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INTRODUCTION

Dynamic. near-infrared optical tomography is presently being applied 1o investigations of vascular
compliance, benign and malignant breast lesions, and vascular correlates of brain functioning. The
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ade task-related hemodynamics a key focus of neuroimaging studies. Two methods that are
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mpling techniques for & pupose of generating 2D topographic (i., surface maps). and more
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resolution and unambiguous discrimination of the components of the hemoglobin (Hb) signal (i, oxy-,
deoxy- and total hemoglobin). O the other hand, the NIRS technique is less capable than IMRI of
probing brain structures beyond 3-4 cm in depth, and its spatial resolution also typically is lower.

Tomographic imaging with near-infrared (NIR) radiation was first proposed in the late 1980's as a
static imaging method ! Beginning in the late 1990's, our group first demonsirated the practiality of
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series data to explore the vascular dynamics of large fissue structures.® In the ensuing yes
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fast, stable image recovery, ! time-series image analyss,” and approaches for system calibration and data
integity'® have been described in various reports.

I his rport w presen prelminary fndings obtaned while sing our timeseries imase (0 explore
the vascular response of the b 1 types of neural activation. These pilot studies include an
examination of the focal vascular response 1o finger-tapping’ as measured over the motor cortex in one
study, over the motor and frontal cortex in a second study, and over a range of locations in a third study
that also included several verbal fasks and a respiratory task in the traitional boxcar design. As will be
shown, even these preliminary resuls demonstrate the wealth of data available with. increasingly
sophisticated NIRS approaches.

THE INSTRUMENTATION
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comprising system hardware, system control, data analyss and image display. The basic system provides
for frequency encoding having a capabiliy of up to four laser diode sources, a fast optical switch with
incoupling optics, use of various measuring heads, a multichannel paralel detector module equipped with
adjustable gain control, and a system controllr.

amic measurements were performed using a measurement head which directs near-infrared light onto
the subject’s salp via multple arays of optical fbers mounted in a secure frame. Each optode delivers
approximately 20 mW of optical power for  period of 10 ms per cycl, producing a flux of ~10 mi-s em

Dual-wavelength optical cnergy at wavelengths 760nm and 830nm was used for imaging in a time-
d fashion, such that a complete scan of the arrays is accomplished in approximately 400
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Use of time-multiplexing methods necessarily limits the data acquisition rate by a factor that depends on
the number of illumination sites in the sensor array. In practice, we can achieve image framing rates on

0 Hz. Additionally, we employ fiequency-
encoding methods to provide for simultaneous illumination at all wavelengths at any one site 10 avoid
temporal biases when collecting data with more than one wavelength,

NEUROIMAGING EXPERIMENTAL PROTOCOLS
Experiment 1 - Motor Cortex
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tapping, using a boxcar design. cted in parallel from 24 chamn
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10 576 independent source-detector channels, positioned over the left scalp (See Figur
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Experiment 2 - Motor and Anterior Frontal Cortices
Measurements were recorded from a second subject while using a similar boxcar finger-tapping sequence.
Thirty optodes were distributed between two sub-arrays of 15 optodes each (Fig. 3(b). Resting baseline
data were acquired over an interval of ~600 seconds, afler which the subject performed a sequence of
motor and cognitive tasks. The motor tasks consisted of a sequence of $ epochs of rhythmic finger tapping
(<40 s cach) altemating with quiet fest periods of the same duration.

Experiment 3 - Multi-ste Recording

The third subject participated in a series of pilot tasks with the optodes placed on the head in a widely

distributed manner. Six groups of 5 optodes each were arranged in linear arrays (Fig. 3(c)). Each of the 6
etectors), which is insuffcient for

ach line were separated by ~1 cm. Three of the linear arrays were over the Ieft frontolateral, central-
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temporal arcas of the scalp. The sixth line was placed horizontally over the forchead, with onc fiber on the
midline, three on the lefL, and one on the right side.
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NEUROIMAGING EXPERIMENTAL PROTOCOLS (cont.)

Experiment 3 - Multi-site Recording (cont)
After a resting baseline period of ~540 s, the subject performed a sequence of motor,
cognitive, and respiratory tasks. The motor tasks consisted of two sequences of four epochs
(each ~30 5) of thythmic finger tapping altemating with five quiet resting periods (cach ~30
). fist with the right hand and then with the left. The first cognitive task comprised four
epochs (each ~30 ) of out-loud reverse-order word reading altemating with five quiet
resting periods (cach ~30 s). The second comprised four epochs of out-loud forward-
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DATA PROCESSING
The following are brief synopses of the analytical steps used in data processing:
Data Pre-Processing. Raw data were first low-pass filtered for experiments 1 and 3, with
threshold frequencies of 0.15 Hz and 0.3 Hz, respectively, to minimize cardiac signals and
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data points in each source-detector channel’s data time series, for each of the two
wavelengths. Only channels with CV values below 15% (experiments 1 and 3) or 20%
(experiment 2) for both wavelengths were used in subsequent analyses. Raw data for all
remaining channels were normalized based on the time-varying laser intensity recorded
during the experiment, then were further normalized based on the mean value recorded
during the bascline period. During this step, an adaptive median filtring algorithm was
applicd, as needed, to climinate negative instantancous values resulting from measurcment

Image Reconstruction. Where indicated, image recovery was achicved using the
Normalized Difference Method.* As previously shown, this algorithm is markedly
insensitive o expected uncertainties in_boundary conditions, which are inherent to
experimental methods. A truncated singular value decomposition procedure fo solve the
linear perturbation equation, as deseribed elsewhere.'* The absorption coeflicient images
were subsequently sed f0 produce image fime series for oxygenated,
deoxygenated, and total hemoglobin (Hb) concentration changes
3. Computation of Hemoglobin States. In all cases, the mean value of Hb concentration
L ST o e e S
Lambert law,"® applied to the logarithms of the two-wavelength normalized detector
readi compute estimates of the timedependent fluctuations in
concentrations of oxy-Hb and deoxy-Hb, and of total Hb concentration, i the tissue probed
y each source-detector channel. In time series of reconstructed images, the corresponding
changes in Hb concentration were computed from the reconstrucied two-wavelength
absorption coefficients at cach node, by solving a simple algebraic system of two equations
in two unknowns.
Multivariate Signal Analysis. For cach studs, subsets of the Hb-concentration data for the
time intervals corresponding to the various boxcar protocols (.., altemating epachs of task
performance and rest) were isolated from the complete time series. These were processed
with a general linear model (GLM) algorithm that found the best it of each time series in
these data subsets 10 a linear combination of four model functions (i a four-column
design matrix), as schematically llustrated in Figure 4. The four model functions used
were a constant (offset) term, linear and quadratic baseline drift functions, and a two-state
boxcar function tht follows the ideal sequence of transitions between task and rest cpochs.
Al four models were nomalized to unit Euclidean length, and all b the
subtracted. Subsequently, the percent-of-variance accounted for (PVA) in cach channel’s
or finite clement method mesh node’s fime series was computed, as the coeficient of
determination between the boxcar model and the de-trended channel or pixel data. It
should be noted tha none of the subsequently presented results of these analytic stcps have
been thresholded, and that we did not compute average responses across cpochs prior fo
performing the GLM computations.
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Figure 4. Schemaic illustraion of the action ofa GLM computaton.

RESULTS
Mot Local neuronal activation is expected to produce an event-related
increase in blood flow causing an increase in blood volume with improved
oxygenation. ™ In Figure 5 we show a 3D map (7.5+5x4 cm’) of the value of the GLM
coefficient of the boxcar model function, for ox

r Cortex.

respe
activation period. Inspection reveals a focal activation occurring in the area of the motor
cortex that is approximately six times reater than the response for deoxy-Hb, a finding
consistent with 4 focal increase in blood flow. The 3D resolving capability of our
st SONATENE S0 S i AL
5(a). Clearly evident is a localized response which appears to occur at a depth of ~0.5-1
em below the surfuce. As a control, the maps shown in Fig. 5(d) and 5(e) are the
cortesponding GLM results computed by applying the boxcar model function to the
baseline period, revealing a more diffuse response with reduced amplitude.
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Motor and Anterior Frontal Cortices. In order to explore the ability of the instrument to
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detected with the 3x5 frontal amay. The data in this fig principal
tmnpmmm“m’!m oxy-Hb signal during the 400-s finger-tapping task; oscillations in oxy-Hb
learly coincident with the boxcar model function shown. In Figure 7(a) we.
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thei relation function, for the 400 seconds corresponding to the duration of the
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these responses are strongly time-correlated, indicating tight temporal coordination. As a
control Figure 7(6) shovs the esult of smila analysis applid to 400 seconds durin the
initial baseline period: the oral fluctuations in the

two arrays are mainly uncorrelated.
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We next illustrate a GLM caleulation that used the mean oxy-Hb time series as a model
function. Figure 8(a) shows the spatial distribution of the coefficients corresponding (o the
model fit, across the three-dimensional volume of brain imaged by the frontal amay. It is
clear that a focal region of actvity exists, slightly below the surface. Similar GLM analyses
for the motor array illustra focal region of activity as well, shown in Figure §(b),
where the mean oxy-Hb time series of the motor array was used as a model function for the

GLM analysis.
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Multisite Recording.  As noted above, ths third experiment was conducted with six widely
separated linear arrays of five optodes each: additionally, the activation paradigms included
focal motor tasks, three verbal tasks, and Valsalva maneuvers. Figure 9 illustrates a
representative oxy-Hb and deoxy-Hb fime series associated with a single source-detector
channel; the various activation paradigms are llustrated.

The GLM algorithm was applied o all source-detector channels, and those channels
yielding it Bonferoni-<orrected positive o negative GLM coefficients were noted.
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derived total Hb) In this analysis, cach lincar armay
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GLM coeflicients. Likewise the Valsalva maneuvers, which resulted in the highest number of s
M coefficients, did not differ significantly oo of it v 1 Shannch wedimg
significant coeffcients. Ninetcen channels eded. ey p s e g
right handed finger tapping, versus two channels during lef-handed finger tapping: the corresponding
numbers for negative coeflicients were S and 6, respectively (p = 0.03, Fisher’s exact). Similarly, a
significantly higher number of channels showed significant negative coeflicients for deoxy-Hb with
right handed apping (14, vesus 3 for IeR handed tpping), whereas the mumbers of channels with
significantly positive coefficients barely differed (18 right, 17 Iet; overall p = 0.02, Fisher's exact).

“Table 1. Table enties ae the total number of source-detector channels that yielded significant GLM b
coeffcients during verbal tasks in left versus right frontolateral and centro-temporal inear arrays.

Oxy-Hb || Oxy-Hb | Deoxy-Hb | Deoxy-Hb | TotabHb || TowkHb.
b b “ b b b

Left remisphere

Totl mumber ofchames || 21 116 5 3 106
Right hemisprere

“Total mumber ofchamels 3 1 2% 50 7 122

Fisher's exact p 00004 0009 0.000007
CONCLUSIONS

The putpase ofthes il s s 10 exploe the iy of  pooype mul<hamel continucns
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other instruments,1*1” our first experiment showe that the measurement system appears to detect
e it = tion ki f e i ol e vy o
as indexed by increased [oxy-Hb] and decreased [deoxy-Hb] during finger tapping. Further, this initial
study suggests that the. mmumpm spproach we bave sdoped will suppot o desimbie el of 3D
resolution. In Experiment 2 we were able
boxear period that were absent during the resting baseline st of e omlaed =
may yield insights ino functional connectivity of distributed brain circuits 0 In Experiment 3 we
performed a highly rudimentary study approaching a whole cortex scan, along with a wide range oV
tasks from highly focal finger tapping, to verbal reading, recitation, and Valsalva mancuvers.

wave near-infr

(defined as those channels with significant positive o negative correlations/coefficients with the
boxcar finetion) than did the fasks that required verbal overt responses. This response mode, which is

s of gt pkreet o NIRS nlicn, Wo istintvolr s ot e obprved s relaively global
shunting of blood towards the left anterior hemisphere during the verbal tasks. Whether this
asymmetry was related to the tasks entaling language,

more fargeted hypothesis testing with more rigorously designed cognitive and motoric/physiological
control conditions. Overall, these pilot data suggest that the prototype tomographic imager that we
have developed is able o measure spatially heterogencous variations in brain hemodynamic activity
Future iterations will benefit from an expanded number of optodes as wl

numbers of subjects. We believe that continued development will esult in instruments that will not
seck merely to compete with IMRI, but will expand the nature and range of questions about brain
activity that can be addressed through this nascent technology.
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possible values resulted in significant correlations with the boxcar model. This value
Hnireased o 525 and 1% or forward and backward reciationsfrom memery ofthe Englsh
alphabet, respectively. Similarly, Valsalva maneuvers produced significant correlations with
the boxcar function in 266 out of 300 (89%) possible values. Thus the language tasks and
the respiratory manipulation provoked much more widespread alterations in time-locked Hb
concentrations than the focal finger tapping fasks. Morcover, it is seen that the patterns of
positive and negative correlations are more similar among the three language tasks than
e e o e
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Figure 9. Represenaiv ony " " Malisic Recording
Figure 10(a) ilusrates the average of the oxy-Hb data fo al 25 source-detector channels
associated with the left centro-temporal armay (green) and let frontolateral aray (brown).
Figure 10(b) ilustrtes the analogous data fo deoxy-Hb. The two arrays clearly manifest
qualitatively diffrent behavior, on both slow and fast time scales; the magnitudes of
ymamic changes during the various ctivation paradigms is cvident when comparing the
iracesin 10(0) an 10(5).
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