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Evidence that cerebral blood volume can provide brain activation
maps with better spatial resolution than deoxygenated hemoglobin
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With the aim of evaluating the relative performance of hemodynamic
contrasts for mapping brain activity, the spatio-temporal response of
oxy-, deoxy-, and total-hemoglobin concentrations were imaged with
diffuse optical tomography during electrical stimulation of the rat
somatosensory cortex. For both 6-s and 30-s stimulus durations, total
hemoglobin images provided smaller activation areas than oxy- or
deoxy-hemoglobin images. In addition, analysis of regions of interest
near the sagittal sinus vein show significantly greater contrast in both
oxy- and deoxy-relative to total hemoglobin, suggesting that oximetric
contrasts have larger draining vein contributions compared to total
hemoglobin contrasts under the given stimulus conditions. These
results indicate that total hemoglobin and cerebral blood volume
may have advantages as hemodynamic mapping contrasts, particularly
for large amplitude, longer duration stimulus paradigms.
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Introduction

The blood oxygenation level dependent (BOLD) signal
common to functional Magnetic Resonance Imaging (fMRI) is
predominately due to the paramagnetic properties of deoxy-
hemoglobin ([HbR]). With high arterial saturation (~99%),
appreciable concentrations of [HbR] are generally only present
in capillary and venous vessels. One potential problem when
mapping neural activity with [HbR] is that significant modu-
lations in [HbR] can occur in larger veins distal and distant to the
area of neuronal activation (Frahm et al., 1994). In an effort to
over come this problem, MRI methods, such as flow crushing
gradients, have been developed to quench the BOLD image
contrast in large veins and provide improved mapping of brain
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activity (Boxerman et al, 1995). Recent studies using fMRI
method alternatives to the BOLD signal indicate that both flow
sensitive contrasts (Duong et al., 2002; Kim and Ugurbil, 2003;
Lee et al., 2002; Silva et al., 1999) and CBV contrasts (Gautama
et al., 2003; Leite et al., 2002; Mandeville et al., 2001; Vanduffel
et al., 2001) can provide advantages over the BOLD signal
including better contrast to noise ratio, smaller activation areas,
and reduced draining vein effect. In this contribution, we use
Diffuse Optical Tomography (DOT) to examine the spatio—
temporal evolution of [HbR], oxy-hemoglobin ([HbO]), and total
hemoglobin ([HbT]) contrasts in response to electrical stimulation
of rat forepaw with the aim of determining the relative imaging
performance of each contrast.

Results of previous invasive reflectance optical intrinsic signal
(OIS) imaging studies suggest a complex dependence of the
hemodynamic activation area upon the specifics of the stimulus
type. OIS imaging has proven to be an extremely useful technique
for imaging brain function, with the advantage of being able to
spatially resolve superficial arteries, capillaries, and veins (Grin-
vald et al., 1986). Early work by Frostig et al. suggested that
reflectance OIS measurements at oxygenation sensitive wave-
lengths (4 = 600—630 nm) are better localized (smaller activation
arecas) than reflectance images at a total hemoglobin sensitive
wavelength (1 = 570 nm) during visual stimulus in cats (Frostig et
al., 1990). Recent work imaging single whisker stimuli in mice
also found smaller activation areas for a deoxy sensitive wave-
length (4 = 610 nm) relative to activation maps at a total
hemoglobin wavelength (4 = 540 nm) (Erinjeri and Woolsey,
2002). On the other hand, Sheth et al. found that the magnitude of
CBV related optical measures (4 = 570 nm) exhibits a stronger
correlation with the magnitude of evoked field potential (Sheth et
al., 2003) than oximetric (A = 610 nm) contrasts, and that both
CBV and early time oximetric contrasts were capable of columnar
localization in the rat somatosensory cortex (Sheth et al., 2004a).
However, OIS results need to be interpreted with caution since they
are strongly weighted towards superficial vasculature response. In
addition, recent methodological advances, that use more rigorous
tissue optic models including a full spectral decomposition with
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appropriate wavelength dependent pathlengths (Devor et al., 2003;
Dunn et al., 2003; Kohl et al., 1998; Mayhew et al., 1999; Sheth et
al., 2004a), have not yet been used to assess spatial extent. Thus,
invasive reflectance OIS characterization of activation areas
remains an active area of research.

Non-invasive diffuse optical imaging (DOI) methods, that
utilize near infrared spectroscopy have also been used to map both
deoxy- and oxy-hemoglobin (Boas et al., 2002; Villringer and
Chance, 1997; Yodh and Boas, 2003). As yet, methods equivalent
to flow crushing gradients have not been developed for DOI,
suggesting that functional imaging of [HbR] with DOI will be
adversely affected by contrast in large vessels. However, as with
OIS, other DOI hemodynamic contrasts are available. DOI can
image both hemoglobin types, and reinterpretation of the two
types provides a cerebral blood volume (CBV) measure through
the total hemoglobin concentration ([HbT]), and a measure of
hemoglobin oxygen saturation (StO,). DOI methods, including the
point measure technique commonly known as Near Infrared
Spectroscopy (NIRS), have been used to non-invasively monitor
human brain activity during a variety of functional activities,
including motor (Franceschini et al., 2003; Obrig et al., 1996;
Toronov et al., 2000), visual (Heekeren et al., 1997; Meek et al.,
1998; Takahashi et al., 2000), auditory (Chen et al., 2002;
Sakatani et al., 1999; Zaramella et al., 2001), and cognitive tasks
(Chance et al., 1993; Fallgatter and Strik, 1998; Tsujimoto et al.,
2004). In contrast to PET and MRI, DOI does not use a rigid fixed
scanner but instead employs a wearable imaging cap. A DOI cap
is optimally suited for brain imaging in several novel situations
not amenable to scanner geometries, including pediatrics (Chen et
al., 2002; Hebden, 2003; Hintz et al., 1999; Kusaka et al., 2001b,
2004; Meek et al., 1998; Sakatani et al., 1999; Taga et al., 2003),
and tasks in adults such as studies of gait (Miyai et al., 2001,
2003; Saitou et al., 2000), sleep (Kusaka et al., 2001b; McGown
et al.,, 2003; Spielman et al., 2000), and longitudinal bedside
imaging (Hintz et al., 1999; Keller et al., 2000; Kusaka et al.,
2001a; Sokol et al., 2000). Typically, DOI methods use a grid of
interlaced source and detectors and utilize only nearest neighbor
measurements. A more robust tomographic form of imaging,
diffuse optical tomography (DOT), employs source-detector pairs
with overlapping measurement volumes, such that each detector
receives light from multiple distinguishable sources, and data
inversion procedures that provide self-consistent solutions among
the multiple measurement pairs (Boas et al., 2002; Oleary et al.,
1995; Yodh and Boas, 2003). We recently demonstrated that
tomographic approaches incorporating both nearest and second
nearest neighbor measurements provide significantly improved
images compared to the more common interpolation between
nearest neighbor only measurements (Boas et al., 2004). In small
animal models, where imaging performance is significantly
enhanced, volumetric diffuse optical tomography has been used
recently to map cerebral hemodynamics during motor function
(Culver et al., 2003c; Siegel et al., 2003; Yu et al., 2003), focal
ischemia (Bluestone et al., 2004b; Culver et al., 2003b), and
global hypoxia and hypercapnia (Bluestone et al., 2004a; Culver
et al., 2002).

While insight into the hemodynamic response as measured by
DOT can be gained from fMRI and OIS, the point spread functions,
depth sensitivities, and vascular compartments weightings to the
measured signals, vary significantly between the different brain
mapping methods. In addition, DOT of brain activity is relatively
new compared to invasive optical imaging and fMRI. The goal of

this study was to compare the spatial extents of functional
activation maps generated from [HbO], [HbR], and [HbT] contrasts
using diffuse optical tomography. To facilitate a comparison with
fMRI, we followed the animal preparation and stimulus protocol in
a set of previously published fMRI studies in which CBV and
BOLD contrasts were used to map the evoked response to
stimulation of the rat somatosensory cortex (Mandeville et al.,
1998, 1999a, 2001).

Materials and methods
Animal preparations

Adult male Sprague—Dawley rats (300—-325 g) were anesthe-
tized (Isoflurane 1—-1.5%, N,O 70%, O, 30%) and catheters were
placed into a femoral artery to monitor the arterial blood pressure
and into a femoral vein for drug delivery. The body temperature
was maintained at 36.7 = 0.5°C. The animals were tracheotomized,
mechanically ventilated, and fixed on a stereotactic frame. The
pressure cycled ventilator was adjusted as needed to maintain a
nominal end-tidal CO, of 38 + 5 Torr. After surgery, isoflurane was
discontinued, and anesthesia was maintained with a 50 mg/kg
intravenous bolus of a-chloralose, followed by continuous intra-
venous infusion of 30—45 mg/kg/h, adjusted to stabilized MAP at
100 = 10 mm Hg.

Functional activation paradigm

Twenty-seven gauge hypodermic needles cleaned of silicone
solvent were attached in pairs across both the right and left
forepaws. Stimulation involved 200 pus constant current pulses at 3
Hz repetition, with amplitude 1 or 2 mA. Two pulse trains were
used; (a) 6 s stimulation followed by 54 s rest, and (b) 30 s
stimulation followed by 90 s rest. Between 8 and 32 blocks were
acquired with either the right or the left forepaw individually
stimulated.

Diffuse optical tomography instrumentation

These studies employed a frequency-encoded continuous wave
imaging system with 9 dual wavelength sources (laser diodes, 9 at
690 nm and 9 at 830 nm) and 16 avalanche photodiode (APD)
detectors. The source lasers are square-wave modulated, each at a
separate frequency spanning 4-8 kHz, with 200 Hz spacing.
Outputs of the 16 APD modules were AC-coupled, amplified and
digitally sampled at 16 bits at a rate of 40 ksps. The system
provides the following performance: detection sensitivity with a
noise equivalent power, NEP = 0.04pW/ V/Hz fixed gain dynamic
range (linear to 1%) >60 dB, and inter source-detector-pair
channel cross-talk <—60 dB. The optode array covered a flat
region of the rat head extending 7.5 mm either side of midline,
and from 4 mm anterior to 11 mm posterior of bregma. Both the
sources and the detectors were coupled through 200 um fibers to a
25 mm x 25 mm rubber pad (see Fig. 1). The rubber pad was
flexible and allowed to conform to the slightly curved geometry of
the rat head. The light from each source was detected by all 16
detectors, for a total of 144 source-detector pairs, at both the 690
nm and 830 nm wavelengths. Coupling of the fibers to the tissue
was established by monitoring the light levels for each source and
detector.
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Fig. 1. Diffuse optical tomography (DOT) imaging schematic. The light to and
from the rat head is relayed by 16 detector fibers and 9 bi-wavelength source
fibers. The array covers a 15 mm by 15 mm square area on the flat portion of
the rat head. The imaging domains are shown in both (a) horizontal (xy) and (b)
coronal (xz) views. A volumetric imaging domain was used to confirm the
depth of activation. The 3D image constrained to and integrated over depths of
1.5 to 3.5 mm was used for the subsequent spatio-temporal analysis.

Reconstructing hemoglobin concentrations

We modeled diffuse photon density waves using an extrapo-
lated zero boundary, semi-infinite media solution (Haskell et al.,
1994). The diffuse wave fluence rate, @;, for the ith source and
detector pair measurement with source position, r;;, and detector
position, r;;, is,

3Ml So e*k”] e—kr;
4’(1'”',1}1‘,1') = 4Sn < " - " . (1)

The attenuation coefficient, &, is defined, &> = 3 wh (ua — i /'v),
where, p, is the tissue absorption coefficient, yf is the tissue
scattering coefficient, o is the source modulation frequency, v is the
speed of light in the medium, and S, is the point-source amplitude
and phase. The distances to the real source, 7} =|r,; — zZ — ry,|, and
the image source, 7, = |ry; + (z + 2zg) Z — ry,|, are defined by a
source depth, zo =1/ p!, and zz = 2 / 31, the extrapolated zero
boundary distance.

Differential image reconstructions were obtained using a linear
Rytov approximation approach (Kak and Slaney, 1988). In this
scheme, the total diffuse wave fluence, @, is written as, @ = @, exp
(Dgear)- The total fluence, @, consists of a background field, @, that
depends on background optical properties, and a perturbed field,
D, Which is linearly related to a set of spatial variations in the
optical properties ou, and 0y . Experimental measurements of @
on the sample surface lead to images of the spatially varying
absorption via solution of a least-squares problem. In this work, we
utilize the intensity data to reconstruct absorption perturbations.
The Rytov formulation of the scattered field is written in discrete
notation as y = Ax with the following definitions (Culver et al.,
2001; Oleary et al., 1995):
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Here, G is the Greens function that models light transport for
the given boundary conditions and optical properties. The semi-
infinite solution discussed above was used to calculate G. The
inverse problem, with Tikhonov regularization, is expressed as
minimizing the following objective function:

. 2 2
min |[Vees — AXJ3 + 212113 }- 3)

The penalty term for image variance, « ||Lx ||, is a pseudo norm
and depth dependent regularization was used where the diagonal of
L = (diag (ATA) + B2, A solution, x = Aﬁ,ﬁymeas, was obtained
using a Moore—Penrose generalized inverse with, A,;,f =
LflAT(ATA + ocI)flymeas, where A = AL"'. The values of o and
J were optimized to provide even imaging across the field of view
as judged by evaluating point, line, and half space objects using a
resolution matrix analysis and contrast to noise assessments (Culver
et al., 2003a,b). Baseline optical property values were based on
previously published data obtained using frequency domain
measurements on a group of 5 similarly sized and anesthetized
rats (Culver et al., 2003b). The reduced scattering coefficients were,
U 7 = 690 nm = 18 cm ! and e 7 = 830 om = 16 cm . Baseline
absorption coefficients (i, ; = 690 nm = 0.21 cm !and Ha = 830 nm =
0.22 cm™") were calculated based on values total hemoglobin
concentration, [HbT] = 100 uM, and 70% oxygen saturation.

Both three-dimensional and constrained two-dimensional
reconstructions of the data were performed. For the three-dimen-
sional reconstructions, an optode positional correction routine was
applied prior to reconstruction (Stott et al., 2003). The volumetric
domain consisted of cubic voxels 0.5 mm on edge, spanning a 18 x
18 x 6 mm (x,y,z) volume (~1.5 x 10* voxels). The light from
each source was detected by all 16 detectors, for a total of 144
source detector pairs (SD-pairs), at each of the 690 nm and 830 nm
wavelengths. These SD-pairs have separation distances ranging
from 3.5 mm to 17.5 mm. For reconstructions, we used the
measurements with SD-pair distances <12 mm. This resulted in a
set of 100 SD-pairs, 36 of which were nearest neighbors (psp = 3.5
mm), 48 at second nearest distance (psp = 3.5 mm) and 16 at third
nearest distance (pgp = 3.5 mm). Computation of A‘,ﬁ,OC took 14 s on
an 1.8 GHz AMD Athlon™ MP dual processor machine with 2 GB
memory. Af;’a was computed once and then applied to the entire
measurement time series. For analysis, we extracted a smaller
volume well sampled by multiple SD pairs. The 14 x 14 x 4.5 mm
volume extended from 2 mm anterior to 12 mm posterior of
bregma, 7 mm laterally of midline on both sides and to a depth of
4.5 mm.

For constrained two-dimensional reconstructions, cubic vox-
els 0.5 mm on edge, spanning an 18 X 18 x 2 mm volume
(~5 x 10° voxels) were used with 100 measurements. For
analysis, we extracted a 14 X 14 x 2 mm volume extending
from +2 mm to —12 mm of bregma, 7 mm either side of
midline. Single slice two-dimensional images in the horizontal
plane were obtained by averaging the volume along the depth
dimension from 1.5 to 3.5 mm. The depth range was chosen
based on the results of the volumetric three-dimensional
reconstructions (see Results; Culver et al., 2003c) and through
comparison with fMRI results (Mandeville and Marota, 1999;
Mandeville et al., 2001).

Time series concentration images

Prior to image inversion, the source detector data were low pass
filtered to 2 Hz. The baseline intensity data for each channel (/,



950 J.P. Culver et al. / Neurolmage 27 (2005) 947—-959

(r5;,rqa;)) were defined as the mean value of the data for 2 s
preceding 7,. Time series differential data, computed for each
channel using, y(t) = Inli(r,;,ry;t) / Io(r;xq;), were then
reconstructed for differential absorption (Apta; = 690 nm (7,¢), and
Apta; = 830 nm (7,t)). The absorption coefficients were converted
into hemoglobin concentrations (C) using spectral decomposition;
AC = E~'Ap,, where AC = {A[HbR],A[HbO]} is a vector of
concentrations, E is a matrix containing the extinction coefficients
of [HbR] and [HbO,] at the two wavelengths, and Ap, is a vector
(e. App = {ApS%° ™ ApS® "My containing the differential
absorption coefficients. The individual hemoglobin concentrations
were subsequently converted into a total hemoglobin concentration
A[HbT] = A[HbR] + A[HbO]. We used published spectra for
[HbR] and [HbO] for the extinction coefficients (Prahl, 2002; Wray
et al., 1988). Image time series were subsequently averaged using
temporal bins, with 0Ty, = 2 s, for both the Ty, = 6 s and T, =
30 s data.

Data analysis

The temporal standard deviation of each pixel was calculated
from 10 s of 2 Hz baseline data. Dividing the time series
concentration images by the corresponding standard deviation
images, we obtained time series images of contrast to noise ratio
(CNR). Here, noise is defined as the standard deviation in the
baseline images. The CNR image time series were subsequently
averaged using temporal bins, with 07, = 2 s, for both the
Tstim = 6 s data, and Ty, = 30 s data. The CNR magnitudes of
the averaged data were adjusted from the 2 Hz standard
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deviation values by assuming that the standard deviation scaled
with SD~1/4/(N), where N = number of 2 HZ samples in
the averaged temporal bin. Specifically, SD (67}, = 2 s) = SD
(2 Hz) / 2.

To gain insight into the spatio-temporal evolution of each
hemodynamic contrast, we processed the time series images in two
ways. First, time traces were extracted for four regions of interest
(ROIs), spaced laterally relative to midline. The ROIs were
arranged around peak activation contrast with rectangular volumes
of dimension 3.5 mm X 1 mm x 2 mm.

The spatial extent of the activation was quantified by
identifying and summing activated pixels greater than 50%
maximum contrast. For a two-dimensional Gaussian activation,
the number of pixels >50% maximum equals the area defined by
the full-width half maximum (FWHM). The time traces of the
number of activated pixels >50% of peak value were generated for
each data set.

Results

Three-dimensional reconstructions offer the advantage of not
requiring an assumption of activation depth. As reported
previously, the measurement set obtained is capable of support-
ing volumetric three-dimensional reconstructions (Culver et al.,
2003c). The disadvantage of volumetric reconstructions is that
the increased solution space also increases the influence of
noise. To produce volumetric images, we used large 6 s tem-
poral bins. Fig. 2 depicts a representative three-dimensional CNR

(b) Left Forepaw

Time (s)

Fig. 2. Experimental volumetric images of rat brain activity. (a) Right forepaw stimulation. Image intensity represents CNR. (b) Left forepaw stimulation.
Image intensity represents CNR. (c) Time traces of the hemodynamic response ([HbR], [HbO], [HbT]) for the activation volume.
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image of the differential absorption at 2 = 830 nm during elec-
trical stimulation (I mA for 6 s) of the right (Fig. 2a) and left
(Fig. 2b) forepaw. Time courses of the hemoglobin concentrations
in the activation volume (2 mm X 2 mm x 2 mm) centered on
the peak value were extracted and plotted in Fig 2c. These
volumetric images average data from ¢ = 3 to 9 s. They
demonstrate the contra-lateral activation expected, and the
locations of the activations are similar to previously published
fMRI images by several groups (Hyder et al., 1994; Mandeville
and Marota, 1999; Silva et al., 1999). The details regarding these
volumetric images have been discussed previously (Culver et al.,
2003c). For further analysis of the comparison of hemodynamic
contrasts and their spatio-temporal evolution, we used recon-
structions constrained to the cortical layer. The constrained
reconstructions were less sensitive to measurement noise and
facilitated a two-dimensional spatio-temporal analysis at higher
temporal and spatial resolutions than provided by the uncon-
strained reconstructions. In the layer constrained reconstructions,
or 2D images (Fig. 3), ipsi-lateral activations were not evident.
In contrast, the 3D images of Fig. 3 show apparent ipsi-lateral
activation though at very low CNR (CNR ~3-5). The reason
for the differences between the 2D and 3D images is most likely
due to the increased image noise in the 3D images that results
from the smaller regularization constant needed to resolve the
activation in the z dimension. However, fMRI studies in our
laboratory have also observed small stimulus-correlated signal
changes in ipsi-lateral somatosensory cortex (unpublished), so
the 3D results presented here may properly reflect the neuro-
biology. Future studies with higher signal to noise ratios and
denser optode arrays may shed light on these potential ipsi-
lateral activations.
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Time series concentration images for a representative 6-s
stimulus are depicted in Fig. 3 for a single rat. The characteristic
increase in oxy hemoglobin, decrease in deoxy-hemoglobin, and
increase in total hemoglobin are observed. At ¢ = 5 s, all three
contrasts (A[HbT], A[HbR], and A[HbO]) clearly show a focal
response (Fig. 3) located near the forepaw area of the somatosensory
cortex (~4 mm lateral of midline) (Mandeville and Marota,
1999).

While concentration images provide a physiologic variable,
statistical images have several advantages. In an addition to
providing a quantitative assessment of signal quality, for diffuse
optical tomography, the statistical weighting can also improve the
image fidelity (Culver et al., 2003c). Contrast to noise ratio (CNR)
images corresponding to the concentration images are also
presented in Fig. 3, rows d-f. Significant activation (peak
activation CNR > 4) contrast is present in the 3, 5, 7 and 9 s
frames. The A[HbR] activation shifts towards midline relative to
A[HbO], and both A[HbO] and A[HbR] appear to shift towards
midline as they progress. In contrast, ATHbT] activation remains
relatively stationary throughout the time series.

To further examine the spatio-temporal evolution of the
hemodynamic response, we extracted the hemodynamic response
for five ROIs (Fig 4). The ROIs (1 x 3.5 x 2 mm) were arranged
in 1.5 mm steps laterally from midline and indexed consistent with
the ROIs a—d going from (a) furthest from midline to (e) nearest to
midline. The time courses of the hemoglobin concentrations for
each ROI were extracted from 5 rats with stimulus of the right
forepaw with 2 mA stimulus amplitude for a combined total of 5
data sets (see Table 1). The five data sets were then averaged to

10
0 um

1
0.5

1
0.5
0

25 14mm

Fig. 3. Time series images of the hemodynamic response to 6 s right forepaw stimulation. Each frame represents a horizontal slice at a depth of 2.5 mm as
depicted in Fig. 1. Images represent a binned 2 s average centered at the indicated time for each of the three differential hemoglobin responses (a) A[HbO], (b)
A[HbR], and (c) A[HbT]. The concentration (tM) images are plotted using color scales held fixed throughout the time course and indicated at the end of each
row. The bottom three rows depict a contrast to noise analysis (d) CNRp, (e) CNRg, and (f) CNRt. The CNR images are individually scaled relative to

maximum intensity and a threshold of 50% maximum is applied.
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Fig. 4. Hemodynamic time courses versus position for 6 s stimulus. Five regions of interest (ROIs) (labeled a—e) were defined at varying distances from
midline (f). Time traces for each ROI were averaged across 5 rats (see text). The time traces nearest the activation (b—c) show the expected trends in A[HbO],
A[HbR], and A[HbT]. The time trace nearest midline shows a much reduced A[HbT] signal, while the individual A{(HbO] and A[HbR] traces remain elevated.

generate time traces of A[HbO], A[HbR] and A[HbT] (Figs. 4a—e).
In the ROI closest to midline (Fig. 4e), activation contrast in both
A[HbO] and A[HbR] remains after # > 6 s, while the A[HbT] time
course in ROI-e shows less activation relative to ROIs b and c.
This observation can be quantified by considering the ratios of the
contrasts in the ROIs, divided by the contrast in ROI-b, the ROI
corresponding to the peak of the [HbT] signal (Fig. 5a). The time
courses of each of the ROIs in Fig. 4 were integrated over the times
2—14 s and then divided by the integrated contrast in ROI-b to
generate the normalized contrasts plotted in Fig 5a. For Figs. Sa—c,
error bars represent standard error in the mean of the distribution in
values from the 5 data sets. Significantly smaller normalized
contrasts are present in [HbT] compared to [HbR] (“* for P <0.05,
paired ¢ test), and [HbO] (‘O” for P < 0.05, paired ¢ test) for ROIs
c—e. Clearly, the [HbR] and [HbO] contrasts are shifted towards
midline relative to [HbT] (ROIs c—e).

The CNR image series were also analyzed for magnitude and
activation area as a function of time. The CNR magnitude time
course (Fig. 5b) peaks at approximately the same time (7=5-6s) as
the hemodynamic concentration magnitudes and all three hemody-
namic variables have similar CNR magnitude. To compare the
relative spatial extent of the hemodynamic variables, the
activation area was calculated as a function of time (Fig. 5c).
Significantly (P < 0.05, paired ¢ test) smaller activation areas are
present in the CNRt compared to CNRy for times 6—14 s, and in
CNRt compared to CNRg for times 4—8 s. Note that the [HbT]
activation area is smaller during the times while CNR is
maximum. Details of the activation area for each of the
individual five data sets are provided in Table 1. Activation

Table 1
Results from individual rats for both stimulus durations

areas represent an average of the time period from 4 to 14 s post
stimulus.

30-s stimulus

A representative image series for the 30-s stimulus protocol is
shown in Fig. 6 for a single rat. From the full 2-s sampling time
course, we extracted every third frame so as to illustrate the
dominant temporal features of each stimulus paradigm and keep the
total number of frames in Figs. 3 and 6 equivalent. Atz =9 s, all three
contrasts ((HbO], [HbR], and [HbT]) clearly show a focal response
(Fig. 6) located near the forepaw area of the somatosensory cortex
(4—6 mm lateral of midline). At ¢t > 15 s, a single focal [HbT]
increase remains at the # =9 s location. However, [HbR] and [HbO,]
images begin to show increased contrast towards midline and a
central feature develops along midline coincident with the sagittal
sinus vein. Notably, both the concentration and CNR [HbT] images
remain better localized with a much less pronounced central feature.

An ROI analysis for the same ROIs used with the 6 s data is
shown in Fig. 7. Data for the ROIs were averaged over 4 rats for
the 30-s stimuli (Table 1). The time courses of ROI-e show an
enhanced slow feature. After the stimulus, there is a pronounced
undershoot of [HbO] and overshoot of [HbR], while [HbT] returns
more slowly to baseline. These post-stimulus transients are evident
in concentration images, Figs. 6a—c, but not in the CNR images
Figs. 6d—f. The thresholding of the CNR images was applied only
to positive contrasts for CNRg and CNRr, and to negative contrast
for CNRg, and so the CNRg undershoot and CNRy undershoot do
not appear in the Figs. 6d—f image series. As with the 6 s data,

6 s stimulus (df = 2—14)

30 s stimulus (df = 4-30)

Rat Forepaw mA Area (mm?) Rat Forepaw mA Area (mm?)

HbO HbR HbT HbO HbR HbT
a R 2 14.4 18.7 10.4 a R 2 24.0 17.5 14.8
b R 2 11.4 18.8 11.1 c R 2 13.7 20.9 10.4
c R 2 14.9 14.8 10.3 d R 2 19.4 20.1 12.8
d R 2 17.9 17.3 10.5 e R 2 19.6 26.7 11.1
e R 2 19.6 20.5 11.7
Mean value 15.6 18.0 10.8 19.2 21.3 12.3
Standard deviation 3.2 2.1 0.6 42 3.9 2.0
Standard error 0.8 0.5 0.2 1.4 1.3 0.7
P value relative to HbT 0.0340 0.0007 0.0143 0.045
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Fig. 5. Comparison of the spatial extent of the hemodynamic responses of [HbO], [HbR] and [HbT]. (a) Normalized contrasts averaged over times 2—14 s as a
function of distance from the midline for ROIs a—e in Fig. 4. Contrasts are normalized to the value of ROI-b. Elevated [HbO] and [HbR] concentrations are
evident in the regions near midline, towards the sagittal sinus vein. (b) Magnitude of the peak contrast to noise ratio magnitudes (CNRo, CNRg, CNRy) as a
function of time. (c) The spatial extent of CNRp, CNRg, and CNRr activations as a function of time, calculated as the area with CNR above 50% maximum
value. Error bars represent standard error in the mean (SEM). Statistical significance of paired ¢ tests (P < 0.05) is indicated by ‘O’ for comparisons between

HbT and HbO and by “*’ for comparisons between HbT and HbR.

enhanced and delayed contrast for [HbO] and [HbR] in ROI-e
nearest midline is concurrent with a significantly smaller relative
[HbT] contrast. This observation can be quantified with the same
approach used for the 6-s stimulus data (Fig. 5a). The time courses
of each of the ROIs in Fig. 7 were integrated over the times 2—30 s
and then divided by the integrated contrast in ROI-b to generate the
normalized contrasts (Fig 8a). For Figs. 8a—c, error bars represent
standard error in the mean of the distribution in values from the 4
data sets. Significantly smaller normalized contrasts are present in
[HbT] compared to [HbR] (“** for P < 0.05, paired ¢ test), and
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[HbO] (‘O’ for P < 0.05, paired ¢ test) for ROIs c—e. Similarly to
the 6-s stimulus results, the [HbR] and [HbO] contrasts are shifted
towards midline relative to [HbT] (ROIs c—e).

The CNR magnitude and activation area time courses are
shown in Figs. 8b—c. All three hemodynamic variables have
similar CNR magnitudes. Details of the activation area for each of
the individual four data sets are provided in Table 1. Activation
areas in Table 1 represent an average of the time period from 4 to
30 s from beginning of the stimulus. The time averaged activation
area of [HbT] is significantly smaller (P < 0.05) than both the
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Fig. 6. Representative time series images of the hemodynamic response to 30 s right forepaw stimulation. Each frame represents a horizontal slice at a depth of
2.5 mm as depicted in Fig. 1. Images represent a binned 2 s average centered at the indicated time for each of the three differential hemoglobin responses (a)
A[HbO], (b) A[HbR], and (c) A[HbT]. The concentration images are plotted using color scales that are held fixed throughout the time course and indicated at
the end of each row. The bottom three rows depict a contrast to noise analysis (d) CNRp, (e) CNRg, and (f) CNRy. The CNR images are individually scaled
relative to maximum intensity and a threshold of 50% maximum is applied.
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Fig. 7. Hemodynamic time courses versus position for 30 s stimulus. Five regions of interest (ROIs) (labeled a—e) were defined at varying distances from
midline (f). Time traces for each ROI were averaged across 4 rats (see text). The time traces nearest the activation (b—c) show the expected trends in A[HbO],
A[HbR], and A[HbT]. The time trace nearest midline shows a much reduced A[HbT] signal, while the individual A{[HbO] and A[HbR] traces remain elevated.

[HbR] and [HbO] activation areas. Statistical significance (P <
0.05, paired ¢ test) was also observed for several individual time
bins between 4 and 30 s (Fig. 8c).

Discussion
Summary of main findings

Time traces for [HbT], [HbR], and [HbO,], all show robust
activation in the forepaw area (Figs. 2—8) and are in qualitative
agreement with fMRI studies of CBV and BOLD during similar
stimulation paradigms (Mandeville et al., 1999a). In previous
studies, we examined the temporal correlation of [HbR], [HbO],
and [HbT] with fMRI measures of BOLD and CBV during similar
rat stimulus paradigms (Siegel et al., 2003). We found strong
temporal correlations between both [HbT] and CBV, and BOLD
and [HbR]. In the present study, we are interested in the spatial
extent of the individual contrasts and find significant differences
between the spatio-temporal responses of [HbR], [HbO], and
[HbT]. Our main findings are that [HbT] activation areas are
smaller than [HbR] and [HbO] activation areas, and that the
contrasts of [HbR] and [HbO] are more elevated (or shifted)
towards midline relative to [HbT]. In particular, elevated contrast
in [HbR] and [HbO] is present in the regions near the sagittal sinus
vein through which the cortical blood drains. Although we did not
have an electrophysiological correlate for our data, these
observations suggest two aspects about the hemodynamic
responses under the presented stimulus conditions. First, if we

assume that the hemodynamic response is larger than (or equal to)
the underlying neuronal activity, then the hemodynamic contrast
with the smallest activation (HbT) can be considered to provide
better spatial resolution for functionally mapping neural activity.
Secondly, the pial arteries that feed the cortex come up from the
sides of the brain, and the venous network drains blood towards
the sagittal sinus at midline. Based on this known vascular
anatomy, and the known location of forelimb somatosensory
cortex, our result showing a shift in contrast of [HbR] and [HbO]
towards midline relative to [HbT] suggests that the oxygen
sensitive contrasts have enhanced venous draining components
relative to [HbT]. In the following discussion, we compare our
results to previous measurements of activation areas, discuss the
possible mechanistic explanations for the observed differences,
and discuss the relation of activation areas to other performance
measures including the correlation between the hemodynamic
measures and electrophysiology.

Comparisons to invasive optical imaging

Early work by Frostig et al. showed that both predominately
oxygenation sensitive (~600 nm), and CBV sensitive (570 nm)
optical reflectance images provide fine detail (~100 pM) maps of
the cortical architecture in the cat visual cortex (Frostig et al.,
1990). Subtracting activation images of one eye from the other,
they found that a ~600 nm reflectance signal was “more localized
to the site of spiking neurons than the blood volume change.” It
was proposed that this mapping performance results from early
oxygen consumption that subsequently initiates a flow response.
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Fig. 8. Comparison of the spatial extent of the hemodynamic responses of [HbO], [HbR], and [HbT]. (a) Normalized contrasts averaged over times 4—30 s as a
function of distance from the midline for ROIs a—e in Fig 7. Contrasts are normalized to the value of ROI-b. Elevated [HbO] and [HbR] concentrations are
evident in the regions near midline, towards the sagittal sinus vein. (b) Magnitude of the peak contrast to noise ratio magnitudes (CNRp, CNRg, CNRy) as a
function of time. (c) The spatial extent of CNRp, CNRg, and CNRr activations as a function of time, calculated as the area with CNR above 50% maximum
value. Error bars represent standard error in the mean (SEM). Statistical significance of paired ¢ tests (P < 0.05) is indicated by ‘O’ for comparisons between

HbT and HbO and by “*’ for comparisons between HbT and HbR.
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More recent in vivo optical microscopy by Erinjeri et al. examined
the hemodynamic response during single and two whisker stimuli
in the mouse and found the activation extent at early times to be
smaller for a deoxy sensitive wavelength (1 = 610 nm) relative to
activation maps at a total hemoglobin wavelength (4 = 540 nm)
(Erinjeri and Woolsey, 2002). It was noted that the measured
spatial extent was in large part determined by blurring due to the
significant size of superficial arterioles and venules relative to the
underlying barrel neural structures. These results do not necessarily
translate to larger activation volumes (like rat forepaw) in which
the activated tissue volume is larger than feeding arterioles and
draining venules.

In contrast, our results show smaller activation areas with
[HbT]. There are several methodological differences between the
OIS studies and our DOT study that may explain the apparent
discrepancy. In our measurements, we observe statistically
equivalent activation areas for [HbR], [HbO], and [HbT] for the
first time point in the 6-s stimulus protocol (Fig. 5b), averaged over
0-2 s. During the later phase of the response, where CNR peaks,
we find a smaller activation area in [HbT] relative to the
oxygenation sensitive [HbR] and [HbO] contrasts. Most reports
of smaller activations with oximetric contrasts examined activa-
tions during the early portion of the hemodynamic response (with
lower CNR). As the hemodynamic response develops, the draining
vein affects can become more pronounced, and [HbT] can provide
a smaller activation area (Figs. 4 and 7). A recent OIS comparison
by Sheth et al. also concludes that the timing at which the map is
generated can strongly effect the relative mapping performance of
the different hemodynamic contrasts (Sheth et al., 2004a).

Different spatial sampling profiles may also influence the
comparative results of OIS and DOT. Most previous invasive
microscopy is highly biased towards the tissue surface with
penetration depths ranging from 100-300 pum for wavelengths
from 500 nm—700 nm (Kohl et al., 2000). However, the electri-
cally active cortical layer IV is at a depth of ~400 uM in a rat.
Thus, OIS measurements are biased towards feeding arterioles and
draining venules above the primary activation site. In contrast, the
current DOT measurements use separated source-detector pairs,
near infrared wavelengths, and photon migration models to
significantly extend depth sensitivity to greater than 3 mm. While
performed non-invasively through intact scalp and skull, the DOT
images are more evenly weighted throughout the first 2 mm of the
cortical tissue than OIS measurements. Recently, Vanzetta et al. have
evaluated the use of principal component analysis image processing
methods in conjunction with OIS measurements to remove the high
resolution superficial vascular components of CBV sensitive images
(Vanzetta et al., 2004). These efforts to mitigate the superficial bias
of reflectance OIS increased the subsurface sensitivity and
resolution of differential CBV maps and permitted the generation
of single-condition CBV maps of awake primates under visual
stimulus. OIS measurements without such image processing may
exaggerate the spatial extent of CBV activation.

In addition to differences in methodology between the current
DOT measurements and OIS imaging, there are also significant
differences between the physiological protocols. Several OIS
studies used smaller and shorter duration stimuli, such as single
whisker flicks. As pointed out by Erinjeri et al., the scale of the
activation unit relative to the scale of the supporting vasculature
can affect the resulting spatial extent of each hemodynamic
variable differently (Erinjeri and Woolsey, 2002). For highly
localized brain activations such as a single mouse whisker barrel,

the blurring due to the vasculature may be more pronounce for
CBYV rather than oximetric measures. For larger activations such as
a rat forepaw or stimuli in humans, where the activated neural
volume is larger compared to the feeding arteriole size, the
hemodynamic blurring maybe more pronounced in the oxygen
sensitive draining vein effects rather than the [HbT] contrast.

Comparison to previous fMRI and diffuse optical hemodynamic
activation area studies

The draining vein contrast is well documented for BOLD
signals (Boxerman et al., 1995; Frahm et al., 1994). Commonly
used fMRI protocols, with block designs or general linear models,
use the entire hemodynamic response. Considerable efforts and
advances have been made towards reducing large vessel signals in
the BOLD signal, e.g. using flow crushing gradients (Boxerman et
al., 1995). More recently, fMRI methods of measuring CBF and
CBV have been compared to BOLD contrasts. For example,
Mandeville et al. (Mandeville and Marota, 1999) examined CBV
weighted and BOLD activations during forepaw stimulus. Analysis
of the distribution along a vertical direction (our z direction) found
a significant dorsal shift 0.44—0.66 mm in the BOLD activation
relative to the CBV activation and statistically equivalent second
moments (FWHM). While the cross-sections in the lateral direction
were not analyzed, the images presented indicate the BOLD
activation may be larger than the CBV activation in the lateral
projection. In addition, there appears to be a slight shift in the
BOLD signal towards midline similar to the shifts we see (Figs. 3—
8). Silva et al. (1999) combined continuous arterial spin labeling
with a single-shot, multislice echo-planar imaging to simultaneous
image BOLD and CBF changes during electrical rat forepaw
stimulation. They found BOLD activation maps significantly larger
than CBF maps. Similarly, Duong et al. (2001) imaged the cerebral
blood flow response using flow sensitive alternating inversion
recovery techniques and found that both CBF measures and early
negative bold signals provide increased spatial resolution com-
pared to the late BOLD signal. Our results indicate that HbT can
provide improved spatial resolution compared to oximetric
contrasts such as BOLD, [HbR], and [HbO], particularly during
the delayed peak CNR of a relatively large amplitude hemody-
namic response.

Franceschini et al. (2003) have used diffuse optical imaging
with back projection image reconstruction algorithms to image the
somatosensory response during electrical stimulation of the median
nerve in humans. Activation areas were found to be statistically
equivalent between CBV, [HbR], and [HbO]. We note that the
DOT method used on the rat data in this paper produces higher
fidelity images than typical backprojection techniques. In addition,
due to the smaller geometry of the rat head, we were able to use an
extended range of source-detector separations compared to the
single source detector separation imaging employed in the human
studies. These added imaging advantages provide for better
resolution of the concentration changes.

Possible mechanisms for differences in activations maps for [HbT],
[HbR], and [HbO]

Recent efforts to characterize neurovascular coupling depict a
complex biochemical signaling process in which neurons, inter-
neurons, and astrocytes induce vasodilatation generating a hypere-
mic cerebral blood flow response (Iadecola, 2004; Peng et al.,
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2004; Zonta et al., 2003). The differential hemoglobin responses
are subsequently driven by the increased CBF supplying oxygen
rich blood and a proportionally smaller increase in the cerebral
metabolic rate of oxygen (CMRO2). While predicting the spatio-
temporal evolution of the differential concentrations is challenging,
several recent studies have demonstrated the success of balloon
(Buxton and Frank, 1997; Buxton et al., 1998; Obata et al., 2004)
and windkessel models (Mandeville et al., 1999b). In fMRI
experiments, using a vascular contrast agent, the time response
for CPV (cerebral plasma volume) has been shown to be
significantly different from BOLD signal (Leite et al., 2002).
The temporal differences were also shown in rats, and analyses in
monkeys routinely rely upon a different impulse response function
for CPV than BOLD signal (Mandeville et al., 1999a, 2001). Leite
et al. decomposed the CPV kinetics and found that 80% of the
CPV signal evolved more slowly than BOLD signal. This provides
evidence that CPV signals are dominated by contributions from the
slower venous and capillary beds rather than the faster arterial
dilation. Our data also show slower dynamics for [HbT] compared
to [HbO] and [HbR] (Fig. 7). However, for shorter stimuli, the
faster components can be emphasized relative to the slower
components. Comparing our short (6 s) and long (30 s) stimuli
data, one might expect to see differences associated with the
different contributions of slow and fast response elements.
However, our data do not show a shift in [HbT] towards midline
or increased activation size as one might expect from an enhanced
slower venous contribution for the longer stimuli.

Several other experimental studies indicate that the differential
[HbT] response to increase CBF can be weighted towards the
arterial supply side, while the differential saturation difference is
preferentially weighted towards the venous draining side (Erinjeri
and Woolsey, 2002; Lee et al., 2001). While resting state CBV is
weighted towards the venous side, the dynamic changes can be
larger on the arteriole side. Erinjeri et al. have also shown that the
vascular architecture mapped with the CBV changes correlated with
the arterial supply and that the oxygenation changes correlated with
the structure of the draining venules. Thus, the mechanism of
arterial weighted ACBV and venule weighted differential saturation
for brief stimuli, is consistent with both the mouse whisker data and
our larger amplitude rat forepaw 6-s stimuli response results.

The observed temporal undershoot of [HbO], overshoot of
[HbR], and slow return to baseline of [HbT] also provide insight in to
the possible mechanisms affecting the hemodynamic response. We
have commented on these features previously and briefly review
here (Siegel et al., 2003). Based upon an observed temporal
mismatch between CBV and flow, it has been postulated that blood
volume is elevated only in the venous compartment during the post-
stimulus overshoot of [HbR] following stimulation (Mandeville et
al., 1999b). However, if the capillary compartment is also elevated
post-stimulus, this could consistently explain the [HbT], [HbO], and
[HbR] time courses. In a diffusion-limited model of oxygen delivery
from the blood to brain tissue (Buxton and Frank, 1997), elevated
capillary blood volume provides a mechanism to increase oxygen
delivery even if CBF has returned to baseline. Thus, [HbT] would
show a slow post-stimulus decay due to a slow response of both
capillary and venous CBV, and the mechanism of the [HbR]
overshoot and [HbO] undershoot would be attributed to both
elevated CBV and an increased rate of oxygen utilization (CMRO2).

In addition to spatial extent, several studies have evaluated how
well the magnitude of the different hemodynamic contrasts
correlates to the magnitude of electrical measures of neural activity

including spiking activity and local field potentials. Devor et al.
found approximately power law relations between the electrical
measures, multiple unit activity (MUA), and summed local field
potentials (XLFP) and the hemodynamic measures, [HbO] and
[HbT] (Devor et al., 2003). Sheth et al. analyzed the correlation of
both the early and late oximetric and [HbT] sensitive images with
electrophysiology while stimulus amplitude and frequency were
varied. Their results suggest that [HbT] correlates well with the
summed evoked potentials (3EP) whereas oximetric contrasts were
not consistently correlated (Sheth et al., 2003). Possibly, the
differences observed between the hemodynamic measures are, in
part, due to differences in signal to noise ratio. The details of the
wavelengths chosen or the measurement noise performance of the
optical instrument will strongly influence the correlation coefficients
retrieved. A subsequent paper analyzed parametric relations
between hemodynamic contrasts and electrophysiology concluding
that [HbT] showed a more linear coupling than oximetric contrasts
(Sheth et al., 2004b). Nemoto et al. (2004) showed with a trial-by-
trial correlation analysis that the CBV related optical signals were
more highly correlated with summer field potentials on a per trial
basis, than were oxygenation-derived signals. Together, the OIS
studies suggest that [HbT], relative to oximetric contrasts, is as well
or better correlated with electrophysiological measures of neural
activity.

Conclusion

Our experimental results suggest that, for stimulation durations
of ~6 s or greater, [HbT] provides a more focal and stationary
activation area compared with [HbR], and [HbO] particularly as
measured with diffuse optical techniques. These results apply to
stimuli of duration ~6 s and relatively strong amplitude (ACBV =
4%, volume ~2 mm) and occur during time points near the peak in
temporal contrast. Earlier OIS findings that [HbR] is better
localized may be due to analyzing activation maps during the
very early, lower CNR response window, using stimulus protocols
with smaller activation areas relative to the surrounding vascula-
ture, or due to the superficial weighting of the OIS reflectance
method which can enhance larger feeding and draining vessel
signals. Our finding of smaller [HbT] activation area is also
consistent with and supports the notion that ACBV is more tightly
coupled than oximetric measures to the arterial vasodilation that
drives the hemodynamic response to neural activation. Combined
with the results of Sheth et al. and Nemoto et al., showing superior
correlation between [HbT] electrophysiology, and Leite et al.,
showing improved fMRI contrast to noise ratio for CPV versus
BOLD, these results suggests that, for several imaging modalities,
[HbT] has several advantages as a functional brain mapping
contrast over the oximetric contrasts. Collectively, these results
have direct implications for functional imaging with diffuse optical
techniques. As well as informing strategies for optimizing func-
tional maps, they also suggest that recent efforts to synthesize the
cerebral metabolic rate of oxygen consumption (CMRO,) from
optical measures may need to account for the differences in spatial
extent of each hemodynamic contrast (Ances et al., 2001; Boas et
al., 2003; Culver et al., 2003b; Durduran et al., 2004a,b; Mayhew
et al,, 1999). In addition, they suggest that diffuse optical
tomography may be useful for understanding BOLD signals,
particularly in human studies that could benefit from the additional
[HbT] information provided by DOT.
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