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ABSTRACT

We have developed a near-infrared spectroscopy system
for low-resolution regional imaging of the brain. Our re-
gional imager employs two intensity-modulated (frequen-
cy-domain) diode lasers operating at 779 and 834 nm,
respectively, in order to produce macroscopic waves of
diffusing photons. The interaction of these diffusive
waves with tissue depends on laser modulation frequen-
cy, laser wavelength and the optical properties of the
sample tissue volume. The lasers can be modulated over
a range of frequencies from 50 to 400 MHz. Light is cou-
pled to and from the head using a pad that has 12 source
and 4 detector positions within an area of approximately
40 cm?. The pad can be moved to different positions on
the head. Measurements from different source—detector
combinations enable reconstruction of low-resolution im-
ages of the tissue volume beneath the pad. For example,
we have made two-dimensional back-projection images
of model systems in order to demonstrate the capabilities
of the regional imager. We also present preliminary re-
sults from initial clinical studies at the Children’s Hos-
pital of Philadelphia.

1. INTRODUCTION AND BACKGROUND

The application of diffusing near-infrared light for the study
of tissue structure and metabolism has been the subject of
intense recent interest (1,2). In particular, diffuse photon
density waves (3-9) and their time-domain analogs (10-13)
have been used to provide quantitative spectroscopic infor-
mation about chromophores such as oxyhemoglobin
(OxyHb)} and deoxyhemoglobin (DeoxyHb) in a variety of
tissues, including brain tissue. Furthermore, the possibility
of projection and tomographic imaging with these waves has
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been explored experimentally with success in tissue phan-
toms (14-20) and in vivo (21-23). While the spatial reso-
lution of the optical method is limited to ~1 c¢cm? (24), the
mechanisms of contrast, the tissue penetration, the speed and
the cost of these new techniques offer the possibility for
diagnostic improvements over conventional radiologic in-
struments.

In this contribution we describe a near-infrared instru-
ment, the regional imager, that we have developed for the
purposes of low-resolution functional imaging of the brain
(particularly the baby brain). Near-infrared light can pene-
trate centimeters into the scalp, skull, dura and brain, making
possible a range of investigations. For example, near-infra-
red spectroscopy has been used to detect cerebral hypoxia
and changes in cerebral blood volume (25-28). We antici-
pate that the regional imager will enable the evaluation of
critical care conditions such as hydrocephalus and hemato-
ma, as well as providing a method to probe blood oxygen-
ation during heart surgery and cognition studies. In general,
the instrument is capable of providing rapid, projection im-
ages of the tissue volume below the device surface. Thus
the regional imager may be valuable in environments such
as neurology clinics, emergency rooms, operating rooms and
intensive care units, where there are few economical or con-
venient methods currently available to diagnose intracranial
disease.

To these ends, the regional imager was designed to be fast
and easy to use. Furthermore, rather than develop a compre-
hensive optical imaging instrument for the whole brain, we
instead developed an intermediate device that is faster and
more directed than a ‘‘complete’” brain imager (13,14) and
improves upon purely spectroscopic near-infrared probes
(29-35) wherein the sample medium is assumed to be ho-
mogeneous. The new device offers the possibility for recon-
struction of optical properties with linear resolutions of ~1
cm. The instrument consists of multiple source and detector
positions located on a 4 cm X 9 c¢m rectangular area called
the optical pad (see Fig. 1). Measurements from different
source and detector positions on the optical pad probe dif-
ferent regions of tissue; this provides information sufficient
for reconstruction of an image. The regional imager uses two
wavelengths (779 and 834 nm) to determine the oxygenation
level of blood.
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Figure 1. Schematic of the regional imager (A) and the source-
detector geometry of the optical pad (B). The pad is semiflexible
and can conform to the curves of the head.

The following section provides basic theoretical back-
ground about diffuse photon density waves. Then, section 3
describes the instrument and section 4 describes the back-
projection approach we have been using for rapid recon-
struction of images. Finally, sections 5 and 6 present exper-
imental results that illustrate the potential performance of the
regional imager.

2. DIFFUSE PHOTON DENSITY WAVES

The operation of the regional imager is based on the use of
diffuse photon density waves. Diffuse photon density waves
are scalar, overdamped traveling waves of photon density
(3-9). They will propagate through turbid media such as
tissue (for near-infrared light) wherein the transport of light
energy density, U(f,t), is governed by a diffusion equation.
A light source, with an intensity modulated at frequency o,
generates a diffuse photon density wave in an optically tur-
bid medium. For a sinusoidally modulated source, the re-
sultant diffusive wave obeys a Helmholtz equation; it there-
fore exhibits many propertics that we normally associate
with conventional electromagnetic waves such as refraction
(4), diffraction (5,6), dispersion (7,8), interference (9) and
scattering (5).

The simplest model for the experiments we perform treats
the sample as a semi-infinite medium. In this case, each
source and detector on the pad are separated by a distance
p along the surface of the sample as shown in Fig. 2. The
incident light field (laser light delivered by optical fiber) is
approximated as a point source displaced a distance z, =
p; (1 mean free path) into the medium, where p, is the
reduced scattering coefficient of the medium. The spatial
part of the time-dependent component of the energy density
of the diffusive wave at position T in the sample can be
described by the following simple solution for this geometry:
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where T, is the position of the point source, T; is the position
of the image source (using extrapolated boundary condi-
tions) located as shown in Fig. 2, and S represents the initial
amplitude and phase of the source. The wavenumber k and
the light diffusion coefficient D are given by
—vu, T iw v

and D= — 2)
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where v is the speed of light in the diffusive medium and
1, is the absorption coefficient of the medium. When the
source~detector separations are larger than the transport
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Figure 2. The semi-infinite medium model showing source, detec-
tor, their separation p and image source. The dashed line shows the
extrapolated zero boundary.

mean free path (i.e. p > z,, where z, ~ | mm for tissues),
then Eq. 1 simplifies to the following form,
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We do not use a reflection coefficient to determine the ex-
trapolated boundary z, (36), because the optical pad (black
piece of rubber or foam) touches the edge of the sample. In
any case, inclusion of a reflection coefficient resulting from
a mismatch in refractive indices at the sample—pad interface
does not significantly affect our results.

The absorption and scattering coefficients of the medium
can be determined directly from measurements of the am-
plitude and phase of the diffusive wave. Letting k = k, +
ik;, where k; and k; are the real and imaginary parts of k,
respectively, we can express the absorption coefficient p,
and the scattering coefficient ., as
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We determine the real and imaginary parts of k from the
measured U(p) to determine p, and ..

Images may be obtained in a variety of ways; for example,
as discussed below, we may associate a weight with each
volume element (or voxel) in the sample that depends on
the location of the source and detector of each source—de-
tector pair relative to the location of the voxel.

3. INSTRUMENT DESIGN

The regional imager (see Fig. 1) is a near-infrared imaging
instrument composed of multiple source and detector posi-
tions. Light is sent to and from the head via optical fibers;
the optical pad, shown in Fig. 1B, positions the fibers against
the head. The pad is a semiflexible, sturdy rubber sheet that
holds 12 source fibers and 4 detector fiber bundles, arranged
in a9 cm X 4 cm rectangular area. This gives separations
(on a flat surface) between sources and detectors ranging
from 2 to 8 cm. The flexibility of the pad allows placement
of the fibers against the curved head. The optical pad can
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Figure 3. Electronic configuration of
the regional imager. The regional im-
ager contains four identical detection
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be moved to different positions on the head. Two fiber mul-
tiplexers are employed (see Fig. 3); the first multiplexer se-
lects one of the two laser sources for the second fiber mul-
tiplexer, which in turn sequentially couples the selected
source to 1 of the 12 source positions on the pad. The laser
power leaving the pad is ~10 mW, and the source fibers are
140 pm in diameter. The four detector bundles (6 mm di-
ameter multimode fiber bundles) on the pad couple the dif-
fusive waves, after they travel through the head, into four
parallel electronic detection channels. A complete measure-
ment at a single wavelength and single modulation frequen-
cy takes 2.5 minutes.

Figure 3 shows the electronic configuration of the regional
imager. The intensity of each laser is modulated at a radio
frequency (RF) by voltage signals from an RF function gen-
erator. The system can operate at selectable frequencies
ranging from 50 to over 400 MHz in order to produce diffuse
photon density waves in the sample oscillating with the se-
lected modulation frequency. In principle, measurements us-
ing several modulation frequencies should enable better sep-
aration of tissue scattering from tissue absorption. The func-
tion generator also provides a low-frequency reference signal
(20 kHz) that is separately coupled into a single-sideband
mixer (SSB) along with the modulation signal. The output
from the SSB is an RF signal with a frequency shift of 20
kHz from the source modulation frequency. This signal is
mixed with the amplified RF output from the avalanche pho-
todiode (APD) light detectors that measure the transmitted
diffusive waves. The low-frequency (20 kHz) component of
the mixed output passes through filters and is measured with
a lock-in amplifier. The lock-in amplifiers thus determine the
amplitude and the phase of the transmitted diffusive wave.
A personal computer is used to read and record data from
the lock-in amplifiers, as well as to adjust the amplification,
by means of a programmable step attenuator, of the signal
leaving the APDs so that, whenever possible, it is within the

To Computer <€—— Lock-in Amplifier

optimal range of the mixer and lock-in amplifier. The dy-
namic range of the instrument is ~10*. The computer is also
used for rapid calculation of the average optical properties
of the tissue volume under the pad and for image reconstruc-
tion.

4. IMAGE RECONSTRUCTION ALGORITHM

Many methods have been developed to reconstruct images
of the sample volume from measurements of amplitude and
phase of the diffusive wave (14-23). For the present study,
we chose a simple method because it is computationally fast.
In particular, we employ a back-projection approach with a
voxel weighting factor that is essentially the three-point-
Green’s function of the medium underlying the pad using
the average optical properties of the medium (37). This ap-
proach has the advantage that it is very fast and conceptually
simple and thus offers a quick two-dimensional image of the
underlying tissue volume. It has the disadvantage in that it
is an empirical approach and is not as accurate as the per-
turbation methods. Thus, it is useful for detecting trends but
does not accurately reconstruct the optical properties of in-
homogeneities. Because we record all data from the mea-
surements, we will be able to explore the utility of other
computationally intensive algorithms for situations where
speed is not essential.

In our back-projection approach, we first combine mea-
surements from all source—detector pairs to derive the av-
erage absorption and scattering coefficients of the entire me-
dium underlying the optical pad. These average values of
absorption and scattering are then used in all of the weight
functions employed in the reconstructions.

If the medium is truly homogeneous and semi-infinite,
then the absorption and scattering coefficients of the medium
can be determined directly from measurements of the am-
plitude and phase of the diffusive wave using, for example,
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a set of source-detector pairs with differing separations p.
The real and imaginary parts of k are found from the slopes
of the lines describing the amplitude (more precisely, the
natural logarithm of p2JU(p)|) and phase (¢ = tan~'[Im{U}/
Re{U}]) of the diffusive wave measured for each source—
detector pair (sd) as a function of their separation distance
p (1). This follows from the form of the solution in Eq. 3,
which can be rewritten as

Amplitude:

h@%@b=ﬂmH{£%w+umvw+w)<ﬁ

Phase:
¢’(P) = krp - tan_l(kr/ki) + d)source- (6)

Here &, . is the initial phase of the source. The slopes of
these lines give the imaginary and real parts of k. We have
assumed that the media are reasonably well approximated as
semi-infinite, and that we can employ Eqgs. 5 and 6 to obtain
an immediate estimate of the average absorption and scat-
tering coefficients of the underlying medium.

The next step is to determine the absorption and scattering
coefficients for each source—detector pair. This is accom-
plished by numerically solving Eqgs. 5 and 6, using the mea-
surements from the source—detector pair, for the real and
imaginary parts of k, and then using Eq. 4 to determine the
absorption and scattering coefficients. These values will be
denoted as pM(py) and pM(ps), where the superscript M
denotes the Measured value of the absorption or scattering
coefficient as determined by the particular source~detector
pair sd. The parameters D, z, and z, in Eq. 5 are determined
by the average scattering coefficient of the medium.

Once pM(p..) and uM(p,,) are determined for each source—
detector pair, the values pM(p,) and uM(p,) are combined
in a weighting scheme in order to determine p, and p, in a
planar slice of the turbid medium that is paraliel to the op-
tical pad. Specifically, the planar slice is divided into voxels
(see Fig. 4). For each voxel, measurements from the differ-
ent source—detector pairs are combined using weights that
depend on the distance between the source and the voxel
(r,,), the distance between the voxel and the detector (r,4)
and the complex wavenumber (k) as defined using the av-
erage optical properties of the medium. The weight in a vox-
el for measurements from source—detector pair sd is

Wit(r,,.1,q) = Wi, )Wt(r,4), where
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Here ry,,(1; ) is the distance between the image source (image
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Figure 4. Geometrical configuration of a reconstructed planar slice.
This figure shows only one source—detector pair. Measurements
from all source—detector pairs are combined using weights to deter-
mine the optical properties p,(r,) and p.(r,) for each voxel in the
slice.

voxel) and voxel (detector), required to satisfy the semi-in-
finite boundary condition. Values of the optical properties in
a voxel located at r, are calculated using the following equa-
tions:

>, Wi(r,,, 1,0)pM(p.e)
Ha(r,) = 5
2 Wt(rsv, rvd)
sd

and
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The sums are over all possible source—detector pairs on the
pad. In practice, the voxels are 0.5 cm on a side and we
compute these averages for all voxels in the planar slice.

Equations 7 and 8 enable us to create a qualitative image
of absorption and scattering for a planar slice in the medium
beneath the detector plane. Our choice of depth for the re-
constructed slice may be dictated by a priori information
about the depth of heterogeneity in the sample, or we can
choose an intermediate depth set by the minimum source—
detector separation on the surface. In general, although we
are clearly sensitive to relatively deep structures (~4 cm
below surface under realistic tissue conditions), we have
found that reconstructions derived using our back-projection
method vary slowly with respect to the depth variable. Nev-
ertheless, we have found that the single-pad configuration
gives useful two-dimensional images parallel to the plane of
the pad.

5. MODEL STUDIES

In order to test the regional imager and to assess the utility
of our back-projection reconstruction approach, we first test-
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Figure 5. Average optical properties measured with the regional
imager of a uniform intralipid sample with India ink. The triangles
show measured data points from different sources for a single de-
tector of the system. The solid lines show the best fit lines to the
measured data. The slopes of the lines give the imaginary (a) and
real (b) parts of k; i.e. k; = 1.28 = 0.05 cm™! and k, = 0.166 *+
0.003 rads ecm~!. These give n; = 5.1 cm~' and p, = 0.11 em™".

ed the instrument on model systems. Our models consisted
of a rectangular glass aquarium filled with an intralipid so-
lution. The concentration of the intralipid in water was 0.5%.
Black India ink was added to give an absorption coefficient
of ~0.1 cm™', similar to that expected for neonates. The
dimensions of the aquarium are 30 cm X 15 em X 15 cm.
To incorporate the semi-infinite boundary condition, the op-
tical pad was placed from the top of the aquarium against
the liquid so that the ends of the optical fibers touched the
liquid surface. The optical pad was centered with respect to
the aquarium, with the long axis of the optical pad (9 cm)
along the long axis (30 cm) of the aquarium. Various per-
turbing heterogeneities were submersed in the aquarium be-
low the pad.

Average Optical Properties

We measured the average optical properties of the intralipid-
ink solution using the method described in section 4. Figure
5 shows plots of In(p2lU(p)]) and phase ($[p]) versus the
source—detector separation p for one of the detectors. The
data was obtained using a modulation frequency of 100 MHz
and a wavelength of 834 nm. The slopes of the lines give
the imaginary (a) and real (b) components of k, respectively.

Photochemistry and Photobiology, 1998, 67(1) 37

The data points are corrected for systematic variations in
amplitude and phase between the different source fibers.
These variations in amplitude and phase were determined by
placing each source fiber in the same position with respect
to a detector on a tissue model. The data points are also
corrected for systematic phase variations of the detection
circuits. Figure 5 shows data from only one of the detection
channels; we make similar fits to data from the other detec-
tors and then average the results of all four detection chan-
nels. This method of separately fitting the data from each
detector eliminates errors resulting from systematic varia-
tions of amplitude and phase between the different detection
channels. For all channels, measurements were rejected if
the amplitude was less than the threshold where the response
of the detection circuit departs significantly from being lin-
ear.

Our measurements of the average optical properties were
consistently within 10-15% of one another, including mea-
surements at different modulation frequencies and both
wavelengths. For verification, we measured the absorption
coefficient using a spectrophotometer of the India ink solu-
tion that we mixed with the intralipid. We also compared
measurements from the regional imager to those from a sec-
ond frequency domain instrument (infinite geometry) at the
University of Pennsylvania (20,38). In order to assess any
spurious effects associated with geometry, we also compared
measurements taken on the same samples for an infinite ge-
ometry (we submersed a single source and detector into the
middle of the aquarium and then measured the amplitude
and phase for different source—detector separations). As an
example, the optical properties derived from the data shown
in Fig. 5 averaged with the results from the other three de-
tection channels gives p, = 4.97 * 0.36 cm™! and p, =
0.115 %= 0.01 cm™!. These agree reasonably well with the
values of p; = 5.0 cm™' and p, = 0.095 cm~! derived from
the known properties of the intralipid and the spectropho-
tometer measurements of the ink solution, as well as with
the values derived from the infinite-medium geometry where
pe = 460 £ 0.14 cm™! and p, = 0.11 * 0.01 cm™". All
errors are standard deviations.

Image reconstruction in tissue phantoms

In all of our image reconstructions it was necessary to de-
termine the initial amplitude and phase of the sources (S in
Eq. 1). These source terms are determined from measure-
ments of a reference tissue model with known optical prop-
erties. For the model studies presented here, this reference
phantom consisted of the same intralipid solution without
the submersed rod or test tubes.

Figure 6 shows two reconstructed slice images of a cylin-
drical rod placed inside the aquarium at two different loca-
tions near the optical pad using a modulation frequency of
100 MHz and a wavelength of 834 nm. The embedded ob-
ject was a strongly absorbing black Delrin plastic rod, with
a diameter of 1.3 cm. The axis of the cylindrical rod was
oriented along the short axis of the pad at a depth of 2.5 cm
from the pad. The transverse position and shape of the rod
were found quite well. We obtained similar transverse im-
ages using a range of slice depths in the reconstruction; this
is due, at least in part, to the emphasis placed by the weight
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function on measurements with shorter source—detector sep-
arations. While the back-projection method correctly pre-
dicted that the cylinder was more absorbing than the back-
ground medium, the magnitude of the absorption variation
was incorrect. In general we find that the reconstructed op-
tical properties of embedded heterogeneities tend to have
values very close to those of the background medium. A
more sophisticated reconstruction approach is clearly re-
quired to construct optical properties of embedded hetero-
geneities more accurately. We obtained similar results for
measurements using a wavelength of 779 nm.

In a second model study, we used the wavelength and
imaging capability to detect blood and to distinguish be-
tween oxygenated and deoxygenated blood. We used the
same aquarium model described above. For this measure-
ment, test tubes (with a diameter of 1.7 cm) were filled with
either deoxygenated or oxygenated rabbit (whole) blood and
were placed in the same location in the aquarium for both
measurements. The test tubes contained an appropriate
amount of intralipid, in addition to the blood, so that the
scattering coefficient was approximately the same as for the
intralipid solution in the aguarium. The test tubes were
placed at a depth of 2.0 cm and oriented along the short axis
of the optical pad. For each test tube, we made separate
measurements using light with a wavelength of 779 and 834
nm; we then subtracted the image of w, at 779 nm from the
image of p, at 834 nm on a voxel-by-voxel basis.

Figure 7 shows these differenced images for both blood
with DeoxyHb (a) and blood with OxyHb (b). In Fig. 7a,
the lightest region, wnich corresponds to a decrease in the
absorption coefficient at 834 nm compared to at 779 nm,
matches the position and orientation of the test tube of
DeoxyHb blood. This correctly shows that the absorption
coefficient of DeoxyHb blood is significantly larger at 779

-0.010 cm 00 00em’

(a) DeoxyHb

Figure 6. Reconstructed images of
w, for two different locations of an
embedded absorber. The cross-
hatched bar shows the actual position
of the strongly (essentially infinitely)
absorbing embedded rod. The size of
the images is 9 X 4 cm; the diameter
of the rod is 1.3 cm. The rod was lo-
cated 2.5 cm deep into the intralipid
solution. The reconstructed images
accurately show increased absorption
at the locations of the embedded ab-
sorber.

0.128

nm than at 834 nm. In Fig. 7b, the darkest region, which
corresponds to an increase in the absorption coefficient at
834 nm compared to at 779 nm, matches the position and
orientation of the test tube of OxyHb blood. This correctly
shows that the absorption coefficient of OxyHb blood is sig-
nificantly larger at 834 nm than at 779 nm.

Although our measurements are qualitatively correct, the
values of the absorption coefficients are not accurate. The
reconstructed p, for the test tubes of DeoxyHb (OxyHb)
blood were 0.026 (0.029) cm~! at 834 nm and 0.034 (0.015)
cm™} at 779 nm in excess of the average w, (~0.11 cm™")
of the intralipid-ink solution in the aquarium. (These are
slightly larger than p, determined for the black rod in Fig.
6 because the test tubes were located closer to the optical
pad.) For the concentration of blood used, we estimated us-
ing the extinction coefficients from Zijlstra er al. (39) that
i, of the DeoxyHb and OxyHb blood samples was centered
near 0.5 cm~! for our wavelengths. For both types of blood,
we estimated that the difference in ., at 834 and 779 nm is
about 0.2 cm™!' for our blood samples.

6. PRELIMINARY CLINICAL STUDY:
HYDROCEPHALUS SHUNT

We have begun to conduct physiological studies on human
volunteers. We report here one of these preliminary studies
of a patient with hydrocephalus who was undergoing surgery
to have a shunt replaced. Hydrocephalus is an abnormal in-
crease in the amount of cerebrospinal fluid, which is a clear
fluid, within the cranial cavity. We measured the patient im-
mediately before surgery while the patient was anesthetized.
The time required to measure a single image is about 2.5
min. The optical pad was placed on a shaved region of the
patient’s head above the top of the shunt (see Fig. 8). The

Figure 7. Differenced images of a
test tube filled with (a) blood with
DeoxyHb and (b) blood with OxyHb.
These images show the difference in
the reconstructed absorption coeffi-
cient p, between that at 834 nm and
that at 779 nm (i.e. 834-779 nm). The
size of each image is 9 cm X 4 cm;
the test tube has a diameter of 1.7 cm
and was located 2 ¢cm below the pad.
0.015

(b) OxyHb



Figure 8. Image of shunt. The image
shows the reconstructed p, of a re-
gion is 9 cm X 4 cm in dimension.
The diagram of the head shows the
orientation of the optical pad, which
defines the region of the image, with
respect to the head and the position
of the shunt. The darkest region in the
upper midsection of the image accu-
rately matches the position of the top
of the shunt; the extension of the dark
region toward the lower left shows
the drainage tube.

b .Iﬂém(_:m' .

shunt is a plastic tube with a valve at one end (top). The
valve is a hollow aluminum disk with a Teflon® cover. The
valve diameter was ~1 cm and was located ~1.2 cm inside
the surface of the skin. The plastic tube went through the
brain (away from the skull and optical pad) to a ventricle.
Another plastic tube, the drainage tube, went from the valve
toward the neck, along the outer surface of the skull.

Figure 8 shows an image from this study, reconstructed
at a depth of 1.2 cm. The image was made using a modu-
lation frequency of 100 MHz and wavelength of 834 nm.
The image clearly shows the top (valve) of the shunt: the
darkest region in the upper midsection of the image accu-
rately matches the position of the shunt. The extension of
the dark region toward the lower left shows the drainage
tube. In order to obtain this image, we modified the optical
pad slightly, so that the fibers were placed against the curved
head by use of spring-actuated fiber connectors. A reference
measurement of an intralipid-ink solution was used to de-
termine the initial amplitude and phase of the sources (S in
Eq. 1). These first in vivo measurements using the regional
imager are clearly still preliminary but indicate the potential
of the instrument.

7. CONCLUSION

We described a new instrument that we have developed for
low-resolution functional imaging of the brain with diffusing
near-infrared light. The unit combines spectroscopic and im-
aging modalities enabling the clinician to discriminate bulk
tissue behavior from the contributions of localized regions
(~1 cm? in size) of tissue. We have tested the regional im-
ager on some models and have started studies of pediatric
patients at the Children’s Hospital of Philadelphia.
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