placed special emphasis on their task paradigms
and statistical analysis to ensure extraction of pure brain activity. Al-
though this approach is valid if the assumption holds that extracranial
hemodynamics is independent of the task sequence or at least negli-
gible in obtaining brain activity, recent studies have suggested that
superficial hemodynamic changes such as skin blood flow are a con-
siderable source of the task-related signals, especially in the frontal
area (Kirilina et al,, 2012; Takahashi et al., 2011). For example,
Takahashi et al. (2011) suggested that the majority of NIRS-Hb signal
changes in the forehead reflected the skin blood flow during a verbal
fluency task (VFT). The main evidence for this conclusion was derived
from an experiment showing that the VFT-related signal changes
disappeared when the participants manually pressed a portion of
the skin in the measurement area (Takahashi et al., 2011). Moreover,
Kirilina et al. (2012) showed task-evoked hemodynamic changes in
the superficial forehead region during a continuous performance
task. They attributed this task-evoked artifact to systemic changes
in the veins draining the scalp, as shown by fMRI results in which
similar task-evoked extracranial changes were localized in the super-
ficial frontal veins (Kirilina et al., 2012). Given these results, there is
concern that significant artifacts from extracranial hemodynamics in
the NIRS-Hb signals may be present in a wide range of cognitive stud-
ies. However, the impact of the extracranial artifacts, including their
significance and generality, has not been clarified, let alone their
true origin and mechanism.

Before clarifying the effect of extracranial artifacts in NIRS mea-
surements, the present study used simultaneous NIRS and fMRI mea-
surements to investigate the validity of using NIRS to measure
prefrontal activity during a reliable task. The BOLD signal of fMRI
has relatively accurate spatial information and is proportional to the
hemodynamic changes that can be measured using NIRS (Buxton
et al., 2004; Toronov et al.,, 2003). It is therefore possible to evaluate
the criterion-related validity of the NIRS-Hb signal by comparing it
with the corresponding BOLD signal. Of the numerous studies using
simultaneous NIRS-fMRI measurements, two recent ones have inves-
tigated prefrontal cortex (PFC) activation (Cui et al., 2011; Heinzel
et al, 2013). Although they showed a wide regional and inter-
individual variability in the NIRS-BOLD correlations around the PFC
(Cui et al,, 2011; Heinzel et al., 2013), they not fully demonstrate
the correlation level in the focused-upon activation region.

Given this background, we examined in more detail to what extent
the prefrontal NIRS-Hb signals showing task-related changes are corre-
lated with the BOLD signals. To confirm the generality of the results for
the PFC, sensorimotor areas were also measured using a finger tapping
task (TAP). The sensorimotor activations mainly in the precentral and
postcentral gyri have been well examined in a number of simultaneous
NIRS-fMRI studies and have been shown to have high correlation with
the signals (Huppert et al., 2006; Kleinschmidt et al,, 1996; Mehagnoul-
Schipper et al., 2002; Sassaroli et al, 2006; Strangman et al, 2002;
Toronov et al,, 2001). Of particular interest, Mehagnoul-Schipper et al.
(2002) showed that the amplitudes of the deoxy-Hb signals correspond-
ing to task-related changes were significantly correlated with those of
the BOLD signals in the left motor cortex. This amplitude correlation is

important because it indicates that equivalent statistical results are
expected in the two modalities. However, this amplitude correlation
has been reported only by Mehagnoul-Schipper et al. (2002), and it nat-
urally remains unclear in the case of PFC activation.

Therefore, the first objective of the present study was to demon-
strate a similar amplitude correlation between NIRS and BOLD in
PFC activation signals. The second objective was to determine the cor-
relation of NIRS-Hb signals not only with the BOLD signals in the gray
matter (GM) layer but also with the BOLD signals in the soft tissue
(ST) layer and the skin blood flow measured with a laser Doppler
flowmeter (LDF). This approach should provide helpful information
about the effect of superficial hemodynamic changes on the prefron-
tal NIRS-Hb signals. Although weaker signal intensities are expected
in ST regions compared to GM regions, the usefulness of ST BOLD sig-
nals has been suggested (Heinzel et al.,, 2013; Kirilina et al,, 2012).

We used a working memory (WM) task with a classical delayed
response paradigm as a reliable cognitive task for measuring PFC ac-
tivity. A region of the dorsolateral PFC, Brodmann area (BA) 46, has
been shown to be involved in this task through a number of animal
electrophysiological studies (Goldman-Rakic, 1987; Kubota and Niki,
1971; Tsujimoto and Postle, 2012) and human neuroimaging studies
(D'Esposito, 2007; McCarthy et al., 1994, 1996). Several NIRS studies
have also demonstrated PFC activation during a WM task both in chil-
dren (Tsujimoto et al., 2004) and adults (Aoki et al., 2011, 2013; Sato
et al., 2011a). By focusing on activity in BA 46 during the WM task, we
expected to achieve more reliable signals from the cerebral cortex.

Materials and methods
Participants

Twenty-seven volunteers (23 males and 4 females, mean age of
36.4, age range of 28-48) participated in the simultaneous NIRS and
fMRI measurements. All participants were native Japanese speakers
and gave written informed consent to the study protocol, which
was approved by the ethical committee of the Faculty of Medicine,
the University of Tokyo (No. 3156-(2)). None of these participants
had a history of psychiatric or neurological illness, serious head inju-
ry, or psychotropic drug use.

Experimental setup and task sequence

The participant was fitted with NIRS probe holders (see Section
NIRS for more details) and wore a nonmagnetic headphone (Hitachi
Advanced Systems Corp., Japan) for auditory presentation. After the
participant lay down on a scanner bed, an LDF probe was centered be-
tween the eyebrows, and another one was placed over the left tem-
ple. A head coil was placed on his or her head, and mirrors were
placed on the head coil to enable the participant to see a screen posi-
tioned at his or her feet.

Two task sessions were conducted for each participant: a verbal
working memory (WM) task and a finger tapping (TAP) task. The
functional activation signals during task performance were measured
using NIRS and fMRI. A commercially available software package
(E-prime, Psychology Software Tools, Inc., U.S.A.) was used to present
visual and auditory stimuli, to synchronize the stimuli presentation to
the fMRI scanning, to send serial commands to the NIRS system for re-
cording the time of presentation, and to record the participant's re-
sponses for the WM task. A TAP task session was conducted after
the WM task session for all participants. A verbal fluency task session
was also conducted for another purpose, and the results for that ses-
sion will be reported elsewhere.

Verbal working memory task
A conventional delayed-response paradigm was used as the verbal
WM task (Fig. 1A). It was basically the same as that used in previous
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Fig. 1. Task paradigm and NIRS measurement setting. (A) Schematic diagram of WM task trial. (B) Configuration of measurement channels with unique numbers for Probe-1: there
were 17 light-irradiating positions (red dots) and 16 detecting positions (blue dots). (C) Configuration of regular measurement channels (S-D distance of 30 mm) with unique
numbers for Probe-2: there were six light-irradiating positions (red dots) and six detecting positions (blue dots). Positions of 21 vitamin E tablets used as markers are shown
by yellow ellipses. Left part is placed on left prefrontal position; right part is placed on left parietal position. (D) Photograph of Probe-1 worn by representative participant (left)
and corresponding T1-weighted image with probe holders, in which NIRS channel positions can be determined (right). (E) Photograph of Probe-2 worn by representative partic-
ipant (left) and corresponding T1-weighted image with vitamin markers, in which the channel positions can be determined (right).

NIRS studies (Aoki et al., 2011, 2013; Sato et al,, 2011a). Each task trial
started with a 1500-ms presentation of the target stimuli for
encoding (Target) on a PC display screen, which was followed by a
delay of 7000 ms. A test stimulus for retrieval (Test) was then
presented for 2000 ms or until the participant responded. The partic-
ipant responded by pressing a button on a handheld box (Serial Re-
sponse Box, Psychology Software Tools, Inc., U.S.A.) connected to the
PC. The system recorded the button pressed and the reaction time.
A Japanese hiragana character or a set of four such characters was
presented as the Target, and a Japanese katakana character was
presented as the Test. The participants were instructed to judge
whether the Test character corresponded to the single Target charac-
ter or to one of the four target characters and then press the appropri-
ate button. They used the right index finger to press the “yes” button
when the Test character corresponded to the Target character and
used the right middle finger to press the “no” button when it did
not correspond to the Target character. Because the characters
presented as Target and Test were in different Japanese morphograms
(i.e., hiragana and katakana), the participants made their judgments
on the basis of the phonetic information conveyed by the characters,
not on the basis of their form. In 12 task trials, the one-character
Target (1-item) and four-character Target (4-item) conditions were
randomized with the same probability. The probabilities of “yes”
and “no” responses were controlled to be the same (50%). The inter-
val between Target onset and the subsequent Target onset was set
to 35 s. Only a fixation cross was presented during the interval and
delay period. In addition, auditory cues (1000- and 800-Hz pure
tones of 100-ms duration) were presented at the Target and Test on-
sets, respectively. The behavioral results for the WM task are shown
in the Supplementary Materials (Table S1).

Finger tapping task

A simple finger-tapping task was used as a sensorimotor task. It
was similar to that used in previous NIRS studies (Sato et al., 2005,
2006). The participants were instructed to watch a white fixation
cross shown at the center of the screen. During the task period, the
color of one half of the horizontal bar turned yellow at a rate of
3 Hz, and the participants were asked to tap their fingers in synchro-
ny with the blinking timing of the horizontal bar in the fixation cross.
During each task period, the fingers of one hand were repeatedly placed
on the tip of the thumb in the following order: forefinger-second
finger-third finger-little finger-third finger-second finger-forefinger.
Each task period lasted for 15 s, and the interval between task periods
was 25 s. The experiment consisted of ten task periods with the order
of the right and left finger conditions alternating.

Data acquisition

NIRS

We used an optical topography system (ETG-4000, Hitachi Medical
Corporation, Japan) for the NIRS measurements. The light sources
consisted of continuous laser diodes with two wavelengths, 695 and
830 nm. The transmitted light (detected with avalanche photodiodes)
was sampled every 100 ms. The optical fibers used for both the
irradiating and detecting lights, including the points where the optical
fibers were attached to the skin, are referred to as ‘probes’ (‘source
probes’ and ‘detecting probes’).

We used two types of probe holders with different probe configu-
rations (Figs. 1B-E). “Probe-1" was a conventional probe holder
with 30-mm spacing between the source and detector (S-D) probes,
covering a wide area mainly on the forehead. Seventeen light sources
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and 16 detectors were arrayed in a 3 x 11 lattice pattern with 30-mm
separation, forming 52 measurement positions (defined as ‘chan-
nels’), one for each S-D pair (Fig. 1B). The probes were embedded
in a soft silicon holder that was placed on the participant's forehead
(Fig. 1D left). The probe holder is visible in a normal T1-weighted
image (Fig. 1D right), so the spatial position of the probes could be
registered in the MRI data. It was used for 15 participants (11 males
and 4 females, mean age of 35.5, age range of 27-45).

“Probe-2" was a custom-made probe holder with both conven-
tional S-D distance (30-mm) probes (Fig. 1C) and shorter S-D dis-
tance (15-mm) probes (not shown). The data collected with the
shorter S-D distance probes were not used in the present study be-
cause it focuses on the quality of NIRS-Hb signals obtained with a con-
ventional S-D distance of 30 mm. The shorter S-D distance results
will be reported elsewhere. For the 30-mm measurements, 6 light
sources and 6 detectors were arrayed in a lattice pattern, forming
14 measurement positions. Twenty-one vitamin E tablets were also
attached to the probe holder as markers to identify the positions
of the NIRS channels in the MRI images (Figs. 1C, E). This probe
was used for the other 12 male participants (mean age of 37.7, age
range of 30-48).

Data from both Probe-1 and the conventional S-D probes in
Probe-2 were used for our main objective, i.e., determining the valid-
ity of activation signals in those areas commonly measured with both
probe holders. In addition, we used all channel data from Probe-1 to
examine the spatial characteristics of the correlation between the
NIRS and BOLD signals. The experimental setup and task sequences
were common to both probe holders.

Magnetic resonance imaging (MRI)

The MR imaging was performed with a Philips Achieva 3.0 T
TX system (Philips Medical Systems, The Netherlands) with a
32-channel SENSE head coil. A total of 180 and 175 T2*-weighted
gradient-echo echo-planar images (EPIs) were acquired while a par-
ticipant underwent a single session of the TAP and WM tasks, respec-
tively. A single EPI volume consisted of 35 3-mm-thick axial slices
interspaced by a 1-mm gap, covering the entire brain. Other imaging
parameters included TR = 2500 ms, TE = 30 ms, flip angle = 80°,
field of view = 192 x 192 mm, and matrix = 64 x 64. Following
the functional imaging, a BO field map was acquired in the same
head position (35 4-mm-thick axial slices, TR = 20 ms, TEs = 2.3/
4,6 ms), which was later used to reduce image distortion caused by
inhomogeneity in the magnetic field. Further, for anatomical identifica-
tion of activated regions in the brain, a T1-weighted structural image
was obtained (field of view = 250 x 250 mm, in-place resolution =
1.1 x 1.1 mm, 301 contiguous sagittal slices of 0.6 mm thickness,
TR = 7.4 ms, TE = 3.4 ms, flip angle = 8°).

Laser-Doppler flowmetry

The skin blood flow was measured with a laser Doppler flowmeter
(Microflow DSP, Oxford Optronix Ltd., UK) that had two surface
probes. One was attached to the skin, centered between the eyebrows
(channel 1), and the other was attached to the left temple (channel 2).
The LDF analog output was converted into a digital signal with an
analog-to-digital (A/D) converter (NR-2000, Keyence Corporation,
Japan).

Data analysis

We primarily used MATLAB (The MathWorks, Inc., US.A.) for the
analysis. A flow chart of the data analysis is shown in Fig. 2.

Registration of NIRS measurement area in structural MRI
To compare the temporal changes in the Hb signals from the NIRS
measurements and in the BOLD signals from the fMRI measurements,

we registered the NIRS channel positions in the structural MRI
(Fig. 2A).

First, the T1-weighted image was coregistered to the mean function-
al image by using Statistical Parametric Mapping Software 8 (SPM8; In-
stitute of Neurology, University College London, UK; run on MATLAB)
(Step A-1). Then, the coordinates of the S-D pairs were obtained for
each participant and each NIRS channel (NIRS-ch). This process (Step
A-2) was done by manually identifying the positions of the sources
and detectors in the probe holder shown in the T1-weighted image
for Probe-1. For Probe-2, the position of each marker (a vitamin E tab-
let) was first manually identified in the T1-weighted image, and the co-
ordinates of the sources and detectors were calculated from the marker
positions. In parallel with these processes, the T1-weighted image was
segmented using the “New Segment” routine in SPM8 into six compo-
nents: gray matter, white matter, cerebrospinal fluid, soft tissue, bone,
and air (Step A-3). Using the spatial information for the NIRS channels
and the segmented MR images, we conducted two kinds of anatomical
identifications of NIRS channels.

(1) Determination of BA numbers for NIRS channels
We determined the BA number for each NIRS channel to clarify
the anatomical information. After we normalized the T1-
weighted image with channel-position information into the
Montreal Neurological Institute (MNI) space using SPM (Step
A-4), we defined the measurement position for each NIRS
channel as the midpoint between the source and detector.
Next, we projected each measurement position onto a tem-
plate of gray matter (“grey.nii” in spm8\tmp) and obtained
the MNI coordinates for each participant (Step A-6). The pro-
jection point was defined as the voxel closest to the measure-
ment position that showed an intensity greater than 0.5 in
the template image. The 0.5 intensity threshold means that the
voxel can be classified as being in the gray matter with a proba-
bility greater than 50% because the intensity of the template
image for tissue ranges from O to 1 with the limitation that the
sum of the intensities of all segmentation templates is 1. From
the MNI coordinates, the BA number was determined (Rorden
and Brett, 2000) for each projection point (Step A-8).
(2) Determination of spatial sphere for analysis (SFA)

We defined a spatial sphere of fMRI voxels for analysis (SFA),
which corresponded to the measurement area for each NIRS
channel. In step A-5, the photon-path-distribution function P,
(x, y, z) at position r (x,y,z) was derived using the S-D coordi-
nates and Eq. (1) (Feng et al., 1995; Sassaroli et al., 2006):

fexp(—k[(xz +y2+22)1/2+{(d—x)2+y2+zz}m])
(xz +y2+22)3/2{(d~x)2 +_V2+22}3/2
x {k(xz +y2+22)1/2+1 H k{(d~x)2+y2 +Zz}1/z+1]

1)

P(x,y,2) =

Function P, (x, y, z) represents the proportional probability
of the photon path distribution, where a photon irradiated at
(0, 0, 0) and detected at (d, 0, 0) crosses the generic point
(%, ¥, z). The effective attenuation coefficient k is defined as
/31,1, where absorption coefficient 4, is 0.011 mm™" and the
reduced scattering coefficient of tissue g/ is 1.2 mm™" (Sassaroli
et al,, 2006). We set a threshold of P, (, y, z) > 10~ for the
SFA (Step A-7 and Fig. 3A). We used the segmented MR images
to identify the gray matter (GM) and soft tissue (ST) voxels in
the SFA (Step A-9) for the subsequent analysis of both the corti-
cal BOLD and extracranial BOLD signals. We focused on the GM
region, which shows the cortical responses to experimental
tasks, and on the ST region, which is presumed to show the
skin blood flow changes (Fig. 3B).
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attached NIRS probes (Figs. 1 D & E)
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2. Temporal correlation of NIRS signals with

1. Temporal correlation of 4. Spatial distribution of

NIRS signals with voxel-level L-BOLD and LDF signals in continuous temporal correlations of
BOLD signals (Result 3.2.1) data (Result 3.2.2) 9 Y NIRS signals with L-BOLD
" and LDF signals
(Result 3.3)

B-1ov 3. Correlation of NIRS signals with L-BOLD
and LDF signals in block-averaged data
(Result 3.2.3)

COl analysis using Probe-1 and Probe-2 data Analysis using Probe-1 data

Fig. 2. Flowchart of basic analysis. Parallelograms represent input/output data, and rectangles represent processes. Each process is numbered as a step (A-1 to A-9 and B-1 to B-11)
corresponding to explanation in text.

Functional signal preprocessing analysis, the data for channels with low detected light power were re-
The preprocessing of the simultaneously acquired fMRI, NIRS and moved (Step B-1). The threshold for removal was set to a total gain of
LDF raw data are diagrammed in the lower right part of Fig. 2B. over 6667, which corresponds to the transmitted light being less than

1072 x the irradiation power. The main reason for the low detected
NIRS. A portion of the NIRS signal preprocessing was performed using light was probably poor probe attachment due to hair.
the plug-in-based analysis software Platform for Optical Topography For each NIRS channel, the optical data for two wavelengths were
Analysis Tools (developed by Hitachi, CRL; run on MATLAB). Prior to transformed into a time series of Hb signals (oxy-Hb and deoxy-Hb
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Fig. 3. Example images of spatial sphere for analysis in NIRS-channel 28 of Probe-1. (A) Proportional probability of photon path distribution as determined by simulation using
photon-path-distribution function. (B) Voxels in gray matter (yellow) and those in soft tissue (red) in sphere as determined by data segmentation.

signals) on the basis of the modified Beer-Lambert law (Delpy et al.,
1988; Maki et al.,, 1995). These signals were expressed as the product
of the changes in hemoglobin concentration (mM) and optical path
length (mm) in the activation region (effective optical path length).
A high-pass filter was applied to the NIRS-Hb signals to remove
low-frequency drift, which was longer than the twofold duration of
one task sequence (WM: 1/65 Hz, TAP: 1/80 Hz) (Step B-2), and a
low-pass filter was applied to the NIRS-Hb signals to remove compo-
nents with a frequency higher than the sampling period in the fMRI
scanning (2500 ms) (Step B-3). Finally, the filtered NIRS-Hb signals
were down-sampled to the fMRI scanning frequency for comparison
with the fMRI data (Step B-4).

After the filtering process, the effect size of the task-related signal
change was calculated for each participant and each task (Eq. (2) and
Step B-5) to determine the channel of interest. The effect size
(Cohen's d) is similar to the contrast-to-noise ratio (CNR) used by
Cui et al. (2011), which is the amplitude difference between the
mean of the activation period (mean(Act)) and that of the control pe-
riod (mean(Con)) divided by the pooled standard deviation (SD, o)
(Cohen, 1992):

_ mean(Act)—mean(Con)

d
g
n n
S v + ZO’Zi—}_’z)z\/i @
O =] i
ny +ny,—2 ’

where y; and y, are the vectors of the raw NIRS-Hb signals in the ac-
tivation and control periods, respectively. The activation period was
commonly set to the interval from 5 s after onset to the task end
(WM: 3.5 s, TAP: 10 s). The control period was set to the same dura-
tion (WM: 3.5 s, TAP: 10 s) before task onset.

fMRI. MR data preprocessing was performed using statistical para-
metric mapping software 8 (SPMS; Institute of Neurology, University
College London, UK; run on MATLAB). First, raw functional images
were unwarped by using the field map acquired for the participant
and were spatially realigned to the mean image calculated from the
entire data. We then applied to the BOLD time series the same
band-pass filter used in the NIRS-Hb signal preprocessing (Step
B-2). Unlike the standard preprocessing procedure, functional images
were not normalized into the standard space but were instead ana-
lyzed in the participant’s native space.

Using the anatomical information of NIRS channels obtained in
step A-9, we calculated the photon-path-distribution average BOLD
signal for each NIRS channel (Eq. (3)) as the layer BOLD (L-BOLD) sig-
nal for the GM and ST layers using a modified version of (Sassaroli
et al., 2006)

[yBOLD gy, (X,¥,2, t)P, (x,y, z)dxdydz

L — BOLD(t) =
© [vPa(x,y, 2)dxdydz

3

where L-BOLD(t) is the layer BOLD signal averaged using a weight
given by the photon-path-distribution function, and BOLDy,, (x,y.2,t)
is the raw BOLD signal for each voxel at time t and position (x,y,z)
(Step B-6).

LDF. The same preprocessing as for the NIRS-Hb signals was used for
the LDF signals. That is, the LDF signals were filtered using the same
parameters and down-sampled to match the fMRI scanning frequen-
cy (Steps B-2, B-3 and B-4).

Selection of channel of interest (COI)

First, we defined the NIRS channels in BA 46 as the object channels
for the WM task and those in BAs 1, 2, 3, 4, 5, 6, and 40 as the object
channels for the TAP task (Fig. 4A). Next, we selected as the channel
of interest (COI) for each task condition the object channel with
the maximum effect size (mean effect size of oxy-Hb signal and
deoxy-Hb signal) on the condition that the effect size exceeded 0.2
(Step B-7) (Fig. 4B). The 0.2 threshold corresponds to the “small” ef-
fect size (Cohen, 1992). Signal responses to the 4-item condition were
used in the WM task, and those to the contralateral-hand tapping task
were used in the TAP task. We focus on the COI for detailed analysis
because our interest here is to investigate task-related NIRS-Hb
signals. If we did not focus on the COI, the correlation with BOLD sig-
nals could be contaminated by the effects of noisy or non-activated
channels.

Correlation analysis in COI
Using the fMRI signals in the SFA, we conducted three types of cor-
relation analyses for COI using the data for both Probe-1 and -2.

(1) Correlation with voxel-level BOLD signals
Pearson's correlation coefficient (r) between the NIRS-Hb sig-
nal and the BOLD signal was calculated for each voxel in
the GM and ST layers of the SFA (Step B-8). The significance
of the correlation coefficient was determined using a false
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