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Abstract Measurement of multichannel continuous-wave near-infrared spec-
troscopy (CW-NIRS) is dependent on the modified Beer-Lambert law, which
includes optical pathlength (PL) as an essential parameter. PLs are known to
differ across different head regions and different individuals, but the distribu-
tion of PLs for the whole head has not been evaluated so far. Thus, using time-
resolved near-infrared spectroscopy (TR-NIRS), we measured the optical char-
acteristics including PL, scattering coefficients (m0s), and absorption coefficients
(ma) at three wavelengths (760, 800, 830 nm). Then, we constructed maps of
these parameters on the subjects’ head surface. While the PLs in nearby chan-
nels are similar, they differ depending on the regions of the head. The PLs in the
region above the Sylvian fissure tended to be shorter than those in the other
regions at all of the wavelengths. The difference in the distribution of PLs may
be attributed to differences in tissue absorption and scattering properties. The
current study suggests the importance of considering PL differences in inter-
preting functional data obtained by CW-NIRS.

1 Introduction

Multichannel continuous-wave near-infrared spectroscopy (CW-NIRS), also
known as functional NIRS (fNIRS), or Optical topography (OT), is an emer-
ging neuroimaging technique that allows the noninvasive monitoring of hemo-
dynamic changes associated with human brain activity [1]. CW-NIRS has
several advantages with respect to other neuroimaging methods: it is more
tolerant of physical movements, allows more freedom in choice of experimental
settings and is less expensive. Thus, CW-NIRS has been applied in various
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diagnostic settings, including pre-surgery language dominance determination
[2], preoperative planning of tumor removal [3], determining epileptic foci [4],
monitoring rehabilitation [5], psychiatric diagnosis [6], pediatric diagnosis [7]
and postoperative cerebral oxygenation monitoring [8].

Despite these merits, CW-NIRS measurement still has a technical drawback
in that it measures absorbance without reference to optical pathlength
(PL). Lack of this variable makes it impossible to calculate absolute, rather
than relative changes of hemoglobin concentration when using the modified
Beer Lambert law [9]. A recent study examining PL in foreheads, somatosen-
sory motor and occipital regions revealed that PL varied among the regions of
head and subjects [10], suggesting that the analysis can not be extended to
the comparison between data from different channels. Also, data integration
between different channels, which is necessary for topographic map recon-
struction, is difficult to validate. This limits the potential of CW-NIRS
measurement.

Thus, as a step toward solving the optical PL issue in CW-NIRS, we created a
whole-head optical PL map by measuring PL at various regions of an adult head
using time-resolved near-infrared spectroscopy (TR-NIRS). Using this, we
assess the regional difference of the optical PL across different cortical
regions, and discuss the feasibility of data integration among different
channels.

2 Method

2.1 TR-NIRS System

We used a TR-NIRS system (TRS-10, Hamamatsu Photonics K.K., Japan) [11]
to measure optical PL at three different wavelengths (760, 800, 830 nm) in
normal adult subjects (n¼ 8). Detailed description of the apparatus andmechan-
ism of the measurement is as previously described [12]. Briefly, the light source of
the system emits a 5 MHz of light pulses at the three wavelengths from semi-
conductor lasers (Picosecond Light Pulser, Hamamatsu Photonics K.K., Japan).
The light is guided through an illuminating optical fiber and emitted onto the
scalp, traveling through the head and brain tissue. Some fraction of the light
reaches a detecting optical fiber placed on the scalp 3 cm away from the
illuminating optical fiber, and is guided into a photomultiplier tube (PMT,
H6279-MOD, Hamamatsu Photonics K.K., Japan) to generate an electric sig-
nal. This signal is processed by constant fraction discriminators, time-to-ampli-
tude converters, A/D converters and histogram memories. The mean PL was
calculated from the observed temporal profiles of the light intensity [13]. Also, by
fitting the observed temporal profiles to the photon diffusion equation [14], using
a non-linear least square fitting method, we calculated the reduced scattering
(m0s) and absorption coefficients (ma) at the three wavelengths.
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2.2 Data Analysis

The midpoint between illuminating and detecting optical fibers defined a

channel, the point where the optical properties of the underlying tissue was

monitored. In a pilot study, we confirmed that the directional anisotropy of

the channel placement was negligible. We selected approximately 80 evenly

distributed scalp positions and marked them on a flexible mesh cap according

to the 10–20 system of EEG placement [15]. We sequentially placed the

channels at the scalp positions and performed TRS measurements. After

each TRS measurement, the location of the fiber placement was measured

by a 3D-magnetic digitizer (FASTRAK, Polhemus, Colchester, VT), and

these locations were translated to segmented magnetic resonance images of

each subject. In this way, we constructed a PL distribution map on the scalp.

For all surface positions on the scalps of the subjects, the optical PLs were

interpolated at a 1 � 1 � 1 mm resolution, from the measuring points using a

nearest neighbor method. For creating the PL distribution map on the cortical

surface, each head surface position was projected onto the cortical surface as

previously described [16].

3 Results

The spatial distribution of the optical PLs, ma and m0s for a subject is shown

in Fig. 1. We used the optical properties measured at the international

10–20 positions (20 positions; summarized in Table 1) to perform statistical

analysis. To assess laterality effects, zenith positions (Fz, Cz and Pz) were

excluded. The remaining positions were divided into eight pairs of laterally

symmetrical positions. A 2 � 3 � 8 (laterality � pathlengths � positions)

ANOVA was performed on the values for PL, ma and m0s. For PL, there

was no significant main effect (P < 0.05) of laterality (F(1,7) = 0.4) whereas

significant main effects for pathlength (F(2,14) = 121.2) and position (F(7,49)

= 20.6) were observed.. A significant interaction between pathlength and

position (F(14,98) = 6.2) was also detected. An ad-hoc multiple comparison

revealed the following relation: PL760 = PL800 > PL830 (P < 0.05, Bonfer-

roni-corrected). Generally, differences in optical PLs among neighboring

channels were rather small, but some global tendencies were observed. The

PLs were the shortest in the peri-Sylvian regions located at the border

between frontal and temporal regions. The regions above the temporal

lobe also exhibited relatively short PLs. The longest PL was observed in

the medial frontal and occipital regions. Frontal and parietal regions

exhibited moderate PLs. These overall tendencies were observed at all of

the wavelengths.
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While ANOVA revealed no significant main effect of laterality for ma
(F(1,7) = 0.3), there were significant main effects for pathlength (F(2,14) = 35.8)

and position (F(7,49) = 9.5). Significant interaction between pathlength and

position (F(14,98)=10.3)was alsodetected.Use of anad-hocmultiple comparison

revealed the following relation: ma830= ma760> ma800 onmost positions except for

F4, O2, P3, P7, and P8 exhibiting ma830 > ma760 > ma800 relation (P < 0.05,

Bonferroni-corrected). Generally, ma was larger in the region above the central

sulcus.
For m0s, ANOVA revealed no significant main effect of laterality (F(1,7)= 0.3),

whereas significant main effects for pathlength (F(2,14) = 29.1) and position

(F(7,49) = 6.3) were detected. Significant interaction between pathlength and

position (F(14,98) = 2.2) was also detected, with ad-hoc multiple comparison

revealing the relation: m0s760 = m0s800 > m0s830 at most positions except

for Fp1, F7, and P7 exhibiting only m0s760 > m0s800 relation, and F8 exhibiting

m0s760 > m0s830 relation (P < 0.05, Bonferroni-corrected). Generally, m0s was

larger in the regions above the inter-hemispheral fissure.

Fig. 1 a: Distribution of optical pathlength (PL) in a unit of cm on a scalp at 760, 800, and
830 nm. b: Distribution of scattering coefficients (ma) in a unit of cm�1 on a scalp at 760, 800,
and 830 nm. c: Distribution of absorption coefficients (m0s) in a unit of cm�1 on a scalp at 760,
800, and 830 nm
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4 Discussion

The current study extends the former study by Zhao et al. assessing optical PL
distribution in the forehead, Somatosensory motor and occipital regions [10].
We broadened the region of interest to the whole head and demonstrated that
optical PL varies among scalp locations, with those above the peri-Sylvian
regions being the shortest and those in medial frontal and occipital regions
being the longest. The inhomogenous nature of the optical PLs may be attrib-
uted to inhomogenous distribution of absorbent and tissue structures. The
former is well represented by the distribution of ma. The observation that ma
was smallest at 800 nm, which is the equiabsorbance point for oxygenated and
deoxygenated Hbs, suggests that Hb concentration is a dominant factor in
determining ma. Large ma in the region around the central sulcus likely signify
a higher Hb concentration in this region, probably due to the bridging veins
around the superior sagittal sinus and the Sylvian veins. In addition, the effects
of the temporal muscle would play a part. On the other hand, m0s is expected to
reflect differences in tissue properties; however, the medially-oriented larger
distribution of m0s suggests a contribution of skull thickness. Since the current
analysis did not involve elaborate segmentation of the tissues, we cannot specify
which component was the most influential, and further study will be necessary
to clarify the detailed aspects of tissue contribution. In addition, there was no
laterality in the optical parameters tested. This finding may provide experimen-
tal support for the interhemispheric comparison of cortical activation on sym-
metrical regions often practiced in various CW-NIRS studies (e.g., language
dominance assessment [2]).

In this study, we have presented the PL distribution on the subject’s own
MRI and left inter-subject integration as a future topic of study. Our intention
here was to simply perform spatial normalization of the data to the standard
stereotaxic brain space using transformation based on gross matching of cor-
tical structures. However, we noted the substantial effects of non-cortical
structure on PL distribution, probably due to temporal muscles and Sylvian
veins. In this case, spatial normalization of the data solely based on cortical
structure may be misleading, and scalp-based normalization would be more
appropriate. Since there is no such method established for this, we are currently
developing one.

5 Conclusion

We constructed a whole-head map for optical PL distribution. While the PLs in
local vicinities are similar, they differ according to locations on the head. The
difference in the distribution of PLs may be further attributed to differences in
tissue absorption and scattering properties. The current study suggests the
importance of considering PL differences in interpreting functional data
obtained by CW-NIRS.
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