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We introduce a weighted spatial average of the functional magnetic
resonance imaging (fMRI) BOLD signal (blood oxygen level-depen-
dent) that is appropriate for comparison with the changes in oxy- and
deoxy-hemoglobin concentrations measured with near-infrared spec-
troscopy (NIRS) during brain activation. Because the BOLD signal
shows a spatial dependence (both in shape and amplitude) within the
region of activation, the location of the optical probe with respect to the
region of BOLD activation should be taken into account for comparison
of the BOLD and NIRS signals. Our new method is based on combining
weighted contributions of the BOLD signal from each activated voxel,
with a weight given by a hitting density function for photons migrating
between a given pair of illumination and collection points. We present a
case study where we have found that the new spatially weighted BOLD
signal shows a high spatial and temporal correlation with the oxy- and
deoxy-hemoglobin concentration changes measured with NIRS during a
hand-tapping protocol. These findings reinforce the idea that fMRI and
NIRS are sensitive to similar underlying hemodynamic changes, and
indicate that the proposed weighted BOLD signal is needed for a
quantitative comparison of BOLD and NIRS signals.

© 2006 Elsevier Inc. All rights reserved.

Introduction

The importance of NIRS in functional imaging of the brain is
due to several unique features such as its ability to non-invasively
detect the concentrations of oxy-hemoglobin and deoxy-hemoglo-
bin, its relatively high temporal resolution (down to about 10 ms),
the fact that it is relatively insensitive to subject's motion, and its
cost-effectiveness. NIRS features a relatively low spatial resolution
(510 mm), which is nevertheless comparable with the resolution
obtained with fMRI during brain studies. In principle, much higher
resolutions are possible for fMRI (down to 100 uM), however,
those require longer acquisition times, restricted fields of view and/
or parallel acquisition hardware.
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The reason for the low resolution in NIRS is that most
biological tissues are highly scattering media in the wavelength
range 690-900 nm, and only diffused photons can be detected after
undergoing hundreds of isotropic-equivalent scattering events,
which obviously degrades the image quality of the probed region.
The main drawback of NIRS with respect to fMRI is the limited
sensitivity to hemodynamic changes occurring deeper in the tissue.
The average penetration depth of detected photons depends on
several parameters and in principle can be increased by increasing
the source-detector distance at the expense of the signal-to-noise
ratio (Del Bianco et al., 2002). Usually, in brain imaging one can
detect hemodynamic changes that occur at a maximum depth of
2-3 cm. However, the brain cortex, which plays a major role in
the functional activities of the brain, is mostly accessible to near-
infrared light. Several NIRS studies have been reported on
functional imaging of the human brain during motor (Franceschini
etal., 2000; Toronov et al., 2000; Wolfetal., 2002; Boas et al., 2001;
Strangman et al., 2003), auditory (Kennan et al., 2002), cognitive
(Hoshi and Tamura, 1993; Watanabe et al., 1998) and visual (Wolf et
al., 2002; Csibra et al., 2004) activation.

While fMRI offers the advantage of a relatively higher spatial
resolution and sensitivity to deeper regions of the brain, it is also
particularly sensitive to motion artifacts (therefore, it cannot be
performed, for example, on newborn infants in the awake state) and
it requires bulky and expensive instrumentation. The best practical
temporal resolution of fMRI is on the order of one second. In fact we
remind that the temporal resolution of fMRI depends on experi-
mental choices of slice thickness, number of slices, and the scanner's
fundamental limit on acquisition time for sequential slices (and to a
lesser degree, available signal to noise ratio). For example with the
MRI hardware used in this work, we can collect 15 slices per second,
and to cover our area of interest, we use thirty 3-mm-thick slices,
which takes a minimum of 2 s to acquire. The origin of the fMRI
BOLD signal has been the object of extensive theoretical and
experimental studies (Ogawa et al., 1993; Boxerman et al., 1995;
Buxton and Frank, 1997; Buxton et al., 1998, 2004; Obata et al.,
2003; Seiyama et al., 2004). Currently, the most accredited theories
(Buxton et al., 1998; Ogawa et al., 1993; Boxerman et al., 1995)
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identify the change in deoxy-hemoglobin concentration and blood
volume as the major sources of the BOLD signal.

Several works have already been published in the literature
about concurrent fMRI-NIRS experiment during motor (Toronov
et al.,, 2003; Strangman et al., 2002, Siegel et al., 2003), and
cognitive (Toronov et al., 2001; Chance et al., 1998) activation of
the brain. At this level of development of the two independent
methodologies, NIRS and BOLD signals are synergistic for a
better understanding of the hemodynamic changes involved during
brain activation. In the concurrent experiments, fMRI is often
considered the “gold standard”, at least for its detailed spatial
information. However, the biophysical origin of the BOLD signal
is not totally clear and comparison with the changes in oxy- and
deoxy-hemoglobin concentrations measured with NIRS has given
sometimes conflicting results. Strangman et al. observed a good
match between BOLD signal and the change in oxy-hemoglobin
concentration (Strangman et al., 2002), whereas Toronov et al.
observed a better match between BOLD signal and deoxy-
hemoglobin concentration changes (Toronov et al., 2003).
Yamamoto and Kato (2002), in a combined fMRI-NIRS experi-
ment, found that both MR signals and deoxy-hemoglobin content
increased in Broca's area during a language task. Moreover, the
authors found that all of the fMRI changes correlated with changes
in oxy-hemoglobin. Toronov et al. have assigned the origin of
these discrepancies to the particular experimental method used for
the acquisition of the optical data (e.g., single distance versus
multi-distance arrangement of the source-detector couples)
(Toronov et al., 2003). Other investigators have argued that these
discrepancies may be due to the intrinsic sensitivity of BOLD
signal to different vascular compartments in presence of stronger
or weaker static magnetic field. In the work of Seiyama et al.
(2004), the authors used the model proposed by Kim et al. (1999)
to derive the change in BOLD signal from functional parameters
like the change of oxygen saturation in tissue and the change in
total hemoglobin. The model is also based on a specific parameter
which is a function of the vessel size. One of the conclusions of the
study is that fMRI signals obtained with 1.5 T MRI scanners are
sensitive mainly to venules and larger veins (vein model) and that
the capillaries play a role only for higher values of the static field
(>4 T). Similar arguments were used by Yamamoto and Kato
(2002) to explain the discrepancy of NIRS data with the canonical
BOLD theory. In particular, the authors pointed out that an
extravascular contribution to the fMRI signal becomes more
predominant at higher magnetic fields and this effect was not
accounted for in the original model of Buxton et al. (1998). In the
work of Yamamoto et al., one can find a list of published works
where the canonical BOLD theory (which attributes the positive
changes in signal mainly to a decrease in deoxy-hemoglobin
content) was not supported by NIRS outcomes. Therefore, while
the origin of the signal in NIRS is more directly attributed to
hemoglobin concentration and saturation, the hemodynamic origin
of the BOLD signal is dependent on more variables and this might
be the reason of the discrepancy found between the two
methodologies in several studies.

Despite the validity of these conceptual reasons that might
account for the different information content of NIRS and fMRI
data, in this work, we argue that a meaningful comparison of fMRI
and NIRS data must take into account the spatial origin of the
signals to be compared. Usually, a unique BOLD signal representing
the average response to the stimulus is derived from the whole
activated region. In this study, we show that the BOLD signal can

show a strong spatial dependence within the activated area, not
only in terms of the amplitude of activation but also in terms of the
nuances of the temporal shape. Therefore, we argue that using a
single BOLD signal may cause a misleading comparison of NIRS
and fMRI data. For example, if a particular source-detector pair
samples a peripheral region of activation, NIRS is sensitive only to
hemodynamic changes occurring in that region, which might be
different from those in other regions. We therefore suggest that the
correlation of NIRS and BOLD data should be carried out by
taking into account the location of the activated area with respect
to the position of each optical source-detector pair. To this aim, we
propose a new way to calculate the BOLD signal that uses a
weight function given by the hitting density of photons migrating
between a given light source and optical detector. The weight
function is defined by using a semi-infinite homogenous diffusive
model. This approximation for the heterogeneous tissue under
consideration is justified by two considerations. Firstly, the
average optical properties of the medium provide a spatial
distribution of the weight function that does not deviate
dramatically from the actual one, which is determined by a
generally unknown spatial distribution of the optical properties of
tissue. Secondly, as we have found in this work, the relatively
weak dependence of the weight function geometry on the average
optical properties results in a quantitative comparison of the new
proposed BOLD signal with NIRS data that is not significantly
affected by the choice of the optical properties (and therefore by
the inhomogeneity of the tissue). We present one case study where
the newly defined BOLD signal is calculated for each source-
detector pair, and it shows an excellent agreement with the spatial/
temporal properties of the changes in oxy- and deoxy-hemoglobin
measured with NIRS during a hand-tapping protocol. These
findings suggest that a similar underlying mechanism is at the
origin of BOLD and NIRS data, at least for this choice of field
strength (3T), and show the important role that the newly defined
weighted BOLD signal can play in the quantitative comparison of
fMRI and NIRS.

Methods

The experiment was carried out with a near-infrared tissue
imager (Imagent, ISS, Inc., Champaign, IL) comprising sixteen
laser sources at 690 nm, sixteen laser sources at 830 nm (average
power of about 1 mW) and four optical detectors (photomultipliers
tubes, Hamamatsu Photonics R928). The laser diodes were coupled
to optical fibers (400 um in core diameter and 10 m long), that
delivered the light to the head of the subject. The optical signals
were collected on the head of the subject by means of four optical
fiber bundles (3 mm in diameter and 10 m long) that delivered the
collected light to the detectors. The sixteen lasers on one side of the
brain were sampled at a frequency of 6.25 Hz, so that each laser
was on for 10 ms per cycle, and two laser sources (on opposite
sides of the brain) were on at the same time. Tests run on various
subjects have showed that cross-talk among the channels was
negligible. More details on the principle of the experimental
apparatus can be found in the work of Fantini and Franceschini
(2002). A special fMRI compatible helmet was designed to hold
the source and detector fibers and to fit comfortably on the head of
the subject. The source-detector distance was fixed at 3.5 cm for
each NIRS channel. To improve the coupling of the optical fibers
at each location on the head, elastic bands were used in conjunction
with a retractable and resilient set of optical fibers to better control
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the contact pressure exerted by the fibers on the scalp. The
acquisition of fMRI and optical signals was synchronized
electronically to generate a common time axis for the BOLD and
NIRS data. A schematic diagram of the experimental apparatus and
the location of the illumination and collection optical fibers on the
subject's head is shown in Fig. 1.

The finger-tapping protocol started with 1 min of baseline
acquisition, during which the subject (a healthy 30-year-old male),
was lying comfortably on the fMRI bed while staying motionless
and relaxed. Following the baseline acquisition, the subject
performed a series of six finger tapping/rest periods, first with
the right hand and then with the left hand, each made of 20 s of
finger tapping followed by 20 s of rest. The finger tapping was
done by tapping four fingers against the thumb at a frequency of
about 2-3 Hz. The optical data were analyzed by using standard
algorithms to filter out unwanted frequencies prior to applying a
folding average procedure. More precisely, we used a non-
recursive time-domain filter with a band pass of 0.0125-0.4 Hz
that is a built-in function in Matlab 7.04 (The Mathworks, Natick,
MA). NIRS intensity data were translated into temporal changes in
the concentrations of oxy-hemoglobin (A[HbO]) and deoxy-
hemoglobin (A[Hb]) according to the differential pathlength factor
(DPF) method (Matcher et al., 1993; Sassaroli and Fantini, 2004).
For the DPF, we have used published values of 6.51 at 690 nm, and
5.86 at 830 nm. Despite the limitations of the DPF method for
absolute quantitation of the changes in oxy-hemoglobin and
deoxy-hemoglobin, it has been proven that a proper choice of the
wavelength pair (like 690 and 830 nm) significantly decreases the
cross-talk between the two species (Strangman et al., 2003; Uludag
et al., 2004; Yamashita et al., 2001). As for the spatial mapping of
A[HbO] and A[Hb], we used a back-projection algorithm
(Franceschini et al., 2000).

The fMRI scanner used for the experiments was a Siemens Trio
3 T scanner. The fMRI data processing was done as follows. After
localization and shimming, a series of fMRI images are acquired.
Image parameters are as follows: gradient echo EPI, TE/TR=30/
2020 ms, 64x64 image matrix, full k-space acquisition, FOV
220x220, 30 interleaved coronal slices (R/L readout), 3 mm thick,
0 mm gap, with the slice stack centered on the motor strip. 120
time points are acquired after 12 dummy shots. The update rate of
fMRI data was 0.5 Hz. Images are saved in DICOM format and
processed using Brain Voyager QX (Brain Innovations B.V.,
Maastricht, Netherlands) using the following steps: the time
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4 optical
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35cm =
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courses were corrected for slice acquisition timing, and 3D motion
corrected, spatially filtered in 3D with a 5-mm Gaussian Kernel,
and temporally filtered using linear trend removal, high pass
filtered at 1/240 Hz, and temporally smoothed with a 2.8-s
Gaussian kernel. Data were then re-sampled onto a 3-mm isotropic
three-dimensional grid aligned with the anatomic image. For the
spatial and temporal correlation of fMRI and NIRS signals, it is
critical to know the exact location of the optical fibers on the
subjects head. This was done by using the anatomical MRI scan
which is sensitive to the small perturbations induced by the fibers
on the head surface. Usually it is possible to locate the position of
all the fibers even though the marks from one or two fibers might
not be particularly visible in the MRI anatomical scan, since all the
other visible points constrict the location of the whole helmet.

The method that we are proposing for calculating the spatially
weighted BOLD is based on the following photon-hitting density
function (Feng et al., 1995):

_ Zexp(—k{(? + 2 +2)7 +[(d—x)’ +y* +27'))
- (@ +27+2)7[d =27+ + 217
x [k(x2 +2+2A)" 4 1] {k[(dfx)z +y2 42+ 1}
(1)

In Eq. (1) P,(x, », z) is the photon-hitting density function,
which is proportional to the probability density per unit volume
that a photon injected at (0, 0, 0) and detected at (d, 0, 0) crosses
the generic point (x, y, z). The function P,(x, y, z) describes the
perturbation induced by a point-like absorbing spherical defect at
(x, », z) in an otherwise homogenous, semi-infinite medium. The
coefficient k (effective attenuation coefficient) is defined as k=
3 ,ua,u’s)” 2, where p, is the absorption coefficient, and u’s is the
reduced scattering coefficient of tissue. For each NIRS source-
detector pair, we define a photon migration averaged (PMA)
BOLD signal as follows:

Py(x..2)

BOLDy (x,y,2,t) P, (x,y,z)dxdydz
BOLDpyia (1) = - ‘TfV ( )Pu(x,y,2) @
Tjo dt f,, BOLD:ay, (x,y,2,t) Py (x.y,2)dxdydz

where BOLDpy4(t) is the proposed photon migration-averaged
BOLD at time ¢, and BOLD,,,,(x, y, z, t) is the standard BOLD
signal at time ¢ and position (x, y, z). The temporal average is
carried out for the whole duration of the measurement (7). In the
last step, we apply a standard folding average procedure to
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Fig. 1. Schematic diagram of the experimental apparatus. The 32 laser diodes (16 emitting at 690 nm, and 16 at 830 nm) and the 4 photomultiplier tube (PMT)
detectors are all coupled to optical fibers. The source fiber locations (each containing one source fiber at 690 nm and one at 830 nm) on the subject’s head are

numbered from 1 to 16. The four detector fibers are labeled A to D.
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Fig. 2. Standard BOLD signals measured during left hand tapping. The top figures are maps of the distribution of the BOLD signal, while the bottom graphs are
the folding average BOLD signals over the tapping/rest period as measured at different clusters of voxels (indicated by the white arrows in the corresponding top
panels) within the activated region. Note the different amplitude and temporal shape of the standard BOLD signal at the three different clusters of voxels.

BOLDpy4(t) to obtain the BOLDpy, response during the
activation-rest period.

Results and discussion

Spatial dependence of the BOLD signal

Fig. 2 shows how the BOLD signal can vary significantly
within the region of brain activation (during left finger tapping in

this case). The bottom panels represent the folding average of the
standard BOLD signal measured at the locations indicated by the
white arrow in the corresponding top panels. We notice that both
the intensity of the activation (expressed in percent changes from
the baseline value), and the shapes of the temporal trends are
different. This result supports our point that a proper spatial weight
function should be applied to the BOLD signals before comparison
with optical data. To the best of our knowledge, the spatial
dependence of BOLD signal has not been discussed in previous
works. The spatial dependence of BOLD signal might be caused by
different hemodynamic responses around the region of activation,
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Fig. 3. Temporal traces of the standard BOLD signal (BOLDy,,,,), A[Hb] and A[HbO] at channel C-11 during six tapping/rest periods (right hand tapping). The
tapping periods are indicated by the shaded areas. The traces of A[Hb] and A[HbO] have been shifted and normalized for comparison.
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Fig. 4. Comparison of the activated areas obtained during right hand tapping
with (a) fMRI BOLD and with (b) NIRS data. The MRI map shows a cross
section of the subject’s head, at a depth of 5 mm into the brain, which is
parallel to the plane of the NIRS optical fibers. The location of detector C
and some of the source fibers used for co-registration of the NIRS map are
shown in the MRI image. The NIRS map is measured 9.6 s after the onset of
hand tapping.

not only in terms of intensity of activation (reflecting the distance
of each voxel from the activated neurons) but also in terms of local
temporal features since it is reasonable to think that the
hemodynamic change is spreading from a focal point to a larger
region.

NIRS and standard BOLD signals during right finger tapping

Fig. 3 shows a comparison of the temporal evolution of the
standard BOLD signal and the changes of oxy- and deoxy-
hemoglobin concentrations during the right finger tapping proto-
col, including all six tapping/rest periods. The tapping periods are
represented by the shaded areas. The changes in [Hb] and [HbO]
have been shifted by adding a constant value and multiplied by a
factor for comparison with the BOLD signal, and they refer to
source-detector pair C-11. This figure shows the opposite behavior
of oxy- and deoxy-hemoglobin, with [HbO] increasing and [Hb]
decreasing during the tapping task. One can describe this typical
opposite behavior of the two hemoglobin species with a @ phase
shift. However, the literature has also reported phase differences of
[Hb] and [HbO] different than m. A possible explanation of this
intermediate behavior is found in the work of Fantini (2002).

Fig. 4(a) illustrates the standard BOLD activated area (yellow-
shaded area) within a cross section that is parallel to the plane of
the NIRS optical fibers, and at a depth of 5 mm into the brain, or
~15 mm from the scalp. In particular, detector fiber C and source
fibers 11 and 15 are superimposed to the MRI image to show their
location on the subjects head for NIRS co-registration. Fig. 4(b)
reports the corresponding spatial map of the changes in [Hb]
measured with NIRS at 9.6 s after onset of activation. One can see
an excellent spatial correlation between the activated motor area of
the brain as measured by fMRI and the spatial distribution of
A[Hb] as measured by NIRS. In fact, both fMRI and NIRS detect
an activated cortical area located between detector C and sources
11 and 15 during right finger tapping. The optical maps can be
organized in a real-time movie, as previously reported by
Franceschini et al. (2000); these can add valuable information
on the temporal evolution of the activated area during the task.
The darker area in the A[Hb] map corresponds to a decrease in
cerebral [Hb] with respect to the baseline. Since the change in
oxy- and deoxy-hemoglobin expected from functional tasks is
typically focal, the use of the DPF method for data analysis is
expected to cause an underestimation of the changes (partial
volume effect). However, while the absolute changes may be

Photon-hitting density function for channel C-11, and BOLD activated area

(a) k=0.2 mm"
©,=0.011 mm-, p_'=1.2 mm-1)

(b) k=0.3 mm"'
(1,=0.020 mm1, p_'=1.5 mm)

Fig. 5. Representation of the “banana shapes,” or photon-hitting density function (in light yellow) for channel C-11, and its overlap with the activated brain region
as measured with fMRI BOLD (dark yellow) during right hand tapping. The calculation of the photon-hitting density function has been performed for (a)

k=02 mm ', and (b) k=0.3 mm™ .
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underestimated, the direction (increase or decrease), the temporal
shape, and the spatial features of the concentration changes are
expected to be reliable.

NIRS and the new photon migration averaged BOLD signal

In Fig. 5, we show a superposition of the optical “banana
shape” (Feng et al., 1995; Schotland et al., 1993), or region of
optical sensitivity, for optical channel C-11 (light yellow), and the
activated area detected by BOLD-fMRI (dark yellow). The
calculation of the banana shape has been carried out for
k=02 mm ' (panel (a)) and £=0.3 mm ' (panel (b). Because
the optical helmet is not devised for multi-distance measurements
(Fantini et al., 1999) of the absolute optical properties, we have
considered different values of k£ to study the sensitivity of the
results on the choice of the effective attenuation coefficient. As
shown in Fig. 5(b), a greater value of k corresponds to a shallower
region of optical sensitivity and a reduced overlap with the BOLD
region of activation.

Fig. 6 reports a comparison of the temporal traces of —A[Hb],
A[HbO] and BOLDpy,, at channels B-3, B-4, B-5, and B-7 (see
Fig. 1 for the location of these optical channels) during left hand
tapping. The calculation of BOLDpy,, was carried out for a
typical value of the effective attenuation coefficient for biological
tissues of £=0.23 mm ' (which corresponds, for example, to an
absorption coefficient of 0.015 mm ' and a reduced scattering
coefficient of 1.2 mm™"). To compare the shape of the temporal
traces, we have introduced an arbitrary normalization factor, and
the trend of A[Hb] has been inverted. In Fig. 6, one can observe
that for any given channel, the NIRS and BOLDp,,, data have
very similar temporal trends, while different channels show
different behaviors. For example, the BOLDp,.,, A[HbO] and
—A[HD] all peak during left hand-tapping (at #~14 s) at channel
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Table 1
Correlation coefficients between BOLDp,,, and change of [Hb] and [HbO]
during left hand tapping

Channel 7'~ A[Hb]-BOLD F'A[HbO]-BOLD
B-3/B-3 0.78 0.87
B-4/B-4 0.63 0.76
B-5/B-5 0.86 0.87
B-7/B-7 0.91 0.96
B-3/B-4 -0.34 -0.17
B-5/B-4 0.04 0.09
B-7/B-4 -0.35 -0.28

The first column indicates the optical channel (see Fig. 1). In the second and
third columns are written the values of the correlation coefficients between
BOLDpy4, A[Hb], and A[HbO] in the same channel (first four rows) and in
different channels (last three rows). In the latter case the correlation
coefficient was calculated by using the BOLDp,,, of channel B4 with NIRS
data of channels B3, B5, B7, respectively.

B-7, while they show an early peak (at 7~5 s) and a delayed post-
tapping recovery at channel B-4. A quantitative correlation
analysis of the NIRS and BOLDp,,, data in the temporal range of
2-30 s yields the following values for the correlation coefficients:
7 ambl-eoLp="0.78, 0.63, 0.86, 0.91 and rapbo-sorp=0.87, 0.76,
0.87, 0.96 for channels B-3, B-4, B-5, B-7, respectively. We
usually do not get such high correlation coefficients between
NIRS and BOLDp,,, data across different channels. For example,
if we correlate the NIRS data of channel B-3 with BOLDpy,, of
channel B-4 we find r*A[Hb]—BOLD:_O~34 and F'AHLO-BOLD —
—0.17. If we correlate the NIRS data of channel B-7 with BOLDp,4
of channel B-4 we find 7 apupjoLp=—0.35 and rAppo.oLp=
—0.28. Finally, if we correlate the NIRS data in channel B-5
with BOLDpy4 of channel B-4, we find 7 apw;-oLp=0.04 and
anbo-soLp =0.09. These results are summarized in Table 1. We

Left hand tapping
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Fig. 6. Temporal traces of — A[Hb], A[HbO] and BOLDp,;, measured at channels B-3, B-4, B-5, B-7 (see Fig. 1 for their location on the head) during 20 s of left
hand tapping (shaded area) and 20 s of rest. The temporal profiles have been normalized (and the A[Hb] trace inverted) for comparison.
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notice that the values of the correlation coefficients are highly
significant: if we apply a f-test for the correlation coefficient in
order to investigate if the difference between the sample values of
r and zero is statistically significant, even for the case of »=0.63
we obtain a value of p<0.005. We point out that if we check all of
the possible cross correlations between all channels, we do
sometimes find values of the correlation coefficients that are
comparable or even higher than those obtained for the correlations
within the same channel. In all of these cases, the temporal profiles at
different channels have similar features, as opposed to those shown
in Fig. 6. These results, despite the crude approximations used in
determining the spatial weight function, make our point that a proper
weight function for the raw BOLD data should be used for a
meaningful and quantitative comparison with NIRS data.

In Fig. 7, we compare the temporal traces of —A[Hb], A[HbO],
and BOLDp);, measured at channels C-10, C-11, C-15, D-15 (see
Fig. 1 for the location of these optical channels) during right hand
tapping. The calculation of BOLDp,,, was performed using
k=0.20 mm ' (which corresponds, for example, to an absorption
coefficient of 0.011 mm ' and a reduced scattering coefficient of
1.2 mm ). This choice of k, although slightly different from the
pervious one used for the left hand tapping, does not cause any
significant change in the temporal trend of the BOLDp,,, as it will be
shown later. For the comparison of the temporal trends, we have
introduced an arbitrary normalization factor, and the trend of
A[Hb] has been inverted. At channel C-10, BOLDpy, correlates
better with —A[Hb] than with A[HbO]. At the other channels
shown in Fig. 7, A[HbO] and —A[Hb] show similar temporal
trends, whereas the BOLDp,,, trace visibly lags behind A[HbO]
and —A[Hb] immediately after the onset of hand tapping. A
quantitative analysis of the correlation between NIRS and
BOLDpy, data in the time interval 2-30 s typically yields lower
values for the correlation coefficient than for the left hand tapping

case of Fig. 6. For example: 7 zmp-soLp=0.72, 0.87, 0.62, 0.44,
and rAgpo-sorp=-0.51, 0.78, 0.68, 0.54 at channels C-10, C-11,
C-15, and D-15, respectively. At the same time, the correlation
coefficients across different channels often yields comparable or
higher values than those calculated within the same channel. For
example, the data of —A[Hb] at channel C-11 yields a correlation
coefficient of 0.88 with the BOLDp,,, data at channel C-15, and
0.91 with the BOLDp),, data at channel D-15. Similar examples
of high correlation coefficient values across channels can be
found for A[HbO] and BOLDpy,. We can summarize these
results by observing that left hand tapping (Fig. 6) has shown a
cortical response to activation with a stronger spatial dependence
than for the case of right hand tapping (Fig. 7). The increase in
cerebral [HbO] and decrease in cerebral [Hb] during finger
tapping has been reported by several groups and it is a well-
established response to brain activation. This behavior is assigned
to an increased blood flow, which overcompensates the increased
cerebral metabolic rate of oxygen (CMRO,) associated with
neuronal activation. Since the work of Fox et al. (1998), the
puzzle of the unbalance between oxygen supply and CMRO, in
the activated area has not yet been unraveled.

The A[Hb], A[HbO] and BOLDp,,, data for all source-detector
channels can be backprojected to generate spatial maps at any
given time (Franceschini et al., 2000). Fig. 8 shows the maps of
A[Hb], —A[HbO] and —BOLDp,,, recorded on the contralateral
side of the tapping hand at 6 s after the onset of (a) left or (b) right
hand tapping. The BOLDp),, maps were calculated using
k=0.20 mm . There is a striking similarity between the NIRS
maps and the corresponding BOLDpy,, maps. While the fine
details of the images are not meaningful (we recall that each image
is obtained by backprojecting just ten independent data points),
there is a visible congruence between the signals recorded with
NIRS and fMRI at the various NIRS channel locations.

Right hand tapping
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Fig. 7. Temporal traces of — A[Hb], A[HbO] and BOLD p),, measured at channels C-10, C-11, C-15, D-15 (see Fig. 1 for their location on the head) during 20 s of
right hand tapping (shaded area) and 20 s of rest. The temporal profiles have been normalized (and the A[Hb] trace inverted) for comparison.
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(a) Left hand tapping
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Fig. 8. Spatial maps of A[Hb] (top panels),

-0.
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(b) Right hand tapping
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-BOLDWA ) -0.04

—A[HbO] (middle panels), and — BOLDp,4 (bottom panels) measured 6 s after the onset of hand tapping on the brain

side contralateral to the tapping hand. (a) left hand tapping (left panels); (b): right hand tapping (right panels).

To study the relationship between data at different source-
detector channels, i.e., at different positions, we have considered
the ratio between the values of a given quantity (A[Hb], A[HbO],

or BOLDp,,,) measured at two different positions. Fig. 9 shows the
temporal trends of such ratios for the channels showing the largest
activation; namely B-7/A-7, A-7/B-3, for left hand tapping (panel

(a) Left hand tapping
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Fig. 9. Ratio of the amplitudes of NIRS data (A[Hb] and A[HbO]), and BOLDp,,, data measured at two NIRS channel locations (as indicated in each panel) in
the time range 424 s. (a) Left hand tapping; (b) right hand tapping. The tapping periods are indicated by the shaded area. The error is plotted for the AHb ratios

and for AHbO ratios in panels (a) and (b), respectively.
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Right hand tapping
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Fig. 10. Ratio of the amplitudes of BOLDp,,, data measured at two NIRS channel locations (C-15/D-11 and C-15/D-15, left and right panel, respectively) in the

time range 2-30 s during right hand tapping. The three traces of the BOLDp,,, ratio correspond to three different values of 4: 0.09, 0.20, and 0.30 mm .

(a)), and C-15/C-11, C-15/D-15 for right hand tapping (panel (b)).
The ratios were calculated in the time range 4-24 s in order to
avoid the low signals associated with the early and late times in the
tapping/rest period. From Fig. 9, one can see that there is a good
quantitative agreement between the spatial dependence of the
NIRS and fMRI data, which generally falls within the experimental
errors. This comparison of the spatial features of the NIRS and
fMRI data requires a spatial weight function, such as the one that
we have used here (Eq. (1)), for the calculation of a spatially
confined BOLD signal.

As shown by Fig. 5, the value of the effective attenuation
coefficient k affects the size and distribution of the photon-
hitting density (Eq. (1)) that is used as the weight function in the
spatial weighted average of the standard BOLD signal. As a
result, the newly proposed BOLDp,,, depends on the value of k.
Fig. 10 shows the BOLDpy,, ratios between channels C-15/C-11
and C-15/D-15 for the right hand tapping case and for three
values of & (0.09, 0.20, and 0.30 mm™ ) that cover a wide range
of optical coefficients. The ratio C-15/D-15 is not significantly
affected by the value of &, while the ratio C-15/C-11 shows to
be more sensitive to k, but still within the range of experimental
errors.

Conclusion

In this concurrent fMRI-NIRS study, the new proposed method
for calculating the BOLD signal has shown a clear potential for
carrying out a quantitative comparison of BOLD and NIRS data.
We have shown that a weighted average of the raw BOLD signal
should be considered for appropriate comparison with NIRS data.
In particular, we have found (Figs. 6 and 7) that the photon-
migration-averaged BOLD signal (BOLDp,,4) typically correlates
better with the changes of oxy- and deoxy-hemoglobin measured at
the corresponding NIRS channel location. We argue that the newly
defined BOLD signal should be used in the analysis of concurrent
fMRI-NIRS studies. For example, whenever the evolution of the
two species of hemoglobin is out of phase (phase shift different
from 7), we suggest that the newly proposed BOLD signal should
be used to investigate the level of correlation between BOLD and
either A[Hb] or A[HbO]. The discrepancies of such correlation
studies in the literature have been assigned to the method of optical
data acquisition (Toronov et al., 2003) or to the hemodynamic and
vascular compartment at the origin of BOLD and NIRS signals
(Yamamoto and Kato, 2002). Here, we suggest another possible

1

reason in the fact that the standard BOLD signal does not take into
account the spatial region of sensitivity for NIRS data, and for this
reason we have introduced a photon-hitting density weighted
BOLD signal (BOLDpy,). The exact form of this photon-hitting
density function can be rather complex and dependent on the three-
dimensional distribution of the tissue optical properties and on the
geometry of the subject's head. We have proposed to use a semi-
infinite homogeneous model for the calculation of this function,
arguing that the average optical properties of the sampled area and
the location of the illumination-collection points with respect to the
region of BOLD activation play the major role in determining the
BOLDp,,, signal. More accurate analytical functions, for example
from a layered model, can be applied at the expense of an increased
computation time.

In the case study presented here, the spatial and temporal
correlations between BOLDp,,, signals and NIRS data are
excellent. In particular, Fig. 6 shows a striking agreement between
the channel-to-channel variability in the BOLDpy, and NIRS
signals. We believe that the proposed method for the calculation of
BOLD signal is important for a meaningful and quantitative
comparison of fMRI and NIRS data. However, we should remind
that the newly defined way of BOLD calculation takes into account
only of'the spatial dependence of the BOLD signal within the region
of activation for comparison with NIRS. Therefore, this method
does not guarantee that the BOLDp,, provides always a match with
NIRS signal, since: (1) the origin of the BOLD signal is not exactly
the same as in NIRS (as discussed in the Introduction); (2) given a
certain region of brain activation different vascular compartment
can be selected by fMRI by changing the static field strength. On
the contrary this is not possible with NIRS, which is mainly
sensitive to the capillary and small veins compartments. The
possibility to select the vascular compartment in fMRI is an
additional parameter that we should always bear in mind when
comparing BOLD and NIRS data. The excellent comparison shown
in Fig. 6 might be due to the particular field strength used for the
fMRI data (3T) which makes the BOLD signal sensitive to both
large veins and capillary compartments.
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