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ABSTRACT

Comparison of the spatial and temporal information retrieved from near-infrared phase and average intensity (DC) data
reveals that these data types can play a complementary role in the study of the temporal and spatial features of the optical
response associated with brain activation during a finger-tapping test. The optical data have been collected with a
frequency-domain tissue imager at two wavelengths (690 and 830 nm) and have been analyzed using standard filtering
and folding-average procedures. DC and phase data show different temporal and spatial features. A plausible explanation
of the different behavior of DC and phase data has been attempted by using Monte Carlo simulations.
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INTRODUCTION

Significant research efforts have been recently devoted to functional imaging of the brain with noninvasive optical
methods in the near-infrared [1]. In the frequency-domain, near infrared spectroscopy (NIRS) employs intensity-
modulated illumination and phase-sensitive detection and provides average intensity (DC), amplitude (AC), and phase
data. Theoretical [2] and tissue-phantom studies [3] indicate that DC and phase data are sensitive to different regions
within a turbid medium, so that they can play a complementary role in monitoring optical changes in tissues. However,
there has not yet been a clear demonstration of the effectiveness of combining DC and phase data for functional imaging
of the brain. One problem of using phase data is that it is typically associated with a lower signal-to-noise ratio with
respect to DC data.

In this work, we have collected DC and phase data on the head of a human subject during a finger-tapping test
by using a helmet devised for the spatial mapping of the changes in the concentrations of deoxy-hemoglobin ([Hb]) and
oxy-hemoglobin ([HbO]) during brain activation. In particular, we studied the temporal traces of DC and phase measured
by the source-detector channels most sensitive to the brain activation. The spatial and temporal behavior of DC and
phase data revealed different features that might suggest a way to use both data types for better localizing the
perturbation (i.e. the hemodynamic change) associated with brain activity and its evolution with time.

MATERIALS AND METHODS

The experiments were carried out with a frequency-domain tissue imager (Imagent, ISS, Inc. Champaign, IL)
comprising sixteen laser sources at 690 nm, sixteen laser sources at 830 nm and four optical detectors (photomultipliers
tubes, Hamamatsu Photonics R928). The average output power of the lasers was about 1 mW. For brain mapping, the
lasers were multiplexed typically at a frequency of 6.25 Hz so that each laser was on for 10 ms and two laser sources
were on at the same time. The laser diodes were coupled to optical fibers (0.04 cm in core diameter and 10 m long), that
deliver the light to the head of the subject. The optical signal was collected at the head of the subject by means of four
optical fiber bundles (3 mm in diameter and 10 m long) that deliver the collected light to the detectors. A special helmet
was designed to hold the source and detector fibers and to fit comfortably on the head of each subject. Figure 1 shows
the locations of the optical fibers on the head. The distance between each source and its closest detector is fixed at
3.5 cm.
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Fig. 1 View from above of the source and detector fibers arrangement for brain mapping. Sources 1&17, 2&24, 3&23 etc. at 690 nm
are simultaneously on, respectively, and a full cycle through all 690-nm light sources takes 80 ms. The second turn-on cycle is
completed for the sources at 830 nm (9&25, 10&32, etc.). The distance between each source and the closest detector is fixed at
3.5cm.

The finger tapping protocol consists of the following: a) Two minutes of baseline acquisition. In this phase the patient is
asked to lie comfortably on a chair, while staying motionless and relaxing. b) A series of 7-8 activation/rest periods, each
made of 20 s of activation (finger tapping) followed by 20 s of rest. The data were analyzed by using standard algorithms
to filter out unwanted frequencies prior to applying folding average procedures [4].

RESULTS

An example of raw DC and phase temporal traces collected on a human subject at 830 nm and their fast Fourier
transform (FFT) is shown in Fig. 2. As we can see from Fig. 2, the DC data has strong frequency components at the heart
rate and at the respiratory frequency (peaks at 1.3 Hz and 0.3 Hz in the FFT graph, respectively), which on the contrary
are absent in the phase data. We investigated the possible origin of the different effects of these time-varying
contributions on the DC and phase data by using a three-layer, frequency-domain Monte Carlo (MC) simulation [5] in a
plane geometry. We chose the thickness of the first two layers (3 mm and 5 mm, respectively) to be representative of the
adult scalp and skull, respectively, and the third layer (the brain) was considered to be infinitely extended. The optical
properties of the layers (0.1, 0.1, and 0.1 cm’, respectively, for the absorption coefficient; 8, 10, and 15 cm’,
respectively, for the reduced scattering coefficient) were chosen on the basis of values reported in the literature.
Amplitude (AC), DC and phase data were calculated from large statistics of detected photons (60,000) for diffuse
reflectance at 3.5 cm from the injection point. We modulated the absorption coefficient of one or more layers with a
sinusoidal wave having amplitude of about 1% of the baseline value and a frequency of 1 Hz in order to simulate the
perturbation due to the arterial pulsation at the heartbeat frequency. In the third layer we always introduced a modulation
of the absorption coefficient (to represent cortical activation) having an amplitude of 1% of the baseline value and a
frequency of 0.025 Hz (1/40 s™).

For the case of spatially uniform (i.e. occurring in all three layers) absorption perturbations due to the arterial
pulsation, the results of the Monte Carlo simulation (not shown) indicate that both DC and phase data have spectral
components at the heart rate. The fact that this is typically not the case for experimental data (see Fig. 2) suggests a non-
uniform distribution of the absorption changes associated with the arterial pulsation. We have considered a non-uniform
case, where the absorption modulation at the heartbeat frequency (1 Hz) only occurs on the top layer (scalp), while the
second layer (skull) has a constant absorption coefficient (0.1 cm™), and the third layer (brain) has an absorption
coefficient modulated by the tapping/rest sequences (0.025 Hz). The results of the Monte Carlo simulation under these
conditions are shown in Fig. 3. As we can see (Fig. 3, bottom panels) the phase data are not sensitive to the 1-Hz
absorption changes occurring in the upper layer, which instead are clearly visible in the DC data. The agreement between
the results of this simulation and the experimental data suggests that the optical perturbation at the heartbeat frequency is
mostly originated in the superficial, extra cerebral layers of skin and scalp.
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Fig. 2 Experimental traces of ADC/DC = (DC(t)-DC,)/DC, (top left) and APhase = Phase(t)-Phase, (bottom left) as a function of time,
and their FFT (DC: top right, Phase: bottom right, respectively). DC, and Phase, are average values calculated during the baseline
acquisition. The vertical lines indicate the start of the 20-s finger tapping task. The wavelength and the source-detector distance are

830 nm and 3.5 cm, respectively. The temporal traces are normalized to the integral of the squared values.
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Fig. 3 Temporal traces of the DC (top left) and phase (bottom left) calculated by the MC code; the right panel shows the FFT of the
temporal traces for the DC (top) and phase (bottom). The MC results refer to a three-layer medium with the following properties:
s;=3mm, Wy=8cm’, s,=5mm, Wyu=10cm’, s3>0, p’3=15cm”. The absorption coefficients of the three layers are:
a1 () =[0.140.001sin(2nf;t)] em™, pao(t) = 0.1 cm™, s (£) = [0.140.001sin(2nfyt)] cm™, where f; =1Hz and f,=0.025 Hz. The
source-detector distance is 3.5 cm, and the relative and absolute refractive indices are n =1.4.
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Fig. 4 Temporal traces of ADC/DC (top) and Aphase (bottom) collected at the source-detector location D-3 (panel (a)) and D-4 (panel
(b)). The shaded area indicates the finger-tapping period.
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Fig. 5 Geometry used for the MC simulations. The medium includes two outer layers having thicknesses of s; =3 mm and s, = 7 mm,
respectively, and absorption coefficients of i, = 0.07 cm™ and p,, = 0.1 cm™, respectively. The radius of the outer spherical boundary
is 8 cm and the absorption coefficient of the inner region is p,; = 0.15 cm™. Spherical perturbations having a radius of 0.2 cm are
added in the inner region (on the plane defined by the center of the spherical geometry, the source, and the detector) at a distance of
1.21 cm from the outer boundary. In (a) a single sphere is initially placed symmetrically with respect to source and detector, and in the
following steps pairs of identical spheres are added on each side of the existing spheres until the detected signal does not change
noticeably. In (b) one sphere is initially placed to the right of the detector, and then one sphere at a time is added to the left side of the
previous sphere(s) until the detected signal saturates. The absorption coefficient of the spheres is s = 0.3 cm™. The MC simulation
was run for a uniform reduced scattering coefficient p’s =7 cm’™.

A tapping-task experiment on a different subject was carried out with a data acquisition setting where 10
consecutive multiplexing cycles were averaged for each AC, DC and phase data point. A non-recursive time-domain
filter implemented in Matlab was used on the experimental data to cut off the lowest (< 0.0125 Hz) and the highest
(> 0.1 Hz) frequencies in the raw data. A standard folding average procedure enhanced the change in DC and phase data
due to the finger tapping task. Spatial and temporal mapping of the activated area was carried out by a simple back-
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projection algorithm [4]. Figures 4(a) and 4(b) show the activation traces collected at 830 nm from two different source-
detector channels (D-3 and D-4, respectively, see Fig. 1), after the filtering and folding average procedures. We notice
that the DC and phase temporal traces relative to these two source-detector pairs share some common features, but also
display distinct differences. In particular, despite the common decrease of both data types during the activation, we
observe that the onset of response in the phase is delayed with respect to the DC in channel D-3 (Fig. 4(a)), while the
onset of decrease is more synchronous in channel D-4 (Fig. 4(b)). The decrease in both the DC and phase data during
brain activation indicates an increase in the absorption coefficient. To explain the different relative behavior of the phase
and DC at channels D-3 and D-4, we resorted again to MC simulations. In this case, we implemented a MC code for a
spherical geometry, which can accommodate an arbitrary number of layers and spherical absorbing defects. The reduced
scattering coefficient was assumed uniform (u’s=7 cm™) across the various layers. A schematic representation of the
MC geometry is shown in Fig. 5. The spherical defects are added according to two different schemes as shown in Fig. 5.
In a) initially one sphere is placed half way between source and detector; and then two identical spheres are added in
each step to the left and to the right of the first sphere until the detected DC, AC and phase saturate. In b) one sphere is
initially placed to the right of the detector, in a region where it is barely detectable; then one sphere at a time is added to
the left side of the previous one until the detected DC, AC and phase saturate. Consistent with experimental data, we
fixed a threshold of detect ability for DC and phase of 0.5% of the baseline value and 0.1°, respectively. The results of
these MC simulations are shown in Fig. 6.

We notice that for case a) one spherical defect is enough for the DC to reach the detect ability threshold, while
three spherical defects are necessary for the phase. For case b) two spherical defects are necessary for the DC signal and
three spherical defects for the phase. In other words, when the perturbation starts from a location sandwiched by the
source and the detector, the phase signal should lag behind the DC signal more than in the case when the perturbation
starts closer to the detector (or source) location. Similar effects are also found when the perturbations are out of the plane
defined by source, and detector (results not shown), and this might explain the experimental results shown in figure 4,
where the activation most probably started in the region D3 and spread out over region D4.

The different information content of the phase and DC data is also evident in the spatial maps of the optical
changes. Figure 7 shows two maps of ADC/DC and Aphase at times t =8 s and t = 21 s, respectively, after the onset of
stimulation. At early times, the phase response appears more localized (to channel D-4) with respect to the DC response
over channels D-3 and D-4. This result is consistent with the delayed phase response in channel D-3, as reported in
Fig. 4(a).
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Fig. 6 The results of the MC simulation for the case a) and b) of figure 5 are shown in the top and bottom row respectively. On the left
(right) panel ADC/DC (Aphase) is plotted against the number of spherical defects added in the inner region.
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Fig. 7 Spatial maps of ADC/DC (top row) and Aphase (bottom row) at times t =8 sec (left) and t=21 sec (right) after the onset of
stimulation by right hand tapping. The imaged area corresponds to the left brain hemisphere (detector channels C and D, as shown in
Fig. 1).

CONCLUSION

In this study, we have investigated the possibility of combining phase and DC data in near-infrared, frequency-domain
imaging of the brain for the characterization of the spatial and temporal features of the activation-induced hemodynamic
changes. The temporal traces and their Fourier transform showed that the phase and DC data have different features. For
example, the arterial pulsation and the modulation due to respiration are typically seen only in the DC data. On the basis
of Monte Carlo simulations, we found that this result is consistent with a dominant contribution of the arterial pulsation
to the optical data that originates from superficial tissue layers (skin, scalp) rather than from deeper brain tissue. We
found that the DC and phase responses to brain activation also present different spatial/temporal features. At some
locations, the phase response lags the DC response, while in other locations the DC and phase responses are
synchronous. Monte Carlo simulations suggest that the spatial expansion of the absorption perturbation associated with
brain activation, and the specific location of the activated area with respect to the illumination and collection points may
account for this latter result. Further studies will be focused on the development of an algorithm to use both DC and
phase data for the localization and temporal characterization of the hemodynamic response to brain activation.
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