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In this study, we have preformed simultaneous near-infrared spectros-
copy (NIRS) along with BOLD (blood oxygen level dependent) and ASL
(arterial spin labeling)-based fMRI during an event-related motor
activity in human subjects in order to compare the temporal dynamics
of the hemodynamic responses recorded in each method. These
measurements have allowed us to examine the validity of the biophysical
models underlying each modality and, as a result, gain greater insight
into the hemodynamic responses to neuronal activation. Although prior
studies have examined the relationships between these two methodol-
ogies through similar experiments, they have produced conflicting
results in the literature for a variety of reasons. Here, by employing a
short-duration, event-related motor task, we have been able to
emphasize the subtle temporal differences between the hemodynamic
parameters with a high contrast-to-noise ratio. As a result of this
improved experimental design, we are able to report that the fMRI
measured BOLD response is more correlated with the NIRS measure of
deoxy-hemoglobin (R = 0.98; P <102°) than with oxy-hemoglobin (R =
0.71), or total hemoglobin (R = 0.53). This result was predicted from the
theoretical grounds of the BOLD response and is in agreement with
several previous works [Toronov, V.A.W., Choi, J.H., Wolf, M.,
Michalos, A., Gratton, E., Hueber, D., 2001. “Investigation of human
brain hemodynamics by simultaneous near-infrared spectroscopy and
functional magnetic resonance imaging.” Med. Phys. 28 (4) 521-527;
MaclIntosh, B.J., Klassen, L.M., Menon, R.S., 2003. “Transient
hemodynamics during a breath hold challenge in a two part functional
imaging study with simultaneous near-infrared spectroscopy in adult
humans.” Neurolmage 20 1246—1252; Toronov, V.A.W., Walker, S.,
Gupta, R., Choi, J.H., Gratton, E., Hueber, D., Webb, A., 2003. “The
roles of changes in deoxyhemoglobin concentration and regional
cerebral blood volume in the fMRI BOLD signal” Neuroimage 19 (4)
1521-1531]. These data have also allowed us to examine more detailed
measurement models of the f/MRI signal and comment on the roles of the
oxygen saturation and blood volume contributions to the BOLD
response. In addition, we found high correlation between the NIRS
measured total hemoglobin and ASL measured cerebral blood flow (R =
0.91; P <107'% and oxy-hemoglobin with flow (R = 0.83; P <107 %) as
predicted by the biophysical models. Finally, we note a significant
amount of cross-modality, correlated, inter-subject variability in
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amplitude change and time-to-peak of the hemodynamic response.
The observed co-variance in these parameters between subjects is in
agreement with hemodynamic models and provides further support
that fMRI and NIRS have similar vascular sensitivity.
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Introduction

Similar to its fMRI counterpart, near-infrared spectroscopy
(NIRS) is a non-invasive method for studying functional activation
through monitoring changes in the hemodynamic properties of the
brain (Villringer et al., 1993; Hoshi and Tamura, 1993). However,
unlike the commonly used BOLD (blood oxygen level dependent)
based fMRI techniques, which derive contrast from the paramag-
netic properties of deoxy-hemoglobin, NIRS is based on the
intrinsic optical absorption of blood. As a result, NIRS has the
ability to simultaneously record not only concentration changes in
deoxy-hemoglobin (HbR) but in oxy-hemoglobin (HbO) and total
hemoglobin (HbT) as well. In addition, unlike the majority of
commonly used fMRI techniques, which typically have an
intrinsically and instrumentation limited acquisition rate, the
temporal resolution of hemoglobin detection with NIRS is not
acquisition limited and can be up to hundreds of hertz, much faster
then the hemodynamic response itself. In this respect, NIRS
potentially provides a more complete temporal picture of brain
hemodynamics compared with fMRI but suffers the drawbacks of
lower spatial sensitivity and is limited by depth of light penetration
in adult humans (0.5—-2 c¢cm) (Fukui et al., 2003). However, because
of its complimentary informational content, NIRS is beginning to
be experimentally combined synergistically with fMRI methods
such as BOLD and arterial spin labeling (ASL). This was recently
demonstrated by Hoge et al. (2005), where such a synergistic
approach allowed for a direct calculation of the cerebral metabolic
rate of oxygen metabolism (CMRO,) with independently measured
blood flow, volume, and hemoglobin oxygen saturation informa-
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tion. However, as such techniques continue to be developed, it is
important to first establish the proper controls in order to
understand the relationships between these methods and aid in
the proper interpretation of such results.

One such control measurement for this purpose is the common
measurement of HbR offered between the fMRI-BOLD signal and
NIRS. The BOLD response is thought to reflect localized, relative
changes in HbR levels (Kwong et al., 1992; Ogawa et al., 1992). Such
MRI signal changes arise from susceptibility changes due to changes
in local quantities of paramagnetic HbR, which give rise to shortening
of the T, relaxation time of water molecules as they migrate through
these regions. This change in relaxation times (AR,*) in turn gives
rise to the changes in signal intensity, which underlie the BOLD
response. Thus, one would expect to find a correlation both
temporally and spatially between BOLD changes and NIRS
measured total deoxy-hemoglobin. Accordingly, this common
measurement potentially provides a basis for the cross-validation of
both techniques. However, this comparison also provides further
insight into measurement models of the BOLD signal, which suggest
that the BOLD signal depends not only on the total deoxy-
hemoglobin content of the tissue but also on venous inter-vascular
oxygen saturation (Ogawa et al., 1992, 1993; Buxton et al., 1998).

In recent years, a number of research studies have attempted to
examine the validity of this model by exploring the temporal
correspondence between the NIRS and BOLD-fMRI recorded
hemodynamic responses (Kleinschmidt et al., 1996; Punwani et
al., 1998; Toronov et al., 2001, 2003; Strangman et al., 2002; Chen et
al., 2003; Siegel et al., 2003). While qualitatively these results have
supported a generalized spatial and temporal correspondence,
detailed quantitative analysis of this relationship has produced
mixed conclusions. In most cases, these reports have shown a very
good correlation between fMRI and NIRS, but only a few have
shown the correlation between HbR and BOLD to be better then that
between HbO and BOLD as would be expected from models of the
BOLD response (Toronov etal., 2001, 2003; MaclIntosh et al., 2003).
The majority of this previous work has found either a slightly better
correlation with HbO (Yamamoto and Kato, 2002; Strangman et al.,
2002) or showed general agreement but did not comment on which
hemoglobin species was most correlated to the BOLD response
(Punwani et al., 1998; Chen et al., 2003). This issue has remained
experimentally controversial for a few reasons. First, previous work
suffered from a low contrast-to-noise ratio in the NIRS measure-
ments along with the problem of absorption cross-talk between oxy-
and deoxy-hemoglobin. Recently, a number of groups have
addressed this issue through analysis of the proper wavelength
choices and partial path-length corrections (Yamashita et al., 2001;
Strangman et al., 2003; Sato et al., 2004). This has led to
improvements in the detection and discrimination of the hemody-
namic response as reviewed by Boas et al. (2004). Secondly, most of
this previous work has explored the hemodynamic response using
functional paradigms with long periods of activation. The use of
these longer paradigms, while giving large signal amplitude changes,
fails to emphasize the subtle temporal differences between HbR and
HbO, which are seen primarily in slight differences in the transition
periods of each response. For the sustained task, the levels of both
HbO and HbR quickly reach a steady state after only several seconds
and generally remain at a plateau for the duration of the task. Thus,
during a long task, the hemodynamic responses for both HbR and
HbO are almost identical with the exception of only a short transient
time at the beginning and end of the response. Since longer stimulus
duration allows fewer repetitions of the task, these measurements

become very susceptible to individual trial variance, which makes
the already small difference in the time courses of HbO and HbR
even more difficult to distinguish. When factored in with the
additional problem of the inherent low temporal resolution of fMRI
acquisition of these previous studies, which was itself on the order of
the HbO:HbR time difference or greater, we can explain why
previous multimodality studies have struggled to definitively dis-
tinguish between HbO and HbR signals when compared to BOLD.
In this study, we compared the temporal dynamics of the NIRS
and fMRI hemodynamic response functions, aided by the
methodological improvements of late. These have allowed us to
address and surmount many of the issues of previous work. Here,
we used an event-related paradigm with a short 2-s finger-tapping
task to increase the number of activation periods and consequently
the contrast-to-noise ratio in our estimate of the hemodynamic
response function. This type of approach also focuses on the
transient periods of hemoglobin change rather than the steady-state
behavior allowing us to better highlight the differences between
HbO and HbR. Combined with better temporal resolution fMRI
measurements, which were afforded by a higher field magnet (3T)
and again the event-related paradigm, this experimental design has
allowed the measured hemodynamic responses in simultaneously
acquired NIRS, BOLD and ASL-fMRI to be compared at 2 Hz
temporal resolution. In addition, this is the first experiment
specifically designed to examine the temporal relationship between
ASL-fMRI and NIRS, a comparison that further strengthens the
cross-validity of these approaches. Here, we report strong
correlation between the modalities in terms of the expected
analogous parameter pairs: HbR with BOLD and blood flow with
blood volume. These relationships hold true for both group and
individual analysis, despite a large degree of inter-subject variance
in response time-to-peak. Thus, these data also demonstrate
evidence for large physiologically based inter-subject differences
in the dynamics of the hemodynamic response, which could have
significant impact on the interpretation of group comparisons.

Methods

Subjects

In this study, we enrolled 11 healthy, right-handed subjects (8
males, 3 females). The subjects were 20—60 years old (mean 31 +
10.5). The Massachusetts General Hospital Institutional Review
Board approved the study, and all subjects gave written informed
consent. For BOLD-NIRS comparisons (study I), a total of 6
subjects were scanned. One subject failed to show any significant
activation in both modalities and thus was excluded from further
data analysis. The remaining five subjects (4 males, 1 female) all
showed significant activation in both modalities. In the ASL-
NIRS experiments (study II), again a total of 6 subjects were
scanned. One of these subjects had to be excluded because of an
extremely poor signal-to-noise ratio in the NIRS measurement due
to poor coupling of the probe to the head. The remaining five
subjects (4 males, 1 female) were included in the full analysis.
One subject was repeated for both studies (subject B/F).

Protocol

Prior to placement into the bore of the MRI scanner, subjects
were briefed on the details of the finger-tapping task. During data
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acquisition, subjects were instructed to watch a visual display from a
laptop computer, which was projected from the back of the scanner
room onto a screen in the bore of the magnet and was visible from a
mirror mounted on the top of the MR head-coil above the subject’s
eyes. On this display was shown the text “STOP” or “GO”. For the
duration of the “GO” visual cue, subjects were instructed to
sequentially tap their thumb and fingers on their right hand at a self-
paced rate (approximately 2—3 Hz). After 2 s, the “GO” text was
changed to the “STOP” command, at which time the subjects were
instructed to stop tapping and keep their hand relaxed. Aside from
the finger-tapping, subjects were otherwise instructed to remain
motionless for the duration of the scanning session.

During the scan, the inter-stimulus interval between finger-
tapping periods was psuedo-randomly chosen and optimized to
provide the uniform temporal coverage necessary for deconvolu-
tion with a 500-ms time step (Dale, 1999). The length of the inter-
stimulus interval (ISI) ranged between 4 and 20 s with an average
inter-stimulus interval period of 12 s. A minimum ISI of 4 s was
chosen to avoid the non-linear effects of the hemodynamic
refractory period (Cannestra et al., 1998). The timing of the
stimulus presentation was synchronized with the MR image
acquisitions and generated with a custom written Matlab script
(Mathworks, Sherborn, MA). Each run lasted 6 min and consisted
of between 27 and 32 stimulus periods. This was repeated 4—6
times for each subject during the course of one scan session
(approximately 90 min) for both the ASL and BOLD measure-
ments. The experimental procedure, subject instructions, and
stimulus parameters were identical for both the BOLD and ASL
functional scans.

In order to verify subject compliance to the desired finger-
tapping task, a fiber optic sensor was fixed to the subjects’ thumb
and forefingers and recorded simultaneously with NIRS and fMRI
measurements. This sensor was placed in a “natural” position to
avoid the subject from being required to actively tap on the sensor.
These independent measurements were later compared to the
synchronization pulse from the MR scanner to access subject
compliance and estimate variance in subject response time and
tapping rate. Unfortunately, due to technical problems, these values
are reliably available for only five of the subjects.

NIRS acquisition and processing

In these experiments, we used a multichannel continuous-wave
optical imager (CW4) to obtain the measurements as previously
described (Franceschini et al., 2003). This instrument was
developed jointly between the Photon Migration Lab at the
Athinoula A. Martinos Center for Biomedical Imaging/Massachu-
setts General Hospital and TechEn Inc. (Milford, MA). The NIRS
imager has 18 lasers — 9 lasers at 690 nm (18 mW) and 9 at 830
nm (7 mW) — and 16 detectors of which only 4 source positions (2
wavelengths each) and 8 detectors were used here. Laser wave-
lengths were chosen to maximize the contrast-to-noise ratio of the
measurement (Yamashita et al., 2001; Sato et al., 2004), while
minimizing the cross-talk error between the two hemoglobin
species at 690 nm and 830 nm (18 mW and 7 mW respectively)
(Uludag et al., 2002, 2004; Strangman et al., 2003). The partial
path-length correction to the Modified Beer—Lambert equation is
similar at these two wavelengths determined within the uncertainty
of the Monte Carlo methods used (Strangman et al., 2003). While
not completely eliminating the possibility of cross-talk in the
separation of hemoglobin species, this choice of wavelength pair

was used to minimize such errors, which arise as a result of
different light paths for the two wavelengths.

A master clock generates 18 different frequencies between 4
and 7.4 kHz in approximately 200 Hz steps, which are used to
drive the individual lasers with current stabilized, square-wave,
amplitude modulation. This enables unique identification of each
source by demodulation against the known carrier frequencies on
each detector channel. For detectors, the imager employs 16
avalanche photodiodes (APD’s, Hamamatsu C5460-01), each of
which is digitized at approximately 40 kHz. A bandpass filter
follows each APD module with a cut-on frequency of approxi-
mately 500 Hz to reduce 1/f noise and the 60 Hz room light signal
and a cut-off frequency of approximately 16 kHz to reduce the
third harmonics of the square-wave signals. The signal is then
passed to a programmable gain stage, which is used to match the
signal levels with the acquisition level on the analog-to-digital
converter within the computer. A digital demodulation and low-
pass filter is used off-line to separate the individual source signals
on each detector channel. This is done via a seven-pole infinite-
impulse-response filter with a 10 Hz band pass frequency centered
on the 18 carrier frequencies generated by the master clock.

The NIRS probe was made from flexible plastic strips with
plastic caps inserted in it to hold the ends of the 10-m source/
detector fiber optic bundles. The probe consisted of two rows of
four detector fibers and one row of four source fibers arranged in a
rectangular grid pattern and spaced 2.9 cm between nearest
neighbor source detector pairs as shown in Fig. 1. This plastic
probe was then secured to the subject’s head centered over the
contra-lateral primary motor cortex (M1) via Velcro straps and
foam padding. The 10-m fibers were run through the magnet bore
to the back of the scanner and through a port into the control room
where they were connected to the NIRS instrument. The CW4
instrument was then run from the MR control room.

After collection, demodulation and low-pass filtering at a 10 Hz
bandwidth to separate individual source contributions, the data
were further processed using a custom Matlab data analysis
program (HomER: available for public download and use at
http://www.nmr.mgh.harvard.edu/PMI/). Signals were further low-
pass filtered at 0.8 Hz using a zero-phase forward and reverse
digital filter to remove the heart signal. Changes in optical density
for each source detector pair were then high-pass filtered with a
1/30 Hz drift correction and finally converted to change in
hemoglobin concentrations using the modified Beer—Lambert
relationship with a differential path-length correction of 6 and a
partial volume correction of 50 for both wavelengths (Strangman et
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Fig. 1. Probe design and placement for NIRS measurements. This probe
consisted of 8 detector positions (most medial and lateral rows) and 4
source positions (middle row). The source detector separation was 2.9 cm.
This probe was positioned approximately over the subject’s contra-lateral
primary motor cortex as the subject lay in the MRI scanner. The probe
also contains vitamin E rings placed on the caps of the optodes, which
allowed registration of the optode array in the MR structural image
(shown in Fig. 2).
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al., 2003). At the two wavelengths used in this study, the corrections
for the each wavelength are very similar (Uludag et al., 2002;
Strangman et al., 2003) and were empirically verified to not have a
significant impact on the calculation of normalized responses nor
final correlations with the fMRI responses by allowing the partial
path-length values to independently vary +20% and repeating the
correlation analysis (data not shown). From concentration data, the
individual subject hemodynamic responses were calculated using an
ordinary least-squares (OLS) linear deconvolution and implemented
within the HomER program (e.g., Serences, 2004). No nuisance
variable polynomial trends were fit in the linear regression, since
these had been already removed by the low and high-pass filtering
steps. For both the fMRI and NIRS time-series analysis, no fixed
canonic responses (i.e., Gaussian or gamma variants) were assumed,
which allowed comparison of the response functions from both
modalities without introducing errors that might have arisen from
such assumed response functions. Epoch timing was synchronized
to the MRI images so that subject response times were kept constant
between the fMRI and NIRS. Regions of time showing significant
motion artifacts (as clearly evidenced by extremely large and sudden
perturbations in the measurement time course) were rejected from
the analysis. The impulse response functions were then averaged
across all runs for each subject taken within the same scan session for
each source detector pair. To compare the impulse responses of the
entire activation area, a region of interest average for each subject
was calculated from the average of all nearest neighbor source
detector pairs, which showed statistically significant activation
based on the calculated 7 statistic for each channel (P < 0.05). The
responses were additionally averaged together to generate the grand
average of all five subjects for each study. It should be noted that
although the region-of-interests were chosen here based on the
inclusion of only significant channels, inclusion of all channels did
not change the results qualitatively and only introduced a partial
volume error that affected the quantitative results but did not
appreciably affect the line—shapes, timing, nor correlations with the
fMRI. Since the spatial resolution of neither the fMRI nor NIRS was
sufficient to distinguish between motor and sensory activation, both
regions were potentially included in this analysis.

JMRI acquisition and processing
For study I, BOLD-fMRI measurements were preformed using

a 3 T Siemens Allegra MR scanner (Siemens Medical Systems,
Erlangen Germany). Data were taken with an (gradient) echo EPI

sequence [TR/TE/0 = 500 ms/30 ms/90°] with five 6-mm slices
(1-mm spacing) and 3.75-mm in-plane spatial resolution. Structural
scans were performed using a T1-weighted MPRAGE sequence
[T x 1 x 1.33-mm resolution, TR/TE/0 = 2.53 s/3.25 ms/7°].

To calculate the BOLD-based hemodynamic response func-
tions, the functional images were first motion corrected (Cox and
Jesmanowicz, 1999) and spatially smoothed with a 6-mm Gaussian
kernel. The response functions were then calculated by an ordinary
least-squares linear deconvolution. A third order polynomial was
included to remove drift effects. As with the NIRS analysis, the
hemodynamic response was estimated without assumptions of
fixed canonical responses. For each subject, the effect and standard
deviation maps were input to a mixed effects analysis (target
degrees of freedom = 100) to generate a map of 7-statistic used to
identify regions of significant response (Worsley and Friston,
1995). Each T-map was thresh-held (P < 0.01), and significant
pixels were manually selected under the NIRS probe based on the
fiducial markers (as shown in Fig. 2). Note that no voxels with
changes greater then 17% from baseline were identified within the
ROI. As with the NIRS regions-of-interest, no specific attention
was paid to separating sensory and motor effects.

For study 1I, ASL-fMRI was carried out at 3 T (same scanner as
study I) using PICORE labeling geometry (Wong et al., 1997) with
Q2TIPS saturation (Luh et al., 1999) to impose a controlled label
duration. A post-label delay of 1400 ms and label duration of 700
ms were used, with repetition and (gradient) echo times of 2 s and
20 ms respectively [0 = 90°]. The PICORE labeling scheme
allowed collection of BOLD signals using the control phase of the
acquisition. EPI was used to image five 6-mm slices (1-mm
spacing) with 3.75-mm in-plane spatial resolution. Structural scans
were also performed with the same scan prescriptions as study 1.

Although the original image acquisition was at 2 s, the stimulus
had been jittered evenly on a 500-ms time step, which allowed for
the response to be calculated at 2 Hz, albeit with lower signal-to-
noise. To estimate the flow response, the ASL functional scans
were first separated into the control and negatively labeled tag
images. These traces were then independently interpolated to up-
sample the data points to 2 Hz using a cubic spline model (de Boor,
1978). Subtracting each negatively labeled tag scan from the
immediately subsequent control scan generated the flow image
series. This flow series was then deconvolved and the region of
interest average calculated similar to its calculation for the BOLD
response. Since the intermixed control images recorded the BOLD
response, this series of images allowed the BOLD response

Fig. 2. The NIRS probe placement was determined from vitamin E fiducial markers, which showed in the MPRAGE structural MR images. fMRI regions-of-
interest were selected from significant ( P < 0.01) pixels manually located under the probe. In all cases, this included all pixels within the primary motor area.
Images (A and B) above show maximum intensity projections demonstrating the location of the probe on a sample subject. Image (C) shows the preparation for
simultaneous acquisition of the fMRI and NIRS, demonstrating the positioned probe on a MRI subject.
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Fig. 3. Here, we show a typical hemodynamic response for one subject as recorded by the NIRS instrument. Subplot (A) shows the region-of-interest averaged
results obtained from averaging across all significant (P < 0.01) source detector pairs for all 6 runs. The error bars shown are the standard error across the same
channels. Plot (B) shows the total array of source detector pairs that were recorded during the scan. Those that were used in the region-of-interest average are

circled.

function to be calculated from the study II data as well and is
included in the results.

Results

The event-related finger-tapping task resulted in the expected
hemodynamic changes in the primary motor and sensory cortices,
which was detected in all ten subjects used between the two studies.
Fig. 3 shows a typical (ROI) hemodynamic response function as
recorded by the NIRS instrument for one such subject (D).

Similar to previous results, we noted a delay between the HbO,
HbT, and HbR responses. The average lag between peak HbR and
HbO (HbT) responses was approximately 2.0 s (2.1 s). These results
were similar to those previously reported for the same task
(Jasdzewski et al., 2003). This HbR lag was observed for all
subjects in both studies, although the exact timing and lag length
varied considerably between subjects between almost 0 and 3.6 s.
The time-to-peak of each of these parameters is presented in Table 1,
which again showed a wide variability. The concentration changes in
HbO, HbT, and HbR averaged over this entire experiment from the
10 subjects were foundto be 7.9 + 1.8 uM, 6.6 £ 1.5 uM, and —2.2 £
1.4 uM respectively (average + SD), with assumed partial volume
and path-length corrections as described above. Assuming baseline
conditions of 25 uM and 60 uM for HbR and HbO respectively
(Torricelli et al., 2001), this represents a 13.2%, 7.8%, and —8.8%
change [HbO/HbT/HbR respectively]. The average BOLD and ASL
change were 2.6 + 1.3% and 28.2 + 11% respectively.

Study I—BOLD/NIRS

Individual subject measurements were gathered and processed
as described in the previous section. For the simultaneous BOLD/
NIRS recordings, five of the six subjects tested showed significant
activation. The NIRS data for the sixth subject had a very low
signal-to-noise ratio and contained numerous motion artifacts. This
subject failed to show any localized significant activation in the
BOLD ¢ statistics maps nor any significantly activated NIRS
source detector pairs. As a result, this subject’s data were excluded
from further analysis. The traces for the simultanecously acquired
hemoglobin and BOLD data for the remaining five subjects are
shown in Fig. 4. Data have been normalized to the maximum
change, and the HbR traces have been inverted to allow better
visual comparison.

To further examine these relationships, we averaged the
normalized responses from all five subjects (shown in Fig. 5).
Similar to the group averaged HbR response, the A(1/BOLD)
(~AR;) response also peaks at around 6.3 £ 0.8 s and closely
follows the HbR time course for the time window up to about 12
s post-onset. As the result of a sizable inter-subject variance in
the response times, the averaged response is broader then the
individual responses as expected. In the subject averaged
response, the HbO and HbT responses peaked at approximately
4.6 s and 4.5 s respectively.

To quantitatively examine the correlation between the BOLD
and NIRS responses, we preformed a cross-correlation analysis
with the averaged and individual subject results. The zeroth-lag
Pearson’s correlation coefficients, which are presented in Table 2,
show highly significant correlation between the A(1/BOLD) and

Table 1

The time to peak (seconds) of the region-of-interest averaged responses for
each of the five hemodynamic parameters measured for each of the five
subjects used in each study

Subject # Time to peak (s)
HbO HbT HbR BOLD ASL

Study 1

A 5.5 5.4 5.5 6.5 -
B* 2.9 2.8 5.7 6 -

C 3.8 3.7 5.3 6 -

D 7.1 7.1 8.2 7.5 -

E 3.5 3.5 53 5.5 -

Group average 46 (1.7) 451.7) 6.0(.2) 63(0.8) -

Study 11

F* 2.8 2.6 6.4 5.5 35
G 42 42 6.2 6 4
H 3.9 3.9 6 6 2.5
I 42 3.6 6.2 6.4 4

J 2 2 4.7 4 3

Group average 3.4 (1.0) 3.3(0.9) 59 (0.7) 5.6(0.9) 3.4(0.7)
Average of both 4.0 (1.4) 3.9 (1.5) 6.0 (1.0) 5.9(0.9) 3.4 (0.7)

Time-to-peak values were calculated as the time to maximum (or minimum
in the case of HbR) response from the presentation of the stimulus. The
average shows the mean with the standard deviation in parentheses. The
temporal resolution for BOLD and ASL responses were +500 ms and was
+100 ms for the HbO, HbT, and HbR (NIRS) measurements. Subjects B
and F were the same subject repeated in both studies.
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Fig. 4. Here we display the hemodynamic response functions for each of the five individual subjects used in study I. The maximum change of each parameter
has been normalized to unity and the HbR response has been inverted for comparison. In each of the five subjects, the BOLD signal closely tracks the HbR
measurement.

HDbR responses in all individual subjects as well as the average significantly correlated with the BOLD signal. In fact, this
across all five subjects. These values were all calculated over the discrepancy for subject E arises from the slight noise in the HbR
time range of 0—15 s. In all but subject E, the HbR was the most signal in the time frame of 10—15 s post-stimulus in that subject.
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Fig. 5. Here, we display the five subject averaged hemodynamic response function for both the NIRS and BOLD responses. Curves were calculated from the
average of the five normalized responses shown in Fig. 4. Again, the maximum change has been normalized to unity and the HbR response has been inverted.
The error bars on plot (A) show the standard error of each time point from this average. Plot (B) is a zoomed scaling of the same data highlighting the response
peaks. Like the individual results, the BOLD signal closely tracks the HbR measurement.
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Table 2
Here, we present the zero lag correlation (Pearson’s) coefficients for the
three comparisons

Subject  HbO:1/BOLD HbT:1/BOLD HbR:1/BOLD
A 088 (2 x107'% 081 (7x107%) 093 @4 x 107
B 050 (5 x 107 0329 x 107 0.90 (7 x 107'%)
C 057 (1 x107%) 04709 x107%) 0943 x 107
D 0.87 (4 x 10719 074 3 x 107°%)  0.94 (1 x 107'%
E 071 (1 x107%) 0623 x 107 064 (1 x 107%
All 071 (1 x 107%) 053 @2 x107%)  0.98 8 x 1072

The values in parenthesis are the P values for each coefficient. For all five
individual subjects, the BOLD response showed highly significant (P <
10~%) correlation. Only one of the five subjects did not show the best
correlation to be between BOLD and the HbR response. The correlations
for the averaged response are presented in the bottom row. The HbR:BOLD
correlation was again highly significant (P < 8 x 1072"). The time period
from 0—15 s post-stimulus was used for all correlations.

For this subject, if only the time period from 0 to 10 s is instead
used, the correlation between HbR and BOLD improves to R =
0.84 (P <3 x 107%) with R = 0.56 and 0.42 for HbO and HbT
respectively (P = 1 x 107" and 6 x 107°%). The overall
correlation coefficients from all five subjects were then calculated
from a cross-correlation analysis using the ROI average response
functions over the same time (0—15 s). The correlation
coefficients for HbO, HbT, and HbR to A1/BOLD are 0.71,
0.53, and 098 (P =1 x 107, 2 x 107, and 8 x 107"
respectively.

Finally, Fig. 6 shows parametric plots of the three hemody-
namic parameters and the BOLD signal for all five individual
subjects (top three plots) and the group average (bottom plots)
for the time period up to 15 s post-stimulus. Deoxy-hemoglobin
clearly shows much stronger linear correlation with the BOLD
signal then the other two hemoglobin species, especially at
larger contrast levels. The HbO an HbT response profiles have
similar line—shapes to the HbR and BOLD responses but are
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shifted earlier in time, giving rise to the oval shaped plots in
Fig. 6.

Study II—ASL/NIRS

In the second half of this study, we repeated the same motor
task experiment preformed in study I, but this time, we compared
the NIRS measurements against cerebral blood flow as measured
by ASL based fMRI. Here, we were again able to compare the
NIRS and fMRI measurements at 2 Hz by the use of the jittered
stimulus timing and processing as described earlier. The NIRS
measurements were consistent with those from the previous
sessions, and again, we found that the HbR response was slightly
lagged behind that of HbO and HbT (Table 1). This lag was
consistent with the temporal difference between the BOLD and
ASL responses, which were approximately 1-2 s apart. A similar
temporal lag between BOLD and ASL has also been previously
noted in other studies (Liu et al., 2000, Yang et al., 2000, Aguirre
et al., 2002). As shown in Fig. 7 (individual responses) and Fig. 9
(group average) and the BOLD response again closely matched
the HbR time course (R = 0.81; P =9 x 10~ %) and in agreement
with our initial hypothesis, the HbO and HbT responses were
found to be highly correlated with the ASL response (R = 0.83;
P=5x10""and R=091; P=5 x 10~ '?). In Fig. 8, we present
the parametric plots of the ASL response against the three
hemoglobin species for the individual (top three plots) and group
data (bottom plots). Plots of the BOLD and hemoglobin responses
in this study (data not shown) were similar to those presented in
Fig. 6 for study L.

As shown in Table 3, in all five subjects used, the ASL
measurement was more correlated with that of the NIRS HbO and
HbT responses than with the HbR response; with all but one
subject showing slightly higher correlation between the HbT and
ASL responses. Again, four of the five subjects showed better
correlation between HbR and BOLD then either HbO or HbT and
BOLD. In subject F, a marginally better correlation was seen with
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Fig. 6. These parametric plots show the linear correlation between HbO, HbT, and HbR (from left to right) and BOLD. The plots on top represent all individual
data from the five subjects. The plots on the bottom show only the subject averaged response functions. The arrows (shown only on the averaged data) indicate
the direction of time in the data. The linear correlation coefficients are presented in the bottom of each plot.
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Fig. 7. Here we display the BOLD, ASL, and NIRS hemodynamic response functions for each of the five individual subjects used in study II. The maximum
change of each parameter has been normalized to unity and the HbR response has been inverted for comparison.

HbO:BOLD. However, this difference was not significant ( P > 0.4)
in a ¢ test of the Z-transformed Pearson’s coefficients.

Discussion
Comparison of NIRS and BOLD measurements

In agreement with our initial hypothesis, the simultaneous NIRS
and BOLD-fMRI measurements, as shown in Figs. 5 and 9 and
presented in Tables 2 and 3, clearly show very close agreement
between BOLD and HbR measurements. This relationship was
found for the BOLD signals measured in both studies. In study I in
particular, which had a better signal-to-noise ratio compared to the
recorded BOLD signal from study II, we found a correlation value
of R = 098 (P < 8 x 102" between the BOLD and NIRS
measured HbR responses. We believe that this strong corroboration
between the two modalities provides cross-validation that both
techniques are measuring brain deoxy-hemoglobin dynamics. This
provides strong support of both previous theoretical and experimen-
tal work supporting HbR changes as the origin of the BOLD signal

and supports the ability of NIRS to measure hemodynamic changes
within the brain.

Unlike many of the previous studies, we have shown that there is
not only general agreement between the fMRI and NIRS in terms of
observing a task-correlated signal change, but that correlation
between BOLD and NIRS was more significantly for the HbR
component. In this experiment, since we used a relatively short
duration task and aided by the improvements in signal-to-noise
afforded by our event-related design, the time courses for the HbT,
HbO, and HbR parameters were clearly separated from each other. As
a result of this temporal separation, we were able to show that the
BOLD:HbR correlations were much stronger then the BOLD to HbO
or HbT correlations (P < 1 x 10~%). Since the temporal lag between
HbO and HbR is only about 2 s, this distinction would not have been
as statistically significant had we used a long duration task, and as a
result, we would not have been able to show such a significantly better
correlation between HbR and BOLD. We believe this explains the
discrepancies between this result and previous work which had course
temporal resolution and found better correlation between BOLD and
HbO presumably because HbO had a better signal-to-noise ratio than
HbR (Yamamoto and Kato, 2002; Strangman et al., 2002).
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Fig. 8. These parametric plots show the linear correlation between HbO, HbT, and HbR (from left to right) and ASL. Again, the images on top represent all
individual data from the five subjects. The plots on the bottom show only the subject averaged response functions. The arrows (shown only on the averaged
data) indicate the direction of time in the data. The linear correlation coefficients are presented in the bottom of each plot.

Examination of BOLD model

In this study, we found significantly better correlation between
the total deoxy-hemoglobin content per volume as recorded by the
NIRS instrument (HbR) and the BOLD signal. Although this
observation suggests that the BOLD signal is significantly more
related to HbR then HbO or HbT, this does not refute the previous
theoretical work which theorized that BOLD would vary with both
the total deoxy-hemoglobin content and oxygen saturation, giving

Table 3

Here we present the zero lag correlation (Pearson’s) coefficients for the six
comparisons between HbX and fMRI for study II

Subject  HbO:ASL HbT:ASL HbR:ASL

F 0.74 (3 x 107%)  0.81 (6 x 10°%) —0.15 (4 x 1071
G 0.95 (1 x 107"%)  0.98 (1 x 107 0.71 (1 x 107%)
H 0.90 (2 x 107" 0.92 (4 x 10713 —0.15 (4 x 1071
I 093 (8 x 107  0.89 (4 x 107" 0.30 (1 x 1071
J 0.50 (5 x 107%%)  0.64 (2 x 10°%) 0.19 (4 x 107°h
ALL 0.83 (1 x 107%) 091 (4 x 10713 0.13 (5 x 1071

HbO:1/BOLD HbT:1/BOLD HbR:1/BOLD

F 0.80 (1 x 1077 0552 x 107%)  0.75 (2 x 107%)
G 0.63 (2 x 107%) 0.55 (2 x 107%%)  0.78 (6 x 10°°7)
H 0.14 (5 x 107" 0.05 (8 x 107°Y)  0.57 (6 x 107%%
I 0.50 (5 x 107%%)  —0.10 (6 x 10°°Y) 091 (4 x 107
J 0252 x 10°°h 0.49 (6 x 107%%)  0.59 (6 x 107%%
ALL 0.62 (3 x 107%) 0.30 (1 x 107°Y  0.80 (9 x 107%)

The values in parentheses are the P values for each coefficient. For all
calculations, the window of 0—15 s was used. The correlations for the
group-averaged responses show a significantly better correlation between
the HbT:ASL responses compared to the HbO:ASL or HbR:ASL responses.
As was seen in study I, the BOLD:HbR correlations were also much more
statistically significant then the other two hemoglobin measures.

rise to the extra and intra-vascular signals respectively (Ogawa et al.,
1992, 1993). The inter-vascular signal, which composes the majority
of the BOLD signal at moderate field strengths (below 4T), arises
from the interaction of water molecules directly with the deoxy-
hemoglobin molecules within the veins (Ogawa et al., 1993) and
varies linearly with the venous concentration of deoxy-hemoglobin
(Li et al., 1998). The extra-vascular signal, which arises from
magnetic susceptibility differences between the blood vessels and
the surrounding tissues, depends on the total deoxy-hemoglobin
content within a voxel. This signal becomes a larger component of
the BOLD signal as field strengths increase (Obata et al., 2004).
Thus, the BOLD signal would be expected to vary as a function of
both oxygen saturation and blood volume (Ogawa et al., 1993;
Buxton et al., 1998).

To test the possibility that the BOLD signal could be modeled
as the linear superposition of volume and saturation effects, we
decided to apply multiple linear regression of the BOLD signal
with the NIRS parameters. Based on the measurement model
presented by Obata et al. (2004; Ogawa et al., 1993), the relative
BOLD signal can be expressed in terms of the normalized
fractional venous blood volume (v = V/V,) and the normalized
total deoxy-hemoglobin content (¢ = V(1 — Y)/ V(1 — Y,); where
Y is the oxygen saturation of the veins pool):

AS
s,

(k1 +k2)(1 = q) = (k2 + k3) (1 — V)] ()

This model is testable with our data, since the ¢ and v
regressors can be approximated by the baseline normalized NIRS
measured HbR and HbT parameters. Although the NIRS measure
of total hemoglobin changes is not explicitly venous derived, as a
first approximation, this allows us to consider this model without
compartmentalizing the data into arterial and venous contributions.
Future analyses will have to consider the effects of ¢ and v from
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Fig. 9. Here, we present the group averaged response functions from simultaneous NIRS and ASL-fMRI scans (study II). As was also seen in the individual
subject data, the ASL measured CBF clearly peaks around 2 s earlier then the BOLD response. The NIRS measured HbT/HbO and HbR responses closely
agree with the fMRI responses of CBF and BOLD respectively. The figure on the right shows a zoomed view of the same response, highlighting the clear
separation in time-to-peak between the HbO:HbT:ASL and HbR:BOLD responses.

the different vascular compartments. For now, we used estimated measured HbR (¢) and HbT (v) of 2.8:1 and 2.7:1 for studies I
baseline values of 25 pM and 85 puM for HbR and HbT and II respectively. This ratio is given by (k; + k,) / (k + k3),
respectively (Torricelli et al., 2001). The dimensionless parameters which normalizes out the estimate of the volume fraction (V).
kgi53; depend on the fMRI echo time (TE), baseline oxygen In Table 4, we present the model fit and calculated coefficient
extraction, tissue composition, and magnetic field strength, while ratios for the two studies obtained through this multiregression
V, is the baseline blood volume fraction. At 3 T, these values can analysis. As can be seen by the Pearson coefficients for each subject,
be estimated to be {k; =4.2 (2.7); ko = 1.7 (1.1); k3 = 0.41 (.30)} there was only modest improvement compared to the original
for study I (TE = 30 ms) and II (TE = 20 ms), based on values and correlation with just HbR. Similar findings have previously been
equations presented in (Mildner et al., 2001). These theoretical shown by Toronov et al. (2003). However, since both HbR and HbT
values would predict a relative contribution from the NIRS are correlated to the BOLD signal and are themselves correlated to
Table 4

Here, we present the analysis of variance and partial correlation analysis to investigate the measurement model of the BOLD signal (Obata et al., 2004):
ASIS, = Voltki + k)*(1 = q) = (k2 + ka)*(1 — v)]

A/B ANOVA analysis Partial correlation analysis
F(BOLD,HbTIHbR)  Variance R(BOLD:HbR) R(BOLD:HbR,HbT) ~ R(BOLD:HbTIHbR)  R(BOLD:HbRIHbT)
distribution [regression model]
(HbR:HbT)
Study 1
A 5.6 31.2 (4 x 107 (93:7) 0.93 (4 x 1074 0.92 (4 x 10713 025 (1 x 1071 0.92 (3 x 107"
B 1.2 217.5 (3 x 10719 (85:15) 0.90 (7 x 1071%) 0.95 (1 x 10719 0.38 3 x 107%%) 0.92 (6 x 1071
C 438 174 (3 x 107 91:9) 0.94 (3 x 107 0.97 (<1 x 10719 0.30 (7 x 107%%) 0.97 (1 x 10°%)
D 6.5 4.6 (2 x 1079 (99:1) 0.94 (1 x 1074 0.94 (1 x 10714 0.35 (5 x 107%%) 0.91 (1 x 1079
E 2.7 1155 2 x 10713 (66:34) 0.64 (1 x 107 0.94 (2 x 1074 0.69 (8 x 10°%) 0.96 (4 x 10°%)
ALL 4.2 (1.0) 68.1 (4 x 10719 (89:11) 0.98 (<1 x 107" 0.98 (<1 x 107'%) 0.33 (4 x 107%%) 0.96 (<1 x 1079
Study 11
F 0.7 244.1 (1 x 10719 (50:50) 0.75 (2 x 107%) 0.96 (2 x 107 0.95 (6 x 107%) 0.94 (6 x 107%)
G 0.1 333.7 (<1 x 107'%)  (99:1) 0.78 (6 x 107%) 0.97 (6 x 107'%) 0.12 3 x 107°h 0.66 (1 x 107%
H 8.0 0.73 (5 x 107 (93:7) 0.57 (6 x 107 0.59 (6 x 107 0.28 (5 x 107 0.69 (6 x 107%)
I 2.1 2.9 (7 x 1079 (85:15) 0.91 (4 x 1071%) 0.93 (8 x 107'% 0.34 (4 x 107%%) 0.96 (1 x 10714
J 1.8 6.1 (8 x 107% (55:45) 0.59 (6 x 10~ 0.62 (2 x 107 0.42 2 x 107%) 0.48 (8 x 10°%)
All 2.6 (1.4) 162 (7 x 10714 (80:20) 0.80 (9 x 107%) 0.97 (2 x 107'®) 0.40 (1 x 1079 0.76 (3 x 107
Total ~ N/A 246.8 (9 x 10719 (64:36) 0.96 (<1 x 107'%)  0.97 (<1 x 107'%) 0.72 3 x 107%) 0.96 (<1 x 1071

Where ¢ and v are the normalized total HbR and HbT (volume) variables taken from the NIRS recordings and AS/S, is the normalized BOLD signal change.
Column 2 presents the ratio of these coefficients [4/B = (k; + k,)/(k, + k3)] and the standard error for the group average. This is not given for the average of the
two studies since the echo times differed. In column 3, we show the partial analysis of variance F test value and its associated null probability. This value tests
the additional variance in the BOLD response that is accounted for by adding the AHbT/HbT, (v) regressor to the model already including AHbR/HbR,, ( ¢).
This value tested statistically probable for all subjects and group averages. Columns 6—8 show the full and partial Pearson’s coefficients (zeroth-lag
correlations) and probabilities for the BOLD signal to the full regressive model (column 6) and to HbT and HbR with the other partialled out. Partial correlation
is calculated by the equation: R(4:B1C) = [R(4:B — R(4:C) * R(B:C))/[N(1 — R*(A4:C)) * (1 — R*(B:C))] for the partial correlation of 4 against B controlling
for C, where R(A4:B) is the usual Pearson’s coefficient of 4 against B (etc.). The Pearson’s coefficients for the correlation of BOLD with HbR are also given in
column 5 from Tables 2 and 3. The time period of 0—15 s was used for all analysis. For the group averages from the individual studies and across studies, the
averaged response curves were used.
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each other, this coefficient does not adequately describe the
redistribution of the variance between the two regressors.

Using an analysis of variance approach, we calculated the
partial F statistic values associated with the addition of the HbT
regressor to a regression model of the BOLD signal already
including HbR, i.e., F(BOLD,HbT|/HbR) given in Table 4. This
test, which follows a Xn—% distribution, tests the null hypothesis of
whether the coefficient multiplying HbT (i.e., k, + k3) equals zero.
With the exception of subject H, this test met a P < 0.05 criterion
for the individual subjects and the group averages, suggesting that
HbT explains a significant additional amount of the BOLD signal
and accounts for roughly 36% of the variance in the BOLD signal
based on partial-R*> analysis in the average of both studies. To
increase our confidence in the BOLD dependence on HbT, we
performed a partial correlation analysis (Whittaker, 1990; Gather et
al., 2002) between the three variables: HbR, HbT, and BOLD. We
used this analysis to determine the correlation between BOLD and
HbT controlling for the correlation of HbR and HbT. As shown in
Table 4, the correlation between BOLD and HbT remains.

In addition to testing the statistical influence of changes in HbR
and HbT on the BOLD, we can also estimate the ratio of the
regression coefficients from Eq. (1). The ratio of the coefficients
(k1 +kp)/(ky + k3) was found to be 4.2 £ 1.0 and 2.5 £ 1.4 [mean +
StdErr] for the five subjects in studies I and II respectively. In all
cases, the sign of both the individual coefficients was positive,
indicating positive relationship between BOLD and HbT. The
theoretically predicted values for this ratio were 2.8:1 and 2.7:1
based on the previously cited values of ky;»3; and echo times.
These results are in reasonable agreement with the expected values.
Partial volume and/or errors in the estimate of the path length in the
modified Beer—Lambert relationship affecting the absolute mag-
nitude of the changes could account for this discrepancy.

Comparison of NIRS and ASL measurements

In study II, we further investigated the functional MRI and
NIRS relationships by studying the correlation of ASL measured
blood flow and the hemoglobin parameters measured by NIRS.
Based on predictions of biomechanical models of the hemody-
namic response (Buxton et al., 1998, Mandeville et al., 1999), we
hypothesized that blood flow and total hemoglobin (blood volume)
would be best correlated. Since we expect a fairly tight coupling
between flow and volume, we expected that the onset and time-to-
peak of these two variables would be very similar. In addition,
since the majority fraction of the total hemoglobin is HbO, we
expected HbO to also correlate with ASL, but because of washout
and metabolic influences, we expected this correlation to be
slightly weaker. Indeed, when we investigated the relationship
between NIRS and ASL measured blood flow in study II, we found
the expected significant correlation between HbO, HbT, and ASL
that was predicted by our hypothesis. In all five subjects, these
correlations where much more significant than that between the
ASL and HbR responses (R =0.13; P =0.5), and in four of the five
subjects, we found that HbT was slightly better correlated with the
ASL signal (R =0091; P=4 x 10~'?) than was the HbO response
(R=0.83; P=8 x 107°%). The difference in lag times between the
ASL and BOLD responses (2.2 + 0.9 s) is similar to that between
HbT and HbR as well as HbO and HbR. Previous fMRI work
comparing perfusion and BOLD-based methods have also reported
a similar temporal mismatch with perfusion traces peaking slightly
prior to the BOLD response (Liu et al., 2000; Yang et al., 2000;

Aguirre et al., 2002). Together with the findings from study I, these
results provide further support for the hemodynamic origins and
interpretation of the fMRI signals and support the use of NIRS as a
functional brain imaging methodology.

In the group-average of these five subjects, we did notice that
the ASL measurements appeared to have a more pronounced post-
stimulus undershoot compared to HbT (blood volume). As shown
in Fig. 9, the trace of CBF (ASL data) closely follows that of HbT
for the first 6 s of the response but deviates after around 6 s as
blood flow further undershoots below its baseline value. In these
data, we do observe that HbO and HbT also undershoot their
baseline values, however, not as markedly as the flow measure-
ments. The possibility of a flow undershoot would suggest a
mechanism to explain the HbT, HbO, and HbR (BOLD) under-
shoots as well. Similar flow undershoots have been previously
noted in human visual cortex (V1) with ASL measurements
(Hoge et al., 1999). These have also been observed during laser-
Doppler flowmetry (LDF) measurements in rodents during
vibrissal (Ma et al., 1996) and electrical fore-paw stimulation
(Mandeville et al.,, 1999), although this undershoot in LDF
measurements is usually attributed to the uncorrected under-
estimation of flow at high volume levels (Mandeville et al., 1999).
This possibility of a post-stimulus undershoot in flow and its
implication on the interpretation of fMRI and NIRS measurements
requires further investigation.

Inter-subject variability and interpretation

In this study, although we consistently noted the expected
correlations between pair-wise parameters in individual and group
averages, as demonstrated by Figs. 4 and 7, we found a large
degree of cross-modality correlated inter-subject variability in the
shape and timing of the hemodynamic response. In some cases, the
HbR and HbO/HbT traces were nearly simultaneous, peaking
nearly opposite to each other. In other cases, the HbR response was
well separated and delayed from the other hemoglobin time
courses. The ASL and BOLD traces also showed a similar
variability, and in almost all cases, the strong correlations between
fMRI and NIRS parameters held despite this variability. This
suggests that this variability is not the result of systematic
measurement error (for example, the result of the MRI or NIRS
acquisition protocol) but instead represents real physiological or
anatomical differences underlying the hemodynamic response.

To first rule out the possibility of behavioral explanations for
this variability, we noted that these inter-subject differences are not
explained by physical task differences since tapping frequencies
could be calculated for half (5) of the subjects and were found to be
between 1.5-3 Hz (Avg = 2.4 + 0.4 Hz) with no clear correlation
between tapping frequency and latency of response nor magnitude
of the response. Due to technical reasons, we could not calculate
quantitative tapping frequency information for the remaining
subjects. Subject D, in particular, had a very latent response
compared to the other nine subjects with HbO/HbT not peaking
until after over 7 s post-stimulus trigger. However, from the
auxiliary finger-tapping sensor, it is clear that this subject was
perfectly compliant with the task, and that his response time was
comparable to the other subjects. The precise response times for
each subject could not be extracted from the finger sensor
recordings but could be estimated to be no more then several
hundred milliseconds and not enough to explain the variation of
several seconds seen in the response time-to-peaks.



T.J. Huppert et al. / Neurolmage 29 (2006) 368—382 379

Since this variability was correlated between the fMRI and
NIRS measurements, we proposed that the source of this variability
should have physiological or anatomical origins common to both
modalities. Previous work has noted a similar inter-subject
variability in the BOLD response under a number of different
conditions. Such variability in the BOLD time-to-peak has been
seen in both ROI analyses across subjects (Aguirre et al., 1998;
Miezin et al., 2000) as well as regionally within subjects (Miezin et
al., 2000). Previous fMRI literature has hypothesized that this
variability in the latency of the BOLD response is the result of
increased (gradient echo) fMRI sensitivity to the larger draining
(pial) veins, which give rise to both a later response and have a
higher contrast-to-noise ratio compared to smaller veins (Lee et al.,
1995; Boxerman et al., 1995).

Similar to GE-fMRI, for NIRS, it is likely that larger pial veins
(<1 mm) give rise to larger, higher contrast signals (Liu et al.,
1995). Liu et al. (1995) predicted that NIRS has uniform
measurement sensitivity to blood vessels with diameters smaller
then the optical absorption length (~1 mm for whole blood at 800
nm). While the signal-to-noise ratio to vessels in this size range is
uniform, the hemodynamic contrast, which is the product of this
measurement sensitivity and the magnitude of the response, would
be expected to increase for increasing vessel diameter. Thus, the
contrast-to-noise ratio of NIRS is likely to increase with vessel size
up to approximately 1 mm in diameter, as these veins will have
larger overall changes in hemoglobin concentrations. Since the
venous sinuses and collecting veins are typically larger then the 1-
mm absorption length, these vessels would be expected to have
very little signal contribution to the NIRS measurements as they
absorb the majority of traversing light (Liu et al., 1995). In this
respect, we feel that both NIRS and GE-fMRI will have similar
vascular contrast profiles and thus will be similarly weighted to the
pial vessels within a region-of-interest average. This is further
corroborated by our ASL:NIRS and BOLD:NIRS comparisons,
which would generally not have been as correlated if NIRS and
fMRI had significantly different vascular sensitivities.

We therefore speculate that the inter-subject variability in the
time-to-peak of the response is the result of different vascular
profiles between subjects. In the case of both the BOLD and NIRS-
HbR measurements, which are both expected to be venous
weighted, the larger veins will have a larger contrast-to-noise

Table 5

ratio. These areas will be more heavily weighted in an ROI average
that is based on P value thresh-holding, as was used here. This
results in temporal dynamics of the region-of-interest average that
reflects the partial volume contributions of these larger draining
veins. Thus, the higher the volume fraction of draining veins in the
ROI, the response will be more latent and have greater amplitude.
In contrast, NIRS measurements of HbO and HbT would be
expected to have a greater weighting to the arterial compartments
than HbR. The more downstream draining veins likely only exhibit
oxygenation changes from washout effects and will likely not have
blood volume changes that correlate with latency.

This hypothesis predicts a correlation between the timing and
amplitude of the individual responses for HbR but not for HbT. As
expected, we found that the overall time-to-peak of the response
and the maximum amplitude change were highly correlated (P <
0.05) for HbR response (presented in Table 5). We also noticed a
similar, but less statistically strong, trend for HbO as well. We
found no such correlations in the relationship between time-to-peak
of the response and HbT amplitude change (P > 0.5), which
provides further support for this hypothesis as the larger
downstream draining veins likely have little volume change.
However, the possibility of a correlation cannot be discredited
due to increased inter-subject variance of the response amplitudes
arising from NIRS partial volume effects. Alternatively, we might
hypothesize that differences in the baseline conditions (blood flow,
volume, and oxygen saturation) could give rise to similar inter-
subject variability. However, in that model, we would have
expected to find a correlation between HbT amplitude change
and time-to-peak.

Although these correlations are in line with our hypothesis that
the inter-subject variability we noted in the hemodynamic
responses might be due to increased sensitivity of both the BOLD
and NIRS signals to larger blood vessels (up to 1 mm), the true
source of this variability is still unknown. However, since this
variability is found across both modalities, we believe that this
represents actual physiological variability between subjects and
should be further investigated in future studies. We would also like
to point out that this inter-subject variability could have a potential
impact on the use of group averaging in quantitative analysis of both
NIRS and fMRI data, particularly in analysis where a single
response line-shape is assumed for all subjects. This issue has been

Here, we show the probability of the null hypothesis (P values) for the correlation between the time-to-peak and magnitude of change of the various

hemoglobin parameters

Time to Time to Time to Time to HbO max HbT max HbR max HbO HbT HbR
peak HbO  peak HbT  peak HbR  peak BOLD  change change change integrated  integrated  integrated
area area area

Time to peak HbO -

Time to peak HbT <0.01 -

Time to peak HbR 0.02 0.02 -

Time to peak BOLD 0.02 0.03 0.02 -

HbO max change 0.10 0.08 0.34 0.39 -

HbT max change 0.75 0.66 0.91 0.99 <0.01 -

HbR max change <0.01 <0.01 0.02 0.04 0.03 0.48 —

HbO integrated area 0.12 0.10 0.23 0.25 <0.01 <0.01 0.01 -

HbT integrated area 0.54 0.47 0.74 0.73 <0.01 <0.01 0.31 <0.01 -

HbR integrated area <0.01 <0.01 0.02 0.03 0.06 0.63 <0.01 0.02 0.44 -

We found significant ( P < 0.05) correlation between the latency of the response peak and the overall amplitude of the response for the HbR response. We also
noted a similar trend for the HbO response, but the HbT response amplitude and timing seemed to be uncorrelated ( P > 0.6). All ten subjects were used in this

analysis.
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discussed as an area of concern in previous literature (Aguirre et al.,
1998), and the finding that this variability carries across imaging
modalities further strengthens this concern. In this study, we used a
blind least-squares deconvolution for all the analysis in both the
NIRS and fMRI and thus avoided the generalized canonical models
that might influence the results in light of such variability.

Comparing hemodynamic amplitude changes between subjects

Although our results demonstrate significant correlation be-
tween the amplitude and latency of the hemodynamic response
across subjects, some care must be taken to understand the validity
of such amplitude comparisons. As pointed out by previous
researchers (Uludag et al., 2002, 2004; Strangman et al., 2003),
differing partial volume factors arising from the source detector
positions relative to site of activation, depth of activation, scalp and
skull thickness, and baseline optical properties can all potentially
cause large variance in the NIRS estimate of amplitude changes
between subjects when not controlled or modeled. Thus, probe
placement as well as differing individual subject anatomy are
sources of random variance in the partial volume effect. While this
means that individual data is highly variant, this does not
completely prevent inter-subject amplitude comparisons and
analysis of the statistical trends in group averages. Instead, to
compensate for this increased variance, more subjects’ data are
required in order to demonstrate statistical significance. Interest-
ingly, in this experiment, we found statistically significant
correlation (P < 0.05) between the response amplitude and latency
with only 10 subjects. This finding suggests that such comparisons
are not as fallacious as once suggested. Future improvements to
characterize the partial volume factors based on anatomical
information (Barnett et al., 2003) as well as the use of tomographic
probe geometries to give more uniform spatial sensitivities (Boas et
al., 2004) will likely further reduce this partial volume variance,
improving such amplitude comparisons.

Comments on the generality of these results

In general, we expect that there should be a strong correlation
between the BOLD and HbR responses. Based on our partial-
regression analysis of the measurement model of the BOLD
response suggested by Ogawa et al. (1993), we also found a small
but significant contribution of blood volume. However, although
this experimental design yielded convincing evidence for the
correlation of these two methodologies and supported this
measurement model, we must be cautious in drawing conclusions
on the generality of these conclusions to other experimental
situations. For example, while the correlation between BOLD and
HbR should in general remain true, the details of this relationship
will change depending on a number of experimentally defined or
subject specific parameters particularly those which affect the
BOLD measurement, such as echo sequence or field strength. For
both NIRS and fMRI, the observed hemodynamic parameters such
as blood volume, HbO, or HbR are spatial and temporally filtered
versions of their true underlying changes in the brain. The BOLD
signal, for example, is an indirect measurement of HbR, depending
on details of the fMRI acquisition sequence, baseline properties of
the brain, and vascular sensitivities with both extra and intravas-
cular contributions (Boxerman et al., 1995). In general, these
parameters and filters are not known and should not be expected to
be identical between the NIRS and fMRI. As a result of this,

although both methods may be functions of the same changes in
underlying HbR, the measured results may differ because the filter
functions may differ. Since these vascular filters will depend on a
number of factors including the acquisition scheme employed, it is
possible that other echo, scan parameters, or even brain regions
may yield slightly differing results.

Conclusions

The synergistic information content between the NIRS and
fMRI methodologies provides an attractive possibility of future
multimodality studies. It is clear that, although both methods
measure aspects of the hemodynamic response, they do so using
very different means. As a result, measurement sensitivity, data
processing, and the very different physics of acquisition can all
potentially play important roles in interpretation of these results.
Vital to the correct interpretation of such multimodality studies,
proper control experiments must be first preformed. In this study,
the common measurement of HbR between the BOLD-fMRI and
NIRS recordings provided one such control. Our results here show
an extremely strong statistical correlation between these measure-
ments (P <8 x 1072"), which is supporting evidence for the cross-
validity of such approaches. Our data also showed a significant
partial contribution of HbT to the BOLD signal in each subject.
This supports the BOLD measurement model proposed by Obata et
al. (2004). In addition, based on biophysical models of the
hemodynamic response, we had postulated that similar temporal
dynamics between the ASL measured flow response and the NIRS
measured HbT would provide a second means of this cross-
validation. Again, in agreement with this hypothesis, we found this
correlation to be significant (P < 4 X 107'%). We believe these
results provide convincing evidence for the hemodynamic signal
origin for both the fMRI and NIRS techniques. However, since this
study only examined the temporal relationships between these
methods, further work must be done to understand the spatial
relations between the NIRS and MR imaging techniques.
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