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1 Introduction

Abstract. Optical topography (OT), which is based on the near-
infrared spectroscopy, is a powerful tool for observing brain activity
noninvasively. To estimate the effect of laser exposure on the brain,
photon-distribution profiles in bald heads of adults and neonates dur-
ing the OT were calculated using the photon-diffusion equation.
These calculations showed that although the absolute values of the
intensity depend on details of the head model, the relative values of
OT exposure to sunlight exposure were less sensitive to the model
details. As an example, the light intensities on the brain surface during
OT obtained by using a commercially available system were about
2% for adults and 3% for neonates of those values obtained under
midday sunlight on a sunny day in midsummer. These values were

obtained under the reasonable assumptions with a large safety factor.
© 2007 Society of Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.2804152]
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various fields such as psychology, cognitive science, brain
. .. . 8-12 .
science, and clinical medicine.” ~ It has been especially used

Near-infrared spectroscopy (NIRS) has been widely used in
functional brain studies to observe cerebral oxygenation and
hemodynamics changes.l’5 The optical topography (OT) sys-
tems (based on NIRS using multiple optical probes in a
reflection-type arrangement) have succeeded in imaging the
brain 21(:tivity.6’7 The OT system enables noninvasive measure-
ment of the human brain function under a variety of condi-
tions with little subject restriction, so it has been applied to
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in infant research as a useful tool because of the advantages
mentioned above.'>'*

Research involving human participants is ethically re-
quired to identify the safety and/or risk of the examinations
for subjects. In the measurement of brain function using
NIRS, a laser beam is irradiated into the scalp and a part of
the diffused light reaches the cortex. Evaluating the effects of
laser exposure on the human body is therefore important.
Most commercially available NIRS instruments are classified
according to the IEC (International Electrotechnical Commis-
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Table 1 Five-layer head models for adult and neonate (after Ref. 24).

Scalp Skull CSF Gray White
Adult Thickness (mm) 5.0 7.0 2.0 5.0
us(mm) 1.9 1.6 0.01 2.2 9.1
to(mm™T) 0.018 0.016 0.002 0.036 0.014
Neonate Thickness (mm) 2.0 2.0 0.5 3.0
ns(mm) 1.9 1.6 0.01 0.5 1.0
to(mm™T) 0.018 0.016 0.002 0.048 0.037

ws: reduced scattering coefficient
14q: absorption coefficient

sion) standard (IEC 60825-14)," which expresses the safety
of laser products against skin and eye hazards. As the IEC
standard defines the maximum permissible exposure (MPE)
values for skin and eyes according to biological consider-
ations, it is possible to evaluate the safety regarding the scalp
and eyes associated with using NIRS instruments. An assess-
ment of heating effects in the skin during NIRS studies has
been reported.16 However, no standard covers any brain haz-
ards caused by laser exposure. So no MPE for the brain has
been determined. The aim of this paper is thus to provide the
scientific data to evaluate the safety of the brain during OT.

In the near-infrared region, most laser damage is due to
heating of the absorbing tissues (IEC 60825-1)."” A rise in
brain temperature due to the laser exposure may be calculated
by using a light-propagation simulation and a heat-diffusion
model. However, calculating the absolute values of light in-
tensity and temperature is extremely difficult because the val-
ues of the tissue parameters to put into the simulation are
difficult to obtain accurately. We therefore calculated the light
intensity on the brain surface during both OT and the equiva-
lent normal exposure the sun and compared the two intensities
to estimate the effect of the OT. This approach does not di-
rectly estimate the temperature rise, but it has the following
advantages. First, it does not need any thermal parameters for
components in the head, for example, heat capacitances and
heat resistances for the scalp, skull, brain, and such, which are
difficult to obtain. Second, reducing the number of parameters
increases the reliability of results. Third, relative results are
less sensitive to the errors in parameters and variation in the
model than absolute results. Fourth, comparing exposure un-
der OT with that under sunlight, which we are exposed to
daily, helps to intuitively evaluate the safety of observing the
brain with OT.

The photon-diffusion equation has been used for calculat-
ing photon-propagation profiles in scattering media such as
biological tissues. ' Light propagation in the head was cal-
culated by the photon-diffusion equation with three-
dimensional head models for adults and neonates. Because the
photon-diffusion equation is based on the strong-scattering
approximation, it may be unacceptable to use it for the head
model including a clear cerebrospinal fluid (CSF) layer.”® We
therefore performed the calculations using two models, one
including a CSF layer and one without a CSF layer.
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2 Calculations

The structures and optical properties of the adult and neonatal
head models are given in Table 1. The five-layer head model
consisted of scalp, skull, CSF, gray matter, and white matter.
In the four-layer head model, the skull replaced the CSF layer.
The hair was not included in either model. This assumption is
reasonable for bald adults and also acceptable for most neo-
nates, who are almost bald or have thin hair. Because the head
has a spherical shape, we used the spherical-polar coordinates
system for the calculations. The adult head was modeled as a
sphere with a diameter of 180 mm and the neonatal head as a
sphere with a diameter of 100 mm; both consisted of the lay-
ers as shown in Table 1. The wavelength dependence of the
optical properties was not considered because there is little
information on this in the literature.
The photon-diffusion equations are written as

i%:t) —div{D(r) grad ®(r,1)} + w,(r)®(r,1) = go(r,1),

D(r) = 1{3[ g (r) + peo(r) ]} (1)

where ®(r), . and w, are the photon-fluence rate, the re-
duced scattering coefficient, and absorption coefficient, re-
spectively. D(r) is defined as the diffusion coefficient.

Both sides are integrated as

19d
—Edv + ® n(D grad P)ds + | u,Pdv= | godv,
c

(2)
where
fl@d Lo 1O nbards
ca ' Ar YT A rosmuaravae.
f 1, Ddv = p,Pr? sinfdrd6d . (3)

As no optical source exists in the head,
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Fig. 1 Distributions of the photon-fluence rate (®) in the head calculated using (a) adult four-layer model, (b) adult five-layer model, (c) neonatal
four-layer model, and (d) neonatal five-layer model. A single optical source was placed on the scalp.

f qodv =0. (4)

For the truncated boundary &, we used a self-consisted bound-
ary condition

D(E+A)/D(E) =D(E+2A)/D(E+2A) =Const.  (5)

The value of Const was obtained by iterative calculations for
each boundary. This boundary condition provides less dis-
torted distributions of ® than the Dirichlet condition, ®(§)
:0.25

For the boundary & between the scalp and air, the modi-
fied Robin-type boundary condition®" was used as

D(&s) +2D(&9)AR - V(&) = 0. (6)

Here, 0 is the unit vector normal to the boundary and A
=2.4 for the boundary between air, whose refractive index is
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1, and the biological tissue, whose refractive index is 1.4.1%
The source was placed at the boundary of the scalp &.. The
Robin boundary condition was then used at the source as
follows:*'

D&, 1) +2D(EQ)AN - VD (&g, 1) =— 4T sw(&s ), (7)

with the distribution function of the source, w(&g,7), and the
flow rate of incident light I'g. We consider here a continuous-
wave source uniformly distributed across the source area.
Therefore, ® and w are independent of time and w=1. The
source area was 1 X 1 mm?.

The equations were solved by the finite-difference method
using 0.5 mm X 0.1 rad X 0.1 rad meshes.

3 Results and Discussion
Figure 1 shows the distributions in the four-layer and five-

layer head models for the adults and neonates. The distribu-
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Fig. 2 Profiles of the photon-fluence rate () in the gray matter irra-
diated by the single source for (a) an adult and (b) a neonate. The
depths of the irradiated area from the scalp surface were (a) 15 mm
and (b) 5 mm, respectively. The horizontal axis shows the position
along the brain curvature from the point just under the source. Mark-
ers represent the results of calculation, and curves were obtained by
the least-squares fitting with a theoretical function.

tion patterns were affected by the existence of the CSF layers.
The light-distribution profiles on the brain surface, that is, the
gray-matter layer, for the respective models are shown in Fig.
2. The depths of the gray matter from the scalp surface were
15 mm for the adults and 5 mm for the neonates. The hori-
zontal axis represents the distance along the surface of the
gray matter from the source. The origin was right under the
source. The circles represent the calculated results. Compar-
ing the four- and five-layer models shows that the CSF layer
made the light spread over a wider area in the gray matter.
The lines in the figure were obtained by least-squares fitting
with
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Fig. 3 Probe geometry used in the calculation for the OT. Opaque and
open squares represent the sources and the detectors, respectively. Lgp
is the SD distance.

A expy(x —x0)> + (y — yo)* + 22

. (8

f(x»y,xo»yo) = [
Vx=x0)2+ (y —yo)* + Z(z)

where f(x,y,xg,y0) is a distribution function of light in the
gray matter, when a single source (area: 1 X 1 mm?) is placed
at a position (x,y)=(xy,y,) on the scalp. This equation can
easily be expanded to cover multiple sources. The distribution
of total light in the gray matter was obtained as
>.f(x,y,x;,y;) with all source positions, is. The simple addi-
tion of distribution functions is reasonable, because the light
is strongly scattered and interference light is negligible. Usu-
ally in OT, multiple probes of sources and detectors are ar-
ranged in a lattice form for obtaining a topographic image of
brain activity. The calculations were performed using the
probe geometry shown in Fig. 3 with the distances between
the source and detector (SD distances, Lgp) set at 20, 30, and
40 mm, respectively. The opaque squares in Fig. 3 represent
the sources and the open squares represent the detectors,
which were not used in the calculations. In the case of solar
irradiation, the sources were uniformly distributed on the
scalp.

Both results are compared in Fig. 4, which shows
®[probe] and ®[uniform] corresponding to the distributions
of light in the gray matter during the OT and under sunlight,
respectively. Because the gray matter was shallow in the neo-
natal head models, the photons did not become fully diffuse
and the ®[probe] values had a peak directly under the probe
position. When the SD distance was shorter, the peak was
steeper and the peak value was larger, because the neighbor-
ing sources were closer. Although ®[uniform] should ideally
be flat, it varies slightly due to the limited calculation area.
However, this variation was not a problem, because we paid
attention to the peak value of @ at the origin. The intensity in
the case of the multiple-probe irradiation was much smaller
than the intensity in the case of the uniform irradiation. This is
because the incident power per unit square was the same in
both cases and the area of scalp irradiated in the uniform case
was overwhelmingly larger than the total area of the incident
probes.
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Fig. 4 Profiles of the photon-fluence rate () in the gray matter calculated using (a) adult four-layer model, (b) adult five-layer model, (c) neonatal
four-layer model, and (d) neonatal five-layer model. ®[probe] was obtained by using multiple sources as the OT, and ®[uniform] was obtained

with sources uniformly distributed on the scalp surface.

In the above, unit incidences were assumed for both the
probe and the uniform cases; in the following, the actual
power irradiated during OT and the actual solar power are
introduced. The incident power for the probe irradiation
(I[oT)) was determined to be 1 mW/mm?2, for simplicity.
For sunlight, the solar spectral irradiance (ASTM E891-87)
was used.”® The total intensity of the midday sunlight on a
sunny day in midsummer is set at 1000 W/m? in the stan-
dard. Because the wavelength dependence of both the scatter-
ing and absorption coefficients of tissue in the wavelength
range between 700 and 850 nm, which are typical wave-
lengths of light sources in an OT system, is small,”’ in the
case of sunlight we assumed that only the intensity integrated
over the range of wavelengths from 700 to 850 nm (I[sun])
was irradiated. From the solar spectral irradiance,
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I[sun] =165 W/m?. 9)

The ratio of light intensity in the gray matter during OT
(®[OT)) to that under sunlight (P[sun]) is given as

O[OT)/D[sun] = D[probel/Dluniform] X I{OT|/[sun].
(10)

Figure 5 shows the results of Eq. (10) for each head model
and each SD distance. Although the values of @ in the gray
matter in Fig. 4 differ from according to the model, the ratios
in Fig. 5 were less sensitive to the model details. This relative
comparison therefore reduced the error caused by the uncer-
tainty of the models.
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Fig. 5 Ratios of the photon-fluence rate (®) in the gray matter during
OT compared to those during exposure to sunlight. The output power
from each source probe was 1 mW. The solar spectral irradiance and
the total intensity of the midday sunlight on a sunny day in midsum-
mer were given by ASTM E-891.

The ratios were calculated using the peak values of ®[OT]
at the origin. The value that affects the temperature rise is the
mean value of ®[OT] over a wider area. When the mean
values are used, the ratios in Fig. 5 become smaller. The in-
cident intensity of the sunlight must be larger in actual fact,
because solar energy has a wide distribution from ultraviolet
to infrared, and the wavelength range of light penetration into
the head is much wider than that used in the above calcula-
tion. In this case, the ratios also become smaller. All of these
mean that the effect of OT relative to the effect of actual
sunlight is less than that calculated above. It can therefore be
concluded that the ratios shown in Fig. 5 were estimated with
a large safety factor.

The models used above included no hair. Because hair
might shade the sunlight more effectively than the light from
the probes, the ratios in Fig. 5 might become larger when hair
is taken into consideration. It was, however, difficult to incor-
porate the effect of hair into the model quantitatively, because
the amount and color of hair vary greatly across individuals.
The results obtained above are valid for bald or very thin-hair
heads and, at least, frontal head positions. The construction of
a model including hair is thus desirable for more general
investigations.

We apply the above results to a commercially available
system, the ETG-100 (Hitachi, Medical Corporation, Japan),
as an example of an actual case. The probe output power of
ETG-100 can be set to three levels, the highest of which from
each source probe is 3 mW. When this setting is used, the
ratios in Fig. 5 should be multiplied by 3. Considering the
photon spread due to the CSF layer,”* the five-layer model
might be closer to the actual head than the four-layer model.
However, the photon-diffusion equation might not be valid for
the model including the clear CSF layer and reality must lie
somewhere between the result for four-layer model and that
for the five-layer model. Therefore, we took the four-layer
model as the possible worst case. The light intensity in the
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gray matter during a measurement using ETG-100 for the
adult and the neonate were about 1.2 and 2.6% of that under
sunlight, respectively, when the SD distances were set at
30 mm as usual. They were 2.0 and 3.3%, respectively, when
the SD distances were set at 20 mm, which is the condition
sometimes used for infants. Therefore, it is concluded that the
ratios of the light intensity on the brain surface during OT
using ETG-100 with the SD distances of 20 or 30 mm com-
pared to those during exposure to sunlight were about 2% for
the adult and 3% for the neonate, respectively. In the case of
sunlight on a cloudy day in winter (the total solar intensity
is 150 W/m?2), the above ratios become 13 and 22%,
respectively.

4 Conclusions

To evaluate the effect of light exposure to the brain during
OT, the light intensity on the brain surface during OT—
calculated by using the photon-diffusion equation with adult
and neonatal head models (with no hair)—were compared
with that obtained under sunlight.

The intensities on the brain surface during OT (using an
ETG-100 with a probe output of 3 mW and the lattice form of
probe geometry with each SD distance of 20 or 30 mm) were
about 2% for adults and 3% for neonates of those intensities
under midday sunlight on a sunny day in midsummer, respec-
tively. These values were obtained using the acceptable as-
sumptions with a large enough safety factor. The effect of OT
on the brain was thus estimated to be far less than the effect of
the sunlight.

Because the MPE for the brain was not known, we cannot
yet declare the safety level for OT. Also effects of sunlight for
bald neonates should be quantitatively considered. The safety
should be evaluated by a variety of medical and engineering
inspections and considerations. However, the comparison of
irradiation by OT with that of natural sunlight will help us to
evaluate the safety of OT.
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