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Fig. 3 Grand average of continuous data of fNIRS (original, deep, and shallow) and gray matter blood-
oxygenation-level dependent (GM-BOLD) signals for activation channel, and laser-Doppler-flowmetry
(LDF) signal changes (channel 2) obtained during verbal fluency task (VFT). Translucent patches indi-
cate the standard error at each time point. Vertical solid and dashed lines indicate task onset and end
timings, respectively. (a) Original signal; (b) deep signal; (c) shallow signal [oxy-Hb (solid line), deoxy-Hb
(dashed line)]; (d) GM-BOLD signal change (%); and (e) LDF signal change (arb. unit).
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Fig. 4 Correlation coefficients (Fisher's Z) between oxy- and deoxy-Hb signals (original, deep, and shal-
low) and LDF signal (including both channels 1 and 2) during a verbal fluency task (VFT), a working
memory task (WM), and a finger tapping task (TAP). Error bars indicate the standard deviations.
Single (*) and double (**) asterisks denote the statistical significance at p < 0.05 and 0.01 (corrected
for multiple comparisons), respectively.
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Fig. 5 Correlation coefficients (Fisher's Z) for (a) fNIRS oxy-Hb (deep and shallow) and spatially
weighted GM-BOLD signals in target areas, and for (b) fNIRS deoxy-Hb (deep and shallow) and spatially
weighted GM-BOLD signals in target areas during a VFT, a WM, and a TAP. Error bars indicate the
standard deviations. The sign of deoxy-Hb signal is inverted. For any individual task, no significant
differences were found between the correlations of deep and shallow fNIRS and GM-BOLD signals.
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Table 4 Means and standard deviations of deep-layer pooled con-
tribution ratio (%) at activation channels.

oxy-Hb deoxy-Hb
VFT 50.0:17.1 55.1:417.0
WM 56.24:10.7 64.3 9.7
TAP 60.94 11,6 748453

lower than those reported in a previous study,” over half of the
contribution of Hb signal to the fNIRS signals is originated from
the deep layer, especially for oxy-Hb.

4 Discussion

4.1 Correlations between Functional Near-Infrared
Spectroscopy and Laser-Doppler-Flowmetry
Signals

The correlations between the fNIRS and LLDF signals (shown in
Fig. 4) are very similar to those obtained in a previous study®®
that showed the correlation coefficients for deep fNIRS and LDF
signals are significantly Jower than those for shallow fNIRS and
LDF signals. The correlation coefficient between deoxy-Hb and
LDF signals under the TAP condition was extremely low. That
was possibly because the deep-layer pooled contribution ratio of
deoxy-Hb under the TAP condition was relatively high (Table 4)
in the present study. The low correlation between deoxy-Hb and
skin blood flow can be caused by the low contribution of the
shallow signal. It should be noted that we did not temporally
integrate the LDF signal, but the integrated LDF signal can
be more correlated with fNIRS signal when a proper integration
time is selected.?’

From the aspect of correlation between fNIRS and LDF sig-
nals, it was shown that the fNIRS signals were reasonably di-
vided into signals with either higher or lower correlations with
the LDF signal. It should be noted that during the finger-tapping
task, the LDF signal had a higher correlation with the shallow
fNIRS signal than that with the deep fNIRS signal, even if the
target channels were located mainly in somatosensory or motor
areas (BAs 1, 2, 3, 4, and 40) far from the LDF probes (attached
on the forehead or temple). The result suggests that the LDF
signal correlates with the shallow fNIRS signal in the broad
area during the finger-tapping task.

4.2 Correlation between Deep Functional Near-
Infrared Spectroscopy Signals and Gray Matter
Blood Oxygenation Level-Dependent Signals

The mean of the correlation coefficients of the deep signal was
significantly higher than that of the shallow signal. This is partly
because deep (brain) and shallow (scalp) tissue layers are ana-
tomically governed by different blood vessel systems (internal
or external carotid artery). Different correlation coefficients for
the fNIRS and the GM-BOLD signals would, therefore, be
expected, i.e., the deep fNIRS signal should have stronger cor-
relation with the GM-BOLD signal than that between the shal-
low fNIRS and the GM-BOLD signals.

From this point of view, the results of the correlation between
deep fNIRS and GM-BOLD signals (Fig. 5) showed that the
MD-ICA method successfully separates fNIRS signals into
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deep and shallow signals that have higher and lower correla-
tions, respectively, with spatially weighted GM-BOLD signals.

Deep and shallow signals can be similar as a result of MD-
ICA method. The high correlation between deep and shallow
signals was also obtained in previous studies.”®** This can hap-
pen because the same independent components are commonly
used for reconstructing deep and shallow signals, and the sys-
temic signals did not be removed in order to quantify the con-
tributions of deep and shallow signals. If the contributions of
components that included both deep and shallow signals are
almost the same, then the correlations of the shallow and
deep signals with the GM-BOLD would be almost equivalent.
In the present case, however, different correlations were
obtained. This means that deep and shallow signals were differ-
ent enough from each other to evaluate the separation perfor-
mance. Although mean deep and shallow signals seem very
similar, as shown in Fig. 3 for example, individual deep and
shallow signals are different and have different correlations
with LDF or GM-BOLD signals.

4.3 Deep-Layer Contribution Ratio Obtained by
Multidistance Independent Component Analysis

It should be noted that the MD-ICA method quantifies the con-
tribution ratios of both deep and shallow layers, but the ratios
include the effect of systemic interference because the MD-ICA
method discriminates fNIRS signals on the basis of signal depth
only. Even if the deep-layer pooled contribution ratio is high, for
example, it is possible that the systemic contribution in the deep
layer is dominant.

It has been reported that there is interindividual variability in
the correlation between the fNIRS signal and the scalp blood
flow or mean blood pressure®® and that the systemic changes
that also affect extracranial signals can lead to false positives
in NIRS signals.®® It should be noted that the effect of posture
(sitting or supine) on the contribution of deep-layer tissue to
fNIRS signal and its dependency on kind of task have not
been investigated. Such an effect might cause the difference
between the contribution ratios obtained in the current study
and in a previous study.

4.4 Limitations

In regard to the proposed deep-shallow separation method (MD-
ICA method), the structural parameter Xi,, was fixed for all par-
ticipants and for all measurement channels. In this study, it was
confirmed that the fixed parameter is effective, even in the case
where the structural differences depending on individuals and
positions within individuals are not considered and neither
MRI structural data nor x-ray CT data are available. It should
be noted that the deep- or shallow-tissue condition may be
changed by changing the posture. The deep/shallow contribu-
tion ratio calculated in this study (i.e., supine posture) is not nec-
essarily the same as that calculated for a sitting posture.

The measurement area was limited to only prefrontal, soma-
tosensory, and motor cortices on the left side of the head. Other
areas should be covered by the proposed method, so occipital
and temporal areas should be further investigated. All partici-
pants in this study were male; it would, therefore, be more
helpful to validate the proposed method by using female
participants.
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5 Conclusion

Though very few studies have validated a multidistance scalp-
effect-removal method with concurrent fNIRS-fMRI measure-
ment, this study shows that the previously proposed deep/shal-
low separation method (MD-ICA method) successfully
separates fNIRS signals into “spatially” deep and shallow sig-
nals by comparing these signals with spatially weighed GM-
BOLD and LDF signals. The result shows that the accuracy
and reliability of the fNIRS signal will be greatly improved
with the MD-ICA method. The correlation coefficients for shal-
low fNIRS and LDF signals were larger than those for deep
fNIRS and LDF signals. This result is consistent with the results
obtained in a previous study.*® This method needs only small
numbers of probes [at least two middle-distance (>10.5 mm)
channels], so it will easily contribute to broad area (e.g.,
whole head) brain-imaging studies using cost-effective
equipment.

Acknowledgments

The authors thank Mr. Tsuyoshi Miyashita, Dr. Hirokazu
Tanaka, and Dr. Eisuke Sakakibara for their assistance with
the experiments, Dr. Daisuke Suzuki, Mr. Michiyuki
Fujiwara, and Mr. Shingo Kawasaki for providing technical as-
sistance, Dr. Akiko Obata and Dr. Ryuta Aoki for their helpful
comments on the experimental design, and Dr. Shizu Takeda
and Dr. Atsushi Maki for their general support. This study
was supported by Grants-in-Aid for Scientific Research on
Innovative Areas [Nos. 23118001 and 23118004 (Adolescent
Mind & Self-Regulation) to KK, No. 32118003 to MF, and
Comprehensive Brain Science Network to KK], a Grant-in-
Aid for Young Scientists (B) (Nos. 23791309 and 26860914)
to RT, a Grant-in-Aid for Scientific Research (B)
(No. 23390286) to MF, and a Grant-in-Aid for Challenging
Exploratory Research (No. 22659209) to MF from the
Ministry of Education, Culture, Sports, Science and
Technology of Japan (MEXT). A part of this study was also
the result of the “Development of Biomarker Candidates for
Social Behavior” interdisciplinary project carried out under
the Strategic Research Program for Brain Sciences by
MEXT. This study was also supported in part by Health and
Labor Sciences Research Grants (H23-seishin-ippan-002 to
RT, YN, and MF; H25-seishin-jitsuyoka-ippan-002 to KK;
and H25-seishin-ippan-002 to MF) and Health and Labour
Science Research Grant on the Practical Application of
Medical Technology for Intractable Diseases and Cancer:
New development of medical technology for the diagnosis
and treatment of psychiatric diseases and cancer by construction
of virtual mega-hospital for clinical trials to MF from the
Ministry of Health, Labour and Welfare, and Intramural
Research Grant for Neurological and Psychiatric Disorders
(No. 24-1 and 23-10 to MF and 26-3 to MF and KK) from
the National Center for Neurology and Psychiatry. Conflict of
interest. Hitachi Medical Corporation provided a material sup-
port [temporary rental of an fNIRS (Optical Topography) ETG-
4000 system] for this study.

References

1. B. Chance et al., “Cognition-activated low-frequency modulation of
light absorption in human brain,” Proc. Natl. Acad. Sci. U. S. A.
90(8), 3770-3774 (1993).

Neurophotonics

2. Y. Hoshi and M. Tamura, “Detection of dynamic changes in cerebral
oxygenation coupled to neuronal function during mental work in
man,” Neurosci. Lett. 150(1), 5-8 (1993).

3. F. E Jobsis, “Noninvasive, infrared monitoring of cerebral and myocar-
dial oxygen sufficiency and circulatory parameters,” Science 198(4323),
1264-1267 (1977).

4. T. Kato et al., “Human visual cortical function during photic stimulation
monitoring by means of near-infrared spectroscopy,” J. Cereb. Blood
Flow Metab. 13(3), 516-520 (1993).

5. A. Villringer et al., “Near infrared spectroscopy (NIRS): a new tool to
study hemodynamic changes during activation of brain function in
human adults,” Neurosci. Lert. 154(1-2), 101104 (1993).

6. H. Koizumi et al., “Higher-order brain function analysis by trans-cranial
dynamic near-infrared spectroscopy imaging,” J. Biomed. Opt. 4(4),
403-413 (1999).

7. A.Maki et al., “Spatial and temporal analysis of human motor activity
using noninvasive NIR topography,” Med. Phys. 22(12), 1997-2005
(1995).

8. D. A. Boas et al., “Twenty years of functional near-infrared spectros-
copy: introduction for the special issue,” Neurolmage 85(1), 1-5 (2014).

9. M. Ferrari and V. Quaresima, “A brief review on the history of human
functional near-infrared spectroscopy (fNIRS) development and fields
of application,” Neurolmage 63(2), 921-935 (2012).

10. F. Scholkmann et al., “A review on continuous wave functional near-
infrared spectroscopy and imaging instrumentation and methodology,”
Neurolmage 85(1), 6-7 (2014).

11. T. Suto et al., “Multichannel near-infrared spectroscopy in depression
and schizophrenia: cognitive brain activation study,” Biol. Psychiatry
55(5), 501-511 (2004).

12. R. Takizawa et al., “Neuroimaging-aided differential diagnosis of the
depressive state,” Neurolmage 85(1), 498-507 (2014).

13. E. Watanabe et al., “Non-invasive assessment of language dominance
with near-infrared spectroscopic mapping,” Newrosci. Lett. 256(1),
49-52 (1998).

14. S. Pu et al,, “Association between cognitive insight and prefrontal func-
tion during a cognitive task in schizophrenia: a multichannel near-infra-
red spectroscopy study,” Schizophr. Res. 150(1), 81-87 (2013).

15. T. Grossmann and M. H. Johnson, “Selective prefrontal cortex
responses to joint attention in early infancy,” Biol Lett. 6(4), 540—
543 (2010).

16. F. Homae et al., “Development of global cortical networks in early
infancy,” J. Neurosci. 30(14), 4877-4882 (2010).

17. F. Homae, “A brain of two halves: insights into interhemispheric organi-
zation provided by near-infrared spectroscopy,” Neurolmage 85(1),
354-362 (2014).

18. Y. Minagawa-Kawai et al., “Prefrontal activation associated with social
attachment: facial-emotion recognition in mothers and infants,” Cereb.
Cortex 19(2), 284-292 (2009).

19. G. Taga et al., “Spontaneous oscillation of oxy- and deoxy-hemoglobin
changes with a phase difference throughout the occipital cortex of new-
born infants observed using non-invasive optical topography,” Neurosci.
Lett. 282(1-2), 101-104 (2000).

20. G. Taga et al., “Brain imaging in awake infants by near-infrared optical
topography,” Proc. Natl. Acad. Sci. U. S. A. 100(19), 1072210727
(2003).

21. H. Atsumori et al., “Development of wearable optical topography
system for mapping the prefrontal cortex activation,” Rev. Sci.
Instrum. 80(4), 043704 (2009).

22. T. Funane et al., “Synchronous activity of two people’s prefrontal cor-
tices during a cooperative task measured by simultaneous near-infrared
spectroscopy,” J. Biomed. Opt. 16(7), 077011 (2011).

23. Y. Ito et al,, “Assessment of heating effects in skin during continuous
wave near infrared spectroscopy,” J. Biomed. Opt. 5(4), 383-390 (2000).

24. M. Kiguchi et al., “Comparison of light intensity on the brain surface
due to laser exposure during optical topography and solar irradiation,”
J. Biomed. Opt. 12(6), 062108 (2007).

25. T. J. Germon et al., “Sensitivity of near infrared spectroscopy to cerebral
and extra-cerebral oxygenation changes is determined by emitter-detec-
tor separation,” J. Clin. Monit. Comput. 14(5), 353-360 (1998).

26. S. Kohri et al., “Quantitative evaluation of the relative contribution ratio
of cerebral tissue to near-infrared signals in the adult human head: a
preliminary study,” Physiol. Meas. 23(2), 301-312 (2002).

Jan-Mar 2015 « Vol. 2(1)



28.

29.

30.

3L

32.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

Funane et al.: Concurrent fNIRS-fMRI measurement to validate a method for separating deep. ..

. L. Minati et al., “Intra- and extra-cranial effects of transient blood pres-
sure changes on brain near-infrared spectroscopy (NIRS) measure-
ments,” J. Neurosci. Methods 197(2), 283-288 (2011).

P. Smielewski et al., “Clinical evaluation of near-infrared spectroscopy
for testing cerebrovascular reactivity in patients with carotid artery
disease,” Stroke 28(2), 331-338 (1997).

T. Takahashi et al., “Influence of skin blood flow on near-infrared spec-
troscopy signals measured on the forehead during a verbal fluency task,”
Neurolmage 57(3), 991-1002 (2011).

S. N. Davie and H. P. Grocott, “Impact of extracranial contamination on
regional cerebral oxygen saturation: a comparison of three cerebral
oximetry technologies,” Anesthesiology 116(4), 834-840 (2012).

H. Sgrensen et al., “Cutaneous vasoconstriction affects near-infrared
spectroscopy determined cerebral oxygen saturation during administra-
tion of norepinephrine,” Anesthesiology 117(2), 263-270 (2012).

S. B. Erdogan, M. A. Yiicel, and A. Akin, “Analysis of task-evoked
systemic interference in fNIRS measurements: insights from fMRI”
Neurolmage 87, 490-504 (2014).

1. Tachtsidis et al., “False positives in functional near-infrared topogra-
phy,” Adv. Exp. Med. Biol. 645, 307-314 (2009).

E. Kirilina et al., “The physiological origin of task-evoked systemic
artefacts in functional near infrared spectroscopy,” Neurolmage
61(1), 70-81 (2012).

L. Gagnon et al., “Improved recovery of the hemodynamic response in
diffuse optical imaging using short optode separations and state-space
modeling,” Neurolmage 56(3), 13621371 (2011).

R. B. Saager, N. L. Telleri, and A. J. Berger, “Two-detector corrected
near infrared spectroscopy (C-NIRS) detects hemodynamic activation
responses more robustly than single-detector NIRS,” Neurolmage
55(4), 1679-1685 (2011).

Q. Zbang, E. N. Brown, and G. E. Strangman, “Adaptive filtering to
reduce global interference in evoked brain activity detection: a human
subject case study,” J. Biomed. Opt. 12(6), 064009 (2007).

T. Funane et al., “Quantitative evaluation of deep and shallow tissue
Jayers” contribution to fNIRS signal using multi-distance optodes
and independent component analysis,” Neurolmage 85(1), 150-165
(2014).

S. Kohno et al., “Removal of the skin blood flow artifact in functional
near-infrared spectroscopic imaging data through independent compo-
nent analysis,” J. Biomed. Opt. 12(6), 062111 (2007).

A. T. Eggebrecht et al., “Mapping distributed brain function and
networks with diffuse optical tomography,” Nat. Photonics 8(6),
448-454 (2014).

D. K. Joseph et al., “Diffuse optical tomography system to image brain
activation with improved spatial resolution and validation with func-
tional magnetic resonance imaging,” Appl. Opt. 45(31), 8142-8151
(2006).

D. A. Boas, A. M. Dale, and M. A. Franceschini, “Diffuse optical
imaging of brain activation: approaches to optimizing image sensitivity,
resolution, and accuracy,” Neurolmage 23(Suppl 1), S275-5288
(2004).

X. Cui et al., “A quantitative comparison of NIRS and fMRI across
multiple cognitive tasks,” Neurolmage 54(4), 2808-2821 (2011).

F. B. Haeussinger et al., “Reconstructing functional near-infrared spec-
troscopy (fNIRS) signals impaired by extra-cranial confounds: an easy-
to-use filter method,” Neurolmage 95, 69-79 (2014).

S. Heinzel et al., “Variability of (functional) hemodynamics as measured
with simultaneous fNIRS and fMRI during intertemporal choice,”
Neurolmage T1(1), 125-134 (2013).

R. Aocki et al., “Relationship of negative mood with prefrontal cortex
activity during working memory tasks: an optical topography study,”
Neurosci. Res. 70(2), 189-196 (2011).

R. Aoki et al., “Correlation between prefrontal cortex activity during
working memory tasks and natural mood independent of personality
effects: an optical topography study,” Psychiatry Res.: Neuroimaging
212(1), 79-87 (2013).

H. Sato et al., “Correlation of within-individual fluctuation of depressed
mood with prefrontal cortex activity during verbal working memory
task: optical topography study,” J. Biomed. Opt. 16(12), 126007 (2011).
H. Sato et al., “Intersubject variability of near-infrared spectroscopy sig-
nals during sensorimotor cortex activation,” J. Biomed. Opt. 10(4),
044001 (2005).

Neurophotonics

50. S. Abrahams et al., “Functional magnetic resonance imaging of verbal
fluency and confrontation naming using compressed image acquisition
to permit overt responses,” Hum. Brain Mapp. 20(1), 29-40 (2003).

51. W. B. Edmister et al., “Improved auditory cortex imaging using clus-
tered volume acquisitions,” Hum. Brain Mapp. T(2), 89-97 (1999).

52. H. Sato et al., “A NIRS-fMRI investigation of prefrontal cortex activity
during a working memory task,” Neurolmage 83, 158-173 (2013).

53. D.T. Delpy et al., “Estimation of optical pathlength through tissue from
direct time of flight measurement,” Phys. Med. Biol. 33(12), 14331442
(1988).

54, T. Funane et al., “Greater contribution of cerebral than extracerebral
hemodynamics to near-infrared spectroscopy signals for functional acti-
vation and resting-state connectivity in infants,” Neurophotonics 1(2),
025003 (2014).

55. J. F. Cardoso, “Blind signal separation: statistical principles,” Proc.
IEEE 86(10), 2009-2025 (1998).

56. T. Katura et al., “Extracting task-related activation components from
optical topography measurement using independent components analy-
sis,” J. Biomed. Opt. 13(5), 054008 (2008).

57. Y. Fukui, Y. Ajichi, and E. Okada, “Monte Carlo prediction of near-
infrared light propagation in realistic adult and neonatal head models,”
Appl. Opr. 42(16), 28812887 (2003).

58. A. Hirasawa et al., “Influence of skin blood flow and source-detector
distance on near-infrared spectroscopy-determined cerebral oxygena-
tion in humans,” Clin. Physiol. Funct. Iimaging (2014).

59. G. E. Strangman, Q. Zhang, and Z. Li, “Scalp and skull influence on
near infrared photon propagation in the Colin27 brain template,”
Neurolmage 85(1), 136-149 (2014).

60. T. Yamada, S. Umeyama, and K. Matsuda, “Separation of fNIRS signals
into functional and systemic components based on differences in hemo-
dynamic modalities,” PLoS One 7(11), 50271 (2012).

61. T. Funane et al., “Dynamic phantom with two stage-driven absorbers
for mimicking hemoglobin changes in superficial and deep tissues,”
J. Biomed. Opt. 17(4), 047001 (2012).

62. C. Rorden and M. Brett, “Stereotaxic display of brain lesions,” Behav.
Neurol. 12(4), 191-200 (2000).

63. A. Sassaroli et al., “Spatially weighted BOLD signal for comparison of
functional magnetic resonance imaging and near-infrared imaging of the
brain,” Neurolmage 33(2), 505-514 (2006).

64. F Aletti et al., “Deep and surface hemodynamic signal from functional
time resolved transcranial near infrared spectroscopy compared to skin
flowmotion,” Comput. Biol. Med. 42(3), 282-289 (2012).

65. A. Seiyama et al.,, “Circulatory basis of fMRI signals: relationship
between changes in the hemodynamic parameters and BOLD signal
intensity,” Neurolmage 21(4), 1204-1214 (2004).

66. 1. Tachtsidis et al., “Investigation of frontal cortex, motor cortex and
systemic haemodynamic changes during anagram solving,” Adv. Exp.
Med. Biol. 614, 21-28 (2008).

Tsukasa Funane is a researcher at Central Research Laboratory,
Hitachi, Ltd., Japan. Since 2006, he has been a member of the
research group working on optical topography, optical brain function
monitoring technology based on near-infrared spectroscopy (NIRS).
His main responsibilities include basic research on new measurement
methods as well as hardware developments and their application to
human brain study such as social cognitions.

Hiroki Sato received his BA degree from International Christian
University in 1998, his MA degree from the University of Tokyo in
2000, and his PhD degree from Keio University in 2006. He is cur-
rently a senior researcher of Central Research Laboratory, Hitachi,
Ltd., and promotes the basic research to develop new applications
of near-infrared spectroscopy (NIRS) in a wide range of fields.

Noriaki Yahata received his BA degree from the University of Tokyo,
Japan, in 1993 and his PhD degree from the State University of New
York in 2001. He was an assistant professor at the Department of
Pharmacology, Nippon Medical School (2005 to 2008) and the
Department of Neuropsychiatry, the University of Tokyo (2009 to
2012). Currently, he is an assistant professor at the Department of
Youth Mental Health, the University of Tokyo. His research interests
include development of a neuroimaging-based biomarker for neuro-
psychiatric disorders.

Jan—Mar 2015 « Vol. 2(1)



Funane et al.: Concurrent fNIRS-fMRI measurement to validate a method for separating deep. ..

Ryu Takizawa received his BA degree in psychology in 1999 and his
MD degree in 2003. After clinical training in the Department of Neuro-
psychiatry, the University of Tokyo, he received his PhD degree in
medicine in 2010. Currently, he is an assistant professor at the
Department of Neuropsychiatry, the University of Tokyo, and a New-
ton International fellow, Institute of Psychiatry, King's College London.
His interests include studies on clinical biomarkers and gene-environ-
mental interplays in mental health from a life-course developmental
perspective.

Yukika Nishimura received her BA degree in experimental psychol-
ogy from Keio University in 2001, her MSc degree in 2003, and her
PhD degree in 2007 in medical science from Mie University, Japan.
She was a research resident of the Japan Foundation for Neurosci-
ence and Mental Health (2008 to 2011), and she is currently a project
research associate in the Department of Neuropsychiatry at the Uni-
versity of Tokyo, Japan. Her research interest is the cognitive neuro-
science of psychiatric disorders.

Akihide Kinoshita received his MD degree from Tokyo Medical Uni-
versity in 2006 and his PhD degree from the University of Tokyo,
Japan, in 2014. After clinical training in psychiatry at the Tokyo Met-
ropolitan Bokutoh Hospital, he received clinical research training in
neuroimaging in the Department of Neuropsychiatry, Graduate
School of Medicine, University of Tokyo, Japan. He engages in
research in the Department of Neuropsychiatry, the University of
Tokyo, and his major research interest is neuroimaging in
schizophrenia.

Takusige Katura is a researcher at Central Research Laboratory,
Hitachi, Ltd., Japan. Since 2001, he has been a member of the
research group working on optical topography, optical brain function
monitoring technology based on near-infrared spectroscopy (NIRS).
His main responsibilities include basic research on new measurement
methods as well as signal analysis and its application to human brain
study such as social cognitions.

Hirokazu Atsumori is a researcher in the Central Research

Laboratory, Hitachi, Ltd., Japan. He has been working on the research
and development of optical topography, a functional neuroimaging

Neurophotonics

119

technique based on near-infrared spectroscopy, since 2002. He is
now engaged in the development of a wearable and compact optical
topography system for monitoring prefrontal cortex activities and its
application to new research fields.

Masato Fukuda received his MD degree in 1983 and his PhD degree
in 1997 from the University of Tokyo, Japan. His professional achieve-
ments include being an assistant professor in the Department of
Neuropsychiatry, the University of Tokyo, and an associate professor
in the Department of Psychiatry and Neuroscience, Gunma Univer-
sity. He is currently the professor and chair in the Department of Psy-
chiatry and Neuroscience, Gunma University, and his major research
interest is clinical neurophysiology and neuroimaging in psychiatry.

Kiyoto Kasai received his MD degree in 1995 and his PhD degree in
2004 from the University of Tokyo, Japan. After clinical training in psy-
chiatry at the University of Tokyo Hospital and National Center of
Neurology and Psychiatry, he received clinical research training in
neuroimaging in psychiatry at Harvard Medical School. He is now
the professor and chair in the Department of Neuropsychiatry, the
University of Tokyo, and his major research interest is clinical neuro-
physiology and neuroimaging in schizophrenia.

Hideaki Koizumi joined Hitachi, Ltd. in 1971 after receiving his BA
degree from the University of Tokyo [PhD (physics), 1976]. He is a
fellow and corporate officer of Hitachi, Ltd., a vice president of the
Engineering Academy of Japan, a member of the Science Council
of Japan, and a foreign member of the Chinese Academy of Engineer-
ing. He has proposed many new concepts in human security and well-
being and methodologies, especially in the field of spectroscopy.

Masashi Kiguchi has studied various optical measurements: nonlin-
ear spectroscopy, time-resolved spectroscopy, near-field spectros-
copy, and near-infrared spectroscopy, and his background is
physics and laser spectroscopy. He has studied the problems related
to the principle of near-infrared spectroscopy (NIRS) measurement
and has been taking the lead in the development of new techniques
for observing brain activities to open new research fields and in basic
studies for putting them to practical use.

Jan-Mar 2015 » Vol. 2(1)



Journal of Psychiatric Research 57 (2014) 7483

ELSEVIER

 Contents lists available at ScienceDirect

Near-infrared spectroscopic study of frontopolar activation during
face-to-face conversation in major depressive disorder and bipolar

disorder

,} ’ CrossMark

Yuichi Takei’, Masashi Suda, Yoshiyuki Aoyama, Noriko Sakurai, Minami Tagawa,
Tomokazu Motegi, Miho Yamaguchi, Kosuke Narita, Masato Fukuda

Department of Psychiatry and Neuroscience, Gunma University of Graduate School of Medicine, 3-39-22 Showa, Maebashi, Gunma 371-8511, Japan

ARTICLE INFO ABSTRACT

Article history:

Received 31 January 2014
Received in revised form
11 June 2014

Accepted 18 June 2014

Keywords:

Major depression

Bipolar disorder

Mood disorder

Talk

Near-infrared spectroscopy
Social cognition

Major depressive disorder (MDD) and bipolar disorder (BD) patients show speech characteristics that
vary greatly according to mood state. In a previous study, we found impaired temporal and right inferior
frontal gyrus (IFG) activation in schizophrenia during face-to-face conversation; no study had, however,
previously investigated mood disorders during face-to-face conversation. Here, we investigated frontal
and temporal lobe activation during conversation in patients with MDD and BD. Frontal and temporal
lobe activation was measured using near-infrared spectroscopy (NIRS) in 29 patients with MDD, 31
patients with BD, and 31 normal controls (NC). We compared continuous activation and rapid change of
activation with talk/listen phase changes during the conversation and analyzed the correlation between
these indices and clinical variables. Both the MDD and BD groups showed decreased continuous acti-
vation in the left dorsolateral prefrontal (DLPFC) and left frontopolar cortices (FPCs); they also showed
decreased rapid change in bilateral FPC activation. In the MDD group, the rapid change of activation was
positively correlated with Global Assessment of Functioning (GAF) scores. In the BD group, continuous
activation was negatively correlated with age of onset. These results indicate that frontal activation
during conversation decreases in both MDD and BD. However, both continuous activation and rapid
change may reflect the pathophysiological character of MDD and BD; in particular, the reduced amount

of rapid change in the right FPC may be related to impaired adaptive ability in MDD.

© 2014 Elsevier Ltd. All rights reserved.

1. Objectives of the study and background

Psychiatrists investigating mental illness can diagnose specific
diseases using various characteristics exhibited by patients during
the course of a conversation. Patients suffering from major
depressive disorder (MDD) and bipolar disorder (BD) show
particular conversational characteristics, which can be divided into
those that do or do not change according to disease state (American
Psychiatric Association, 1994; Bouhuys and Sam, 2000).

In the depressive state, patients use few words, show psycho-
motor retardation, and exhibit poor choices of conversation topics.
Their emotional reactivity becomes poor, and smiles are not
exhibited even when discussing pleasant topics. In contrast, in a
manic or hypomanic state, patients with BD are more talkative than
usual and speak one-sidedly; it may be difficult to understand the

* Corresponding author. Tel.[fax: +81 27 220 8183.
E-mail address: tyuichi@gunma-u.acjp (Y. Takei).

http://dx.doi.org/10.1016/j jpsychires.2014.06.009
0022-3956/© 2014 Elsevier Ltd. All rights reserved.

content of their speech due to the manifestation of flights of ideas.
In the euthymic state, these symptoms disappear. Although these
state-dependent characteristics of conversation are not specific to
MDD and BD, it is essential to observe them because they are key to
diagnosing these disorders using the Diagnostic and Statistical
Manual of Mental Disorders, 4th Edition (DSM—IV; American
Psychiatric Association, 1994). These state-dependent characteris-
tics are crucial in clinical assessments (Hamilton Rating Scale for
Depression; Hamilton, 1960; Young Mania Rating Scale; Young
et al,, 1978).

There are several studies that investigated links between per-
sonality and social communication, as well as the direct commu-
nication between patients and interviewers. Patients with BD and
MDD in the euthymic state have been found to differ from normal
control (NC) participants in that they show high scores for harm
avoidance and/or low scores for self-directedness and coopera-
tiveness, as measured by the Temperament and Character In-
ventory (TCI; Celikel et al, 2009; Hansenne et al., 1999). With
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regards to direct communication, Coyne et al. stated that deficits in
human communication play an important role in theories of
development, persistence, and recurrence of depression (Coyne
and Downey, 1991). Bouhuys et al. indicated that the lack of coor-
dination during MDD interviews may be a risk factor for the con-
dition's recurrence (Bouhuys and Sam, 2000). These characteristics
may be associated with vulnerability in patients with mood
disorders.

Cognitive and emotional dysfunctions underlying these char-
acteristic conversational differences between healthy adults
and mood disorder patients have been previously investigated
by functional magnetic resonance imaging (fMRI). These studies
suggest an altered activation of the amygdala, as well as
the frontal, cingulate, and temporal cortices in patients with
MDD and BD during various cognitive tasks (Savitz and Drevets,
2009). Although such data may assist in diagnosis, and may be
directly related to the Global Assessment of Functioning (GAF),
brain activation during conversation has not yet been investi-
gated in patients with MDD and BD due to methodological
difficulties.

Near-infrared spectroscopy (NIRS) is a recently developed
noninvasive functional neuroimaging technique (Koizumi et al,,
1999; Strangman et al,, 2002). NIRS can detect regional cerebral
blood volume (rCBV) changes through the fluctuating concentra-
tions of oxyhemoglobin ([oxy-Hb]) and deoxyhemoglobin ([deoxy-
Hb]). NIRS has some advantages over other functional neuro-
imaging methodologies due to (i) its complete noninvasiveness,
enabling repeated measurements; (ii) the portability and
compactness of the NIRS apparatus, enabling measurements under
natural conditions with participants comfortably seated; and (iii)
little sensitivity to motion artifacts, allowing the NIRS to be used in
the study of conversation. Considering these advantages, NIRS al-
lows for brain activation to be evaluated in a naturalistic environ-
ment. Indeed, several recent studies reported the use of NIRS
during face-to-face interaction (Costantini et al.,, 2013; Cui et al,,
2012; Konvalinka and Roepstorff, 2012).

Our group previously investigated frontal and temporal
lobe activation during face-to-face conversations with normal
control participants (Suda et al., 2010, 2011). Our results showed
activity in the frontal and temporal lobes, as well as substantial
cyclical activity in the frontal lobe corresponding to the
time course of the conversation task — where participants
were required to talk to a person facing them — especially
around the frontopolar region. Both of these studies assessed
only the sustained activities as grand average [oxy-Hb] data
(GAOD) of the conversation and control tasks. In the present
study, we sought to assess this substantial cyclical activity,
measured by the averaged amount of [oxy-Hb] change (AAOC)
over time. We measured this fluctuation in activity during the
speech and listening phases superimposed on the base large
[oxy-Hb] change during the task in order to evaluate the effects of
switching turns during the conversation and control tasks.
Although the meaning of the AAOC has not yet been clarified, we
presumed that there are different physiological meanings
assigned to the GAOD and AAOC. We posited that the GAOD
represents the global functioning of an individual required to face
to another person (i.e., a conversation situation-related function),
while the AAOC mainly reflects speech itself (i.e., a speech-related
function).

Because the characteristics of BD and MDD are well reflected in
conversation, we hypothesized that (i) the GAOD and AAOC of the
frontal cortex in MDD and BD would be altered compared to NC
participants; and (ii) the GAOD or AAOC of the frontal cortex in
MDD and BD would correlate with both GAF and depressive
symptoms.
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Table 1
Participant characteristics.
Sex (male) MDD BD NC
(n=29) (n=31) (n=31)
M F M F M F
14 15 14 17 11 20
Mean SD Mean SD Mean SD
Age 345 9.0 349 66 336 100
Age range 19-51 20-45 23-58
Age of onset 303 89 260 64 - -
Illness duration 4.1 3.6 9.7 7.0 — -
HRSD 9.8 44 6.4 5.5 - -
YMRS - - 1.9 3.6 - -
GAF 56.7 8.2 54.1 125 - —
Subtype - - BPI 1/31 - -
- - BPII  30/31

Mean SD n Mean SD n
22/29 1227 852 17/31 — —

Antidepressant 720 506
(imipramine
equivalent
dose mg/day)

Antipsychotic 1125 635 6/29
(chlorpromazine
equivalent dose
mg/day)

Anxiolytic 7.1 6.4
(diazepam
equivalent
dose mg/day)

Hypnotic 2.0 1.5
(flunitrazepam
equivalent dose
mg/day)

Lithium mg/day

Carbamazepine
mg/day

Valproate
mg/day

2135 1228 11/31 - -

1429 126 172

15/31 — -

16/29 2.5 2.0 16/31 — -

618.8
500.0

2428 16/31 — -
2582 4/31 - -

3000 —  1/29
0 - 029
300.0

2000 2/29 5529 1940 17/31 — -

M, male; F, female; MDD, major depressive disorder; BD, bipolar disorder; NC,
normal controls; BP], bipolar I disorder; BPII, bipolar Il disorder; HRSD, 17-item
Hamilton Rating Scale for Depression; YMRS, Young Mania Rating Scale; GAF, The
Global Assessment of Functioning.

2. Materials and methods
2.1. Sample

Twenty-nine patients with MDD, 31 patients with BD, and 31
healthy volunteers (NC) were recruited from the Department of
Psychiatry and Neuroscience of Gunma University Hospital in
Japan to participate in this study. All participants were right-
handed native Japanese speakers. Participants had been previ-
ously diagnosed with MDD or BD according to the DSM-IV criteria
(American Psychiatric Association, 1994). Patients over 60 years
old were not included in this study in order to eliminate the ef-
fects of additional pathophysiological factors such as aging and
possible cerebrovascular changes. Depressive symptoms among
patients with MDD and BD were evaluated using the 17-item
Hamilton Rating Scale for Depression (HRSD; Hamilton, 1960).
Manic symptoms in BD patients were evaluated using the Young
Mania Rating Scale (YMRS; Young et al,, 1978). Nearly all partici-
pants were on medication such as mood stabilizers, antipsy-
chotics, antidepressants, anxiolytics, and/or hypnotics. Equivalent
dosages were calculated for each class of medication, as follows:
chlorpromazine-equivalent dose of antipsychotics; imipramine-
equivalent dose of antidepressants; diazepam-equivalent dose of
anxiolytics; and flunitrazepam-equivalent dose of hypnotics
(Inagaki and Inada, 2006).
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Exclusion criteria for MDD and BD groups were determined
using clinical interviews. Criteria included any observable brain
abnormality in magnetic resonance imaging (MRI) results, past or
present neurological illness, traumatic brain injury with any of the
known cognitive consequences or loss of consciousness for more
than 5 min, substance use or addiction, and present hearing or
vision impairment. Exclusion criteria for the NC participants were
also determined using clinical interviews. These included a history
of any major psychiatric disorder or major physical illness and a
current prescription for major psychiatric medication.

This study was performed in accordance with the Helsinki
Declaration, as revised in 1989, and was approved by the Institu-
tional Review Board of Gunma University Hospital. Written
informed consent was obtained from all participants prior to study
initiation. For patients under 20 years of age or those who had been
forcibly committed to hospital, written informed consent was ob-
tained from the patient's legal representative. Because we could not
obtain the behavioral data from conversations with participants
who had not provided consent for videotape recordings, we
describe the clinical characteristics of all participants using the
behavioral data listed in Table 1.

2.2. Activation tasks

Two types of activation tasks—a conversation and a control
task—were used to assess brain activation during conversation
(Fig. 1). The order of the two tasks was counterbalanced between
participants.

2.3. Conversation task

The conversation task, which comprised the pre-task, task, and
post-task segments, was designed to simulate typical, daily life
conversation in an experimental setting. The interviewers who led
the conversation task had been selected from hospital staff that had
not been previously acquainted with the participants. Each session

Conversation condition

Time course sy

began after NIRS probes had been placed on the participants'
frontal and temporal regions while they were seated in a
comfortable chair, face-to-face (1 m apart) with an interviewer. To
eliminate the possible influence of facial cues before and after
engaging in conversation, a partition was placed between the
participant and interviewer during the pre-task and post-task
segments, and was removed during the task.

To prevent the emergence of qualitative and quantitative dif-
ferences in the nature of conversations from one participant to the
next, all participants were instructed to engage in face-to-face
conversation with the interviewer during the task segment ac-
cording to 2 criteria. First, they were to follow a set time course of
conversation, according to which the participant and the inter-
viewer alternated speaking every 15 s; this plan was reinforced
through spoken cues about the elapsed time from the experimenter
every 5 s. The task thus consisted of 6 cycles of 30-s speech seg-
ments, with the entire conversation lasting as long as 180 s. Second,
participants were to limit the subjects of the conversation to food-
related topics. During the pre-task and post-task segments, par-
ticipants were instructed to repeat the syllables /a/, i/, Ju/, [e/, and
Jo/, that is, the Japanese counterparts of the English sounds “A,” “B,”
and “C," to exclude the effects of phonation and stabilize baseline
conditions. The conversations of 23 patients with MDD, 17 patients
with BD, and 28 NCs who had given consent for recording were
videotaped for later analysis of visual and audio data.

Conversation task performance was evaluated both quantita-
tively and qualitatively. First, the amount of conversation contrib-
uted by participants was quantitatively evaluated using speaking
time (ST)—the duration of the participants' speech as measured by
videotaped data analysis. Second, the content of their speech was
qualitatively evaluated by 4 expert psychiatrists in terms of the
receiving aspect (RS), or the appropriateness of speech content in
the context of a conversation; and the sending aspect (SS), or the
extent of production of new topics. To measure the RS, the partic-
ipants' replies to the preceding interviewer's speech were scored as
inappropriate, partially inappropriate, partially appropriate, or

s 15s 15s 15s 15s 15s 15s 15s 15s

15

What kind of
food would you
prefer ?

Control condition

Time course i

Syllables

10s 16s 15s 15s 5s

Syllables Syllables Syllables Syllables m Syllables gEESIENE
18s 1 15s 15s 15s 15s 15s 1

5 5s 15s 30s

Fig. 1. Task procedures and picture of the measurement setting. Two types of activation task conditions, a conversation condition and a control condition, were employed in this
study. Both tasks consisted of three segments: pre-task, task, and post-task. Under the conversation condition, participants were required to speak with the interviewer facing them
during the task segment. The task period consisted of six cycles of such 30-s talks; the total conversation lasted up to 180 s. Before starting (pre-task) and after finishing the
experiment (post-task), the participant and interviewer were separated by a partition so that they could not see each other. Under the control condition, participants were
instructed to repeat meaningless syllables during their turns to speak during the task period. As shown in the picture, the participant is wearing the near-infrared spectroscopy

probe on his forehead, and the participant and interviewer are seated facing each other.
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appropriate. To measure the SS, the participants’ questions to the
interviewer were analyzed to determine whether they had intro-
duced no new topic(s), nearly the same topic(s), partially new
topic(s), or completely new topic(s).

2.4. Control task

To examine brain activation and artifact contamination induced
by phonation alone, the participants were instructed to perform a
control task consisting of repeating meaningless syllables (e.g., “a,”
“ka,” “sa,” “ta,” and “na") during their turn to speak over the course
of the task segment of the conversation task. All participants were
physically able to repeat the syllables without interruption.

2.5. NIRS measurement

Changes in [oxy-Hb] were measured as an index of changes in
cerebral blood volume and in [deoxy-Hb] using a 52-channel NIRS
machine (Hitachi ETG-4000; Hitachi Medical Systems, Tokyo,
Japan). The correspondence between NIRS channels and measure-
ment points on the cerebral cortex was confirmed by comparison
with the results of a multi-participant study of anatomical cranio-
cerebral correlation (Okamoto et al., 2004), and was displayed on
the basis of the results obtained using the virtual registration
method (Fig. 2; Tsuzuki et al., 2007). For details about NIRS mea-
surement, refer to Supplement No. 1.

2.6. Data analyses
We calculated Ebel's intraclass correlation coefficient (Ebel's

ICC) for SS and RS of both the groups to investigate inter-rater
reliability. The behavioral data (ST, RS, and SS) were compared

Time segment
Pre 1 2 3 4 5 6

between the three groups using a one-way analysis of variance
(ANOVA). The waveforms of [Hb] changes in all 52 channels during
the conversation and control conditions were calculated for all
participants. NIRS data from channels 1—21 that clearly contained
motion artifacts, as determined by close observation of the partic-
ipants, were excluded from further analyses. The most common
causes of artifacts were large movement and poor contact with the
probes due to abundant hair. A probe placed on an area with
abundant hair could not be securely fastened to the head and was
easily displaced.

The GAOD was calculated for both the conversation and control
tasks by averaging by each channel and task, excluding the pre- and
post-task segments. The GAOD of the conversation and control
tasks were analyzed using a mixed-design repeated measures
ANOVA with diagnosis (MDD, BD, or NC) as the between-subjects
variable and task (conversation or control task) as the repeated
measure variable. Results were corrected for the number of chan-
nels using a false discovery rate (FDR) correction to avoid Type I
errors. When an interaction was found, Scheffé’s post hoc t-test
with diagnosis was conducted for both conditions (p < 0.05).

The AAOC was calculated to evaluate the effect of switching
turns during the conversation and control tasks (Fig. 2). The first
two time segments were excluded from the analysis because they
served as baseline measurements. The obtained amounts of [oxy-
Hb] change value were averaged by task. The AAOC of the conver-
sation and control tasks were analyzed using a mixed-design
repeated measures ANOVA, with diagnosis (MDD, BD, or NC) as
the between-subjects variable and task (conversation or control
task) as the repeated measure variable. Results were corrected for
the number of channels using the FDR correction (p < 0.05). When
an interaction was indicated, Scheffé’s post hoc t-test with diag-
nosis was conducted for both conditions (p < 0.05).

Speech Listen

AAOC (mmol*mm)=|a-b|

Fig. 2. Formula for calculating the averaged amount of [oxy-Hb] change (AAOC). In this formula, “a” is the [oxy-Hb] data at segment start, and “b” is the [oxy-Hb] data at segment
end. The upper panel shows the waveform of an individual during the conversation task. The segment represented by the square in the top image is enlarged in the lower image.
The gray panels indicate the speech phase while the white panels indicate the listening phase.
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Pearson's r was calculated for both correlations between GAOD/
AAOC and behavioral data, which included ST, RS, SS, current age,
age of onset, illness duration, GAF score, HRSD score, YMRS score,
and drug dosage. Results were corrected for the number of chan-
nels by way of FDR correction (p < 0.05).

3. Results
3.1. Sample characteristics

Table 1 summarizes the demographic characteristics of the
sample. Age and sex ratios were not significantly different be-
tween the three groups (F[2, 90] = 0.2, p = 0.83; chi square
(2) = 1.1, p = 0.58). At the time of the study, the Patients with
MDD were euthymic or depressive, as indicated by their scores
on the HRSD. Patients with BD were euthymic, depressive, or
hypomanic, as indicated by their scores on the HRSD and the
YMRS.

3.2. Behavioral data analysis (Table 2, Fig. 3)

Ebel's ICC for the RS of the NC (r = 0.441, p = 0.023) and MDD
(r = 0.718, p = 0.000) groups indicated significant correlations,
while that of the BD group (r = 0.392, p = 0.084) indicated a
trend—level correlation. Ebel's ICC for SS of the NC (r = 0.712,
p=0.000), MDD (1 = 0.524, p = 0.010), and BD (r = 0.607 p = 0.005)
groups indicated significant correlations.

The results of the one-way ANOVA for RS revealed a significant
main effect of diagnosis, and Scheffé’s post hoc t-test of the RS
revealed a lower score for MDD patients than controls (Table 2). The
ST and SS were not significantly different between the three groups.

3.3. Analysis of GAOD during conversation and control tasks

The results of the mixed-design repeated measures ANOVA
of the GAOD, with diagnosis as the between-subjects
variable and task as the within-subjects variable, revealed a
significant main effect of task in 31 channels (Ch22—Ch52; F[1,
85] = 16.22—143.01; FDR-corrected p = 0.000) and interactions
of diagnosis and task in 3 channels (Ch28, Ch39, Ch50; F[2,
85] = 7.16—8.16; FDR-corrected p = 0.001). Scheffé’s post hoc t-
test of the conversation task with diagnosis revealed a larger
activation in the NC group than in the MDD and BD groups for
Ch28 and Ch39, and in the BD group for Ch50. On the other
hand, there was no significant difference between groups in the
control task. Scheffé’s post hoc t-test results for the conversation
task indicated that the brain areas exhibiting differences be-
tween the groups tended to be the left dorsolateral prefrontal
cortex (DLPFC), frontopolar cortex (FPC), and inferior frontalgy-
rus (IFG), according to the virtual registration method (Fig. 4).

3.4. AAOC during conversation and control tasks (Fig. 5)

The results of the mixed-design repeated measures ANOVA of
the AAOC, with diagnosis as the between-subjects variable and task
as the within-subjects variable, revealed a significant main effect of
task in 31 channels (Ch22—Ch52; K1, 85] = 8.63—62.63; FDR-
corrected p: 0.000—0.004) and interactions of diagnosis and task
in 7 channels (Ch25~Ch29, Ch36, Ch37; F[2, 85] = 4.74—7.58; FDR-
corrected p: 0.001—-0.011). Scheffé’s post hoc t-test of the conver-
sation task with diagnosis revealed a larger activation in the NC
group than in the MDD and BD groups for Ch25—Ch28 and Ch37,
and in MDD for Ch29 and Ch36. No significant difference was found
between groups in the control task.

Table 2
Behavioral data results,

MDD BD NC F p
Mean SD Mean SD Mean SD

ST(s) 732 120 741 102 777 4.9 1.736  0.184
RS 3.6 0.4 3.7 0.3 3.9 02 4863 0.011
Ss 32 0.6 32 0.5 3.3 07 0164 0849

MDD, major depressive disorder; BD, bipolar disorder; NC, normal controls; ST,
speaking time; RS, scoring of qualitative evaluation of receiving aspects; SS, scoring
of qualitative evaluation of sending aspects.

3.5. Correlation analysis of brain activation, clinical symptoms,
medications, and behavioral data (Fig. 6)

NC group: The GAOD during the conversation task was not
correlated with either behavioral data (ST, RS, and SS) or current
age. The AAOC during the conversation task was likewise not
correlated with behavioral data (ST, RS and SS) or current age.

MDD group: The AAOC during the conversation task was posi-
tively correlated with GAF in 3 PFC channels: Ch36, Ch38, and Ch46
(r = 0.53—0.61; FDR~corrected p: 0.000—0.003, Fig. G). However,
the GAOD during the conversation task was not correlated with
GAF, and HRSD was correlated with neither GAOD nor AAQOC. The
GAOD and AAOC during the conversation task were not correlated
with behavioral data (ST, RS, and SS), current age, age of onset,
illness duration, or drug dosage (antidepressant and anxiolytics).
HRSD score was not correlated with behavioral data (ST, RS, and SS).

BD group: We did not find significant correlations between the
GAOD or AAOC and GAF and HRSD. However, we found a significant
negative correlation between the GAOD during the conversation
task and current age in 2 channels (Ch37 and Ch39; r = -0.58
to —0.55; FDR-corrected p = 0.001), and also age of onset in 3
channels (Ch35, Ch42, Ch43; r = —0.63 to —0.48; FDR-corrected p:
0.000—0.008, Fig. 6). Neither GAOD nor AAOC during the conver-
sation task were correlated with behavioral data (ST, RS, and SS),
illness duration, GAF score, HRSD score, or drug dosage (antide-
pressants, antipsychotics, lithium, and valproate). Any significant
correlations between the GAOD or AAOC and YMRS or dosage of
hypnotics and anxiolytics were the result of the effect of outliers on
the correlational analysis. HRSD and YMRS score were not corre-
lated with behavioral data (ST, RS, and SS).

4. Discussion
4.1. Summary of obtained results

Our results showed that the GAOD in the left DLPFC and FPC of
MDD and BD groups was lower than that of the NC group during the
conversation task, and that the AAOC in the FPC of both the MDD
and BD groups decreased during the conversation task. Both the
GAOD and AAOC during the control task did not differ between the
3 groups. In the patients with MDD, the AAOC tended to be posi-
tively correlated with GAF in the FPC. In the BD group, the GAOD
was negatively correlated with age of onset in the right DLPFC and
both middle temporal lobes.

4.2. Behavioral data

We found low RS scores in patients with MDD. This result is
reasonable, because MDD is not only associated with various neu-
ropsychological deficits (to memory, learning, attention, alertness,
and executive functions) during a depressive episode, but also
during a euthymic state (Austin et al., 1892; Tham et al., 1997; Veiel,
1997; Zakzanis et al, 1998). However there were no significant
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Receiving aspect score (RS)

Sending aspect score (SS)

100 100
80 80
g 60 60
40 40
20 20
1~1.5 1.5~2 2~2.5 2.5~3 3~35 3.5~4  (scorc) 1~1.5 1.5~2 2~2.5 2.5~3 3~3.5 3.5~4  (scorc)
40 Speaking time (ST)

k)

40 45 50 55 60 65

70 75 80 85 90 95 (sec)

Fig. 3. Percent histogram of behavioral data results: averaged receiving aspect score (RS, left) and sending aspect score (SS, right), as evaluated by two expert psychiatrists, and
speaking time (ST, bottom). The x-axes of the left and right figures indicate RS and SS, and that of the bottom figure indicates ST. The y-axes of the three figures indicate the
percentage of subjects for each score. The green bar represents normal controls; the blue bar, patients with major depression; and the red bar, patients with bipolar disorder.

differences in ST and SS among three groups, potentially due to a
ceiling effect: almost all participating patients were in the euthymic
state, and performed well. The lack of correlation between behav-
ioral data and HRSD or YMRS in both MDD and BD patients may
also be due to patient state.

4.3. Difference in physiological meaning between the GAOD and the
AAOC

We found that the frontal and temporal regions were
continuously activated during face-to-face conversation. In
addition to the blockwise activations of the frontal and temporal
lobes during the 180-s conversation task, rhythmic activations
tended to be superimposed on the FPC area, as shown in Fig. 2. In
our previous studies, we obtained similar waveform data (Suda
et al., 2010, 2011).

Although we cannot clearly explain the cognitive meanings of
the GAOD and AAOC, we posit that their physiological meanings
differ. In terms of task construction, the GAOD is obtained by sub-
tracting the response to repeated syllables from responses to all the
cognitive elements necessary for speech, such as context process-
ing, monitoring, referencing, emotional processing, and mentaliz-
ing. In terms of waveform patterns, this basic activation is stable
from beginning to end during the conversation. Thus, the GAOD
may represent the global function required to interact with another
person and may be related to mentalizing as well as processing
various types of information received from another person (i.e.,
conversation situation-related function).

The AAQC is obtained by subtracting the response to the ending
time point data of the listening phase from the ending time point
data of the talk phase. However, it is difficult to compare these
results with those of previous studies since prior research did not
utilize the same analytical techniques; therefore, we interpret the
physiological meaning of AAOC solely within the context of the task
design. In the present study, participants needed to speak, monitor
their speech, and change speech content in response to the
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partner's statements during the conversation; thus, we considered
the AAOC to be a speech-related function.

4.4. Decreased GAOD and clinical variables in MDD and BD

The GAOD decreased in the left DLPFC and FPC in both MDD and
BD groups, and in the IFG in the BD group, when compared to the
NC group. In the BD group, the GAOD was negatively correlated
with age of onset in the right DLPFC and both middle temporal
lobes, and with current age in the FPC.

Various neuroimaging studies have found decreased frontal
activation in patients with MDD (Drevets et al., 2002; Kameyama
et al,, 2006; Kennedy et al,, 2001; Ohta et al., 2008; Suto et al,,
2004) and BD (Frangou et al.,, 2008; Kronhaus et al., 2006; Roth
et al,, 2006; Strakowski et al., 2005). These findings support the
decreased GAOD and AAOQC of the frontal regions in MDD and BD.
The GAOD in the left DLPFC and FPC of MDD and BD groups tended
to be lower. In our previous study, when compared to NC, patients
with schizophrenia exhibited decreased activation in the bilateral
temporal lobes and the right IFG during conversation (Takei et al.,
2013). These results indicate a hemodynamic difference that re-
flects conversation situation-related function in MDD, BD, and
schizophrenia patients. This different regional pattern of mood
disorders (MDD and BD) and schizophrenia is supported by meta-
analyses of volumetric MRI studies (Arnone et al, 2009;
Koutsouleris et al. 2008; Sacher et al, 2012). These previous
studies reported frontal volume reduction of MDD, BPD, and
schizophrenia; temporal volume reduction was also emphasized in
schizophrenia. The GAOD reflects multiple functions related to
conversation situations; therefore, it may reflect the impaired brain
region central to the pathophysiology of the disorder. To be clear,
the lack of difference in the GAOD and AAOC during the control task
indicates that the obtained difference was not due to brain volume
reduction or phonation.

In the BD group, the GAOD was negatively correlated with age of
onset in the right DLPFC and both middle temporal lobes, and with
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Fig. 4. The upper 31 figures (Ch22—Ch52) indicate the grand mean waveforms of the conversation task: green line, control participant; blue line, major depression; red line, bipolar
disorder. The yellow channels of the upper figures indicate a larger grand averaged [oxy-Hb] data (GAOD) in the NC group than in the MDD and BD groups, and the pink channel
indicates a larger GAOD in the NC group than in the BD by mixed-design repeated measures ANOVA, followed by Scheffé’s post hoc t-test. The middle 3 figures below show the
probabilistic estimation and anatomical labeling of the locations of NIRS channels in the standard brain space in accordance with Tsuzuki et al. (2007), and the yellow and pink areas
indicate the corresponding brain areas that differed between the groups according to the results of the post hoc t-test. Light gray channels without a number are channels that were
excluded because of detection of clear motion artifacts. The lower 31 figures (Ch22—Ch52) indicate the grand mean waveforms of the control task: green line, control participant;

blue line, major depression; red line, bipolar disorder.

current age in the FPC, but not correlated with illness duration. Past
epidemiological research suggests that early- and late-onset BD
differ in clinical expression and familial risk, and may therefore be
considered different subforms of manic-depressive illness
(Schurhoff et al,, 2000). However, the correlation between GAOD
and age of onset in this study may reflect genetic differences be-
tween early and late onset BD; indeed, there was only one case of
BD with an age of onset over 40. To clarify the influence of age of

onset on GAOD, more cases of BD with onset under 20 and over 40
years should be investigated in the future.
4.5. Decreased AAOC and clinical variables in MDD and BD

The AAOC tended to be decreased in the bilateral FPC and the
left DLPFC in both MDD and BD groups, compared to the NC group.
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Fig. 5. The upper 31 figures (Ch22—Ch52) indicate the averaged amount of [oxy-Hb] change (AAOC) of the conversation task: green bar, control participant; blue bar, major
depression; red bar, bipolar disorder. The yellow channels of the upper figures indicate a larger AAOC in the NC group than in the MDD and BD groups, and the light blue channels
indicate a larger AAOC in the NC group than in the MDD group by mixed-design repeated measures ANOVA, followed by Scheffé's post hoc t-test. The middle 3 figures below show
the probabilistic estimation and anatornical labeling of the locations of NIRS channels in the standard brain space in accordance with Tsuzuki et al. (2007), and the yellow and light
blue areas indicate the corresponding brain areas that differed between the groups according to the results of the post hoc t-test. Light gray channels without a number are channels
that were excluded following the detection of clear motion artifacts. The lower 31 figures (Ch22—Ch52) indicate the AAOC of the control task: green bar, control participant; blue

bar, major depression; red bar, bipolar disorder.

However, the decreased area of AAOC for MDD was wider than for
BD, contrary to our hypothesis.

The main difference between MDD and BD was the decreased
AAOC in the right FPC found in only the MDD group. The right
frontal lobe is involved in generating unusual or distant verbal
associations while the left frontal lobe is involved in generating
“usual” associations (Kiefer et al., 1998; Seger et al., 2000). Clinical
research suggests that individuals with MDD are cognitively
inflexible, exhibiting ruminative, rigid, and automatic thoughts
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within a negative schema (Deveney and Deldin, 2006; Remijnse
et al, 2013). Researchers reported that individuals with MDD
were less flexible than to healthy controls. These previous studies
may indicate that decreased AAOC in the right FPC reflected the
cognitive inflexibility seen in MDD.

Among the patients with MDD, the AAOC tended to be positively
correlated with the GAF in the right FPC. Pu et al. (2012) reported
that reduced activation in the prefrontal and temporal regions
during a working memory task was significantly related to lower
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Fig. 6. Upper 3 figures (Ch35, Ch42, and Ch43): Significant negative correlation between the grand averaged [oxy-Hb] data (GAOD) during the conversation task of BD and age of
onset. Lower 3 figures (Ch36, Ch38, and Ch46): Significant positive correlation between the AAOC data during the conversation task for MDD and GAF.

scores on the Social Adaptation Self-Evaluation Scale (SASS) in late-
onset depression. Our results indicate that decreased AAOC in the
right FPC may be reflected in the cognitive inflexibility of MDD,
especially during face-to-face conversations. This may also be
related to social adaptation through communication with others,

4.6. Limitations and future directions

The limitations of this study are as follows: (i) the results were
mainly drawn from patients in the euthymic state, since few pa-
tients in depressive or hypomanic states were included; (ii) we
were unable to investigate the correlation between NIRS mea-
surements and psychotropic medication because we did not
include drug-free patients, or patients taking a single drug; (iii) we
did not evaluate neurocognitive function and intelligence quotient
by other neuropsychological methods; therefore, we could not
evaluate relationships between conversation performance and
cognitive domains such as executive function or working memory;
(iv) we could not identify an observable index of conversation that
is more sensitive to the GAOD and AAQC. Future studies addressing
these limitations are planned.

4.7. Conclusion

We used NIRS to investigate frontal lobe activation in MDD, BD,
and NC participants during face-to-face conversations in situ, and
demonstrated decreased activation and different temporal char-
acteristics among the three groups. GAOD, which may reflect con-
versation situation-related function, was decreased in the left

DLPFC and FPC in both MDD and BD groups. AAOC, which may
reflect speech-related function, was decreased in the FPC in both
the MDD and BD groups; this was shown more strongly in the right
FPC for the MDD group. GAOD was negatively correlated with age of
onset in BD, while AAOC was positively correlated with GAF in
MDD. However, both continuous activation and rapid change may
reflect the pathophysiological character of MDD and BD; in
particular, the decrease of AAOC in the right FPC may be related to
the impaired adaptive ability exhibited in MDD.
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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
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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
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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 4= 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
(1). 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 ata 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).
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Table 1

501

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 Sb Mean SD Mean SD p-Value
n 153 136 134 590
Age years 438 12.7 43.7 121 44.0 149 439 15.7 099
Gender, women/men 77/76 67/69 69/65 314/276 0.81°
Education, years 14.0 19 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 0.23
Task performance 13.0 38 13.6 44 120 36 153 48 <0.01
Age at onset, years 392 11.3 234 74 329 124 -
PANSS
Positive - 16.3 5.0 - -
Negative - 21.0 6.0 - -
General psychopathology - 37.0 76 - -
HAM-D 14.1 6.7 - 84 7.0 -
YMRS - - 4.7 59 -
GAF 53.9 97 473 11.4 555 133 -

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 (1)) 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 anatornically 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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Fig. 3. Time courses of the haemodynamic responses in Region 1 (R1) and Region 2 (R2)
in the 4 diagnostic groups. Panels A and B show the time courses of the haemodynamic
responses in R1 and R2, respectively.

(= 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=0.59, p<0.01, 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.0., 22/15; SZ:
40.1 (14.9) y.o., 11/20; and HC: 40.0 (4.2) y.o., 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 (15.4) y.0., 47/50; SZ: 44.8 4 11.0 y.0.,, 56/49; and
HC: 44.0 £+ 15.9 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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