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We have developed a multichannel photon counting instrument for near infrared spatially resolved
spectroscopy. The instrument uses two laser diodes at 780 and 830 nm. The two wavelengths are
time multiplexed at a rate of 5 MHz for virtually simultaneous measurements at the two
wavelengths. The photon pulses are then multiplexed with an optical switch so that the incident
optical signals are directed to different source positions. Eight time-correlated channels have been
employed for simultaneous acquisition of spectroscopic data at multiple locations. Photon detection
is performed by multichannel plate photomultiplier tubes. Robust and accurate data analysis tools to
perform deconvolution, data fitting, and absorption change quantification are presented. The
instrument has been tested with phantoms simulating tissue optical properties. Absolute optical
properties, namely absorption and reduced scattering coefficient, have been determined with an
accuracy of+5%. Quantification of absorption changes can be achieved with an accuracy of
103 cm ! and a sensitivity of the order of 16 cm . Finally spatially resolved measurements of
primary motor-cortex activation have been performed and successfully coregistered with functional
magnetic resonance imaging data. 1®99 American Institute of Physics.
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I. INTRODUCTION the amplitude and the phase shift of the detected light, rela-

Near infrared(NIR) spectroscopy of tissue is an impor- tive to the incident light, as a function of the source-detector
P by P separation. The third approach, the time-resolved

tant noninvasive monitor for measurement of tissue absorp-

. '19 . . . . - _
tion and scattering, and for extraction of the concentration%eChn'qué uses short pulses of light injected into the tis

of tissue chromophores such as oxygenated and deoxygeﬁge' The detection process requirgs a time-correlated photon
ated hemoglobif? cytochrome oxidas®and watef: Mea-  counting system, which makes a histogram of the number of
surements of physiologically important parameters such aBNotons arriving as a function of time. This measurement is
blood volume and oxygenatioh® can further be related to used to calculate the distribution of photon paths in tissue
metabolic activity functional activity’* or presence of and relate them to tissue absorption and scattering. Of the
diseasé? NIR spectroscopic measurements have also beefiree methods, the time-resolved technique contains the
used to determine tissue fat compositiband blood glucose highest information content per source detector pair, com-
levels* The most popular wavelength range lies in the 750—pared only with the multifrequency intensity modulation
850 nm spectral window where the relatively low tissue ab-method.
sorption enables deep light penetration. We have developed a multichannel single photon count-
Three major experimental techniques exist in the field ofing instrument, based on the time-resolved technique, that
NIR spectroscopy. The simplest is continuous wave specemploys parallel signal detection. The major components of
troscopy where light of constant intensity is injected into thethe instrument are similar to the imager we have developed
tissue, and then the attenuated light signal, due to tissue akor breast cancer detection applicatiGisdodifications have
sorption and scattering, is measured at some distance frogeen implemented in the optics of the source, detector, and
the sourcé>'® A more elaborate approach is the intensity tissue interface enabling better impulse response characteris-
modulation method where the light source intensity is modutics. In this article we focus on the design and utilization of
lated at single or multiple frequencies’'® The detection  this instrument for spatially resolvesbectroscopiapplica-
system in this case consists of a demodulator, which resolveg)ns. We discuss the calculation tools we are using for spec-
troscopy and evaluate the performance of the instrument on
3Electronic mail: vasilis@mail.med.upenn.edu tissue phantoms. A robust deconvolution-fitting algorithm,
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for calculation of absolute absorption and reduced scattering %
coefficients, is presented. A novel algorithm for very accu-  S(t)=h(t)@r(t)= J,mh(t_ v)r(v)dw, 4
rate measurement of absorption differences is introduced.
Sources of errors are identified and accuracy limits are de- In order to obtain absolute tissue optical properties we
rived. Finally NIR spatially resolved spectroscopic measureneed to correct for instrumental response. The simplest de-
ments are obtaineih vivo during contralateral primary mo- convolution operation is the linear frequency domain method
tor cortex activation of a human volunteer. The results showhat takes advantage of the simplicity of the convolution
excellent coregistration with functional magnetic resonancetheorem
S(f)
R(f )= AT 6)

Il. THEORY AND DATA ANALYSIS

. e whereR(f ), S(f ), andH(f ) are the Fourier transforms of
A. Light diffusion the signalsr(t), s(t), andh(t), respectively. The inverse

The diffusive nature of light propagation in highly scat- Fourier transform ofR(f ) yields the desired (t) signal.
tering, low absorbing homogeneous media, has been wellnfortunately, except in certain cases where extremely fa-

studied and is described by the diffusion equatitfii.e., vorable signal-to-noise ratios are available, the inverse Fou-
rier transform of Eq.(5) is severely degraded by measure-
19 ) 2 I
— —u(r,t)—=DV2u(r,t) + xu(r,t)=S(r,t), (1) ment noise even when matched filtering is perforrffed.
cat Under these circumstances improved behavior can be

whereu(r,t) is the photon fluencg) cmi 2s 1] at a position ~ obtained by numerical methods in the time domain.
r from the source at timg c is the speed of light into the Jannsoff*has suggested an efficient and accurate iterative
medium[cm s 1], D=1/3(u.+ u,) [cm] is the diffusion co-  technique, which is a modification on an original suggestion
efficient for a highly scattering, low f\bsorbing mediupf, by Van Cittert* given by
the reduced scattering coefficigim ], u, the absorption _ _
coefficient[cm %], and S(r,t) a source ternjJ cm 3s™1]. =1t alfn-)(s= a2 @h), ©
The solution of this equation for an isotropic point source,where the subscript denotes the iteration step. The time
S(r,t)=A8(t=0y=0), in an infinite medium, is given by  dependence(t), s(t), andh(t) is implied but not explicitly

2 written. The first guess for is typically s. Both conversion

r — gt ) time and accuracy depend on the selection of the quaatity
4Dct ") which depends on the amplitude of,_,, is assigned

HereA is a dimensionless scaling term that accounts fompirically” and is application specific. Proparstructure
the effects of the laser source strength and the detector gaifielPs eliminate nonphysical solutions produced by the linear

The quantity actual detected by a photosensor is the direc/an Cittert method(where a equals 1. One of the great
tional photon currend(r,t) [J cni 2s™1], which is related to advantages of these linear and nonlinear numerical methods

u(r,t)=Ac(4wDct) %? ex;{ -

the photon fluence via Fick’s law is that they convert a deconvolution to a convolution opera-
tion. Convolution is an easily manipulated operation, and in
J(rt)=—DVu(r t)=A(4TrDc)*3’2t*5’2£ the case of' the Iinear methods it acts as a low pass filter

' ' 2 reducing noise. Equatio®) however requires careful imple-

(2 mentation to ensure convergence and optimum results. The
Xex;{ — ———puact]. (3y  deconvolved result, after iterations, can be fitted with the

4Dct solution of the diffusion equation that best represents the

By f|tt|ng time-resolved measurements to solutions Ofboundary conditions of the measurement. Other deconvolu-

the time-dependent diffusion equation for semi-infinite- ~ tion methods based on the maximum likelihood estimates of

flectance or slab(transmittancegeometrie¥’ we obtain the the spectra have also been propo&d.The existence of a
average absorption and scattering properties of the sampl&rge number of deconvolution methods exemplifies the
In tissues, light absorption and scattering properties at mulcomplexity of the operation and the need for application spe-
tiple wavelengths can be related to blood volume ancFific algorithms to ensure best performance.

oxygenation: The accuracy of these properties depends on In this article we discuss an algorithm that we have
the degree to which the tissues are homogeneous and satig8xnd to have superior convergence characteristics compared

the actual boundary conditions employed in calculations. t0 Ed.(6). The algorithm performs fitting and deconvolution
simultaneously, offering time efficiency and implementation

simplicity. It is based on the general observation that in order
to resolve tissue optical properties we need to find the pa-
rameters of anodel function yt) that will produce an output

As a result of the finite duration of the laser photonthat most closely matches our data. However here, instead of
pulses, the photon dispersion along the fibers and the photaleconvolving the true time-resolved curygt) from the
electron spreading in the detector, the measured s@ftlels ~ measured signal(t) and then fitting the deconvolved curve,
a convolution of a “real” signak (t) and the finite impulse we convolve the instrument impulse respohgg with vari-
response of the instrumeh(t), i.e., ous model functions foy(t) trying to match the convolution

B. Deconvolution and data fitting
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result tos(t) in the least square sense. In the general case the 0.008 -

model function can be dependent on a number of parameters —e—5 (cm™)
a,...ay . For our application the model function would be 00974
Eq. (3) for measurements of infinite homogeneous media or
any solution of Eq(1) that approximates our real measure-
ment scheme. The parametexs...ay in our case are the
absorption coefficient., , the reduced scattering coefficient
1, the scaling factoA, the initial timet, and the separation

r, or any subset of them depending on the availability of 0.002 4
prior knowledge. The initial timé, is the time that the maxi- 0.001
mum of the finite-width laser photon pulse was launched into o
the medium. Thuy(t) is 0

y(O)=y(t;pa, ms Atg,r). 7)

We define now a new model functigrf (t) as the con-
volution of the model functiory(t) with the instrument im-

0.006 4

0.005 4

0.004 4

0.003 4

Absorption error (cm™)

002 004 008 008 01 012 014
Real absorption difference (cm™)

FIG. 1. Error for the quantification of absorption changes algorithm on
simulated data as a function of the assumed real absorption change. The

pulse responsh(t), i.e., error of the method is of the order of 1dcm™* for absorption changes
" (t)=h(t) M) (8) below 0.02 cm®. For larger absorption changes the error deteriorates but
y = ®Yy(1). remains below 10? cm ™! even for changes that rarely occur as a result of

hysiological responses. The error has a linear response with absorption

Then we use a nonlinear Levenberg_Marquardt flttmgghange and hence may be easily corrected. The four curves plotted corre-

proceduré® to minimize they? merit functiorf’ spond to different background reduced scattering coefficients.
K ok 2
X’=2 (M) , C) Jo(r,1)
k=1 Ik (1D =exXf — (maz— mar)Ct]=exp(—Apuact).  (10)

wherek is the discrete time variabl& is the number of data

points, ande, = m is the measurement errgstandard Taking the natural logarithm of E¢10) and integrating over
deviatfor) of the kth data point time retrieves the absorption change

Equation(9) converts a two step deconvolution-fitting 2 o Jo(r,t)
algorithm to a single step algorithm by performing an extra ~ A#a=— a2 J. "3t 11
convolution step per fitting iteration. Therefore using this 2 T ’
method we avoid the iterative step described by Bjand Heret; andt, can be any time interval within the pulse.
reduce the total data analysis time. Thus deconvolution iSimilarly the photon current for reflectance geometry is
again converted to a convolution step for optimum behavior p(

2 2
with noisy data. Convolution is performed in the frequency R(r,t)=(47rDc)*3’220t*5’21 exg| — - %
domain to increase calculation speed. Another advantage of 2 4Dct
Eq.(9) is.that it does not require the.empiric_al a;si_g_nment of X exp( — uaCt), (12)
the functiona(r,_,) that Eq.(6) requires. This significantly , _
simplifies the algorithm implementation and improves the"W€réZo=1/us. The ratio of reflected curren®, andR,
robustness and accuracy of the method, ensuring convef!V€S again
gence in a least-squares sense, even in very unfavorable 2 o Ry(r,t)
signal-to-noise conditions. We have found that the use of Eq.  A#a=— m n Ry (r.t) &

. . . . 2 1 ty AL

(9) affords a superior approach in calculating absolute optical
properties for NIR spectroscopy. It is straightforward to show that even in more complex
formulations, such as in reflectance using the extrapolated
boundary conditio®3° or in transmittance with finite slab
geometry, Eq(13) still holds.

We have used this approach as a very sensitive and ac-

Equation(9) is generally used for calculating absolute curate analysis method for measurement of absorption
absorption and reduced scattering coefficients. Howevethanges. The main assumptions of the method are the postu-
when considering absorptiochangesthat might arise, for lation of invariable reduced scattering coefficient and that
example as a function of time, we have found a new apsmall absorption changes occur during the measurement.
proach, which significantly outperforms in accuracy and senHowever, no knowledge of the exact reduced background
sitivity the method presented in the preceding section. Let uscattering coefficient is required. Figure 1 shows the error as
consider a small absorption change of the tissue volume frora function of absorption changes for different values of back-
Ma1 1O pan, @assuming constant reduced scattering coefficienground reduced scattering coefficient. These simulated ab-
1+ . Then the photon current will in general change frdm  sorption changes were obtained using B®) and the error
to J,, respectively. For example if the medium is homoge-of the approximation was calculated by comparing the intro-
neous and infinite, then for a source detector pair having duced absorption change with the absorption changes as cal-
separatiorr culated using Eq(13). The error of the method is shown to

(13

C. Quantification of absorption changes
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reference power employed is within the Food and Drug Administration
channel (FDA) CLASS I standards and no special safety features are
required for the operation of the instrument. The pulse rep-
: & etition rate is 5 MHz and the output light pulse full-width at
fused coupler and splitter o half-maximum(FWHM) for both diodes is~50 ps. The two

PLP
40uW, 5MHz
780, 830 nm

(iv) detector
module

(i) Router

(i)

Dicon 1x24 o0 wavelengths are time shared by introducing an electrical de-
optical switch lay line between the diode driving circuitypical 12 n$ and
. coupled together with a 50/50 fused coupl®Z optics
[:] LTD, Ontario, Canada
i o b SPea0 . Analysis of time resolved measurements are very sensi-
2\—4 wea |—] tac | er0 H— tive to the initial timet, that the pulse was launched into the
sample under measurement. For this reason a 95%/5%, 100/
trigger pulse 140 um core/clad silica fused coupler from the same com-

FIG. 2. Block diagram of the instrument. The main components(gréhe pgny is used, to I.ntrOduce a reference bran.Ch as shown in
laser source(ii) the wavelength couplefiii) the 95/5 beam splittefjv) the Fig. 2@ and monitor thet, simultaneously with any mea-
reference branchy) the 1x 9 optical switch(vi) delivery optic fibers(vii) surement. The reference channel can be either coupled alone
fiber holder, (viii) collection fiber optic bundles(ix) light detectors(x)  to the eighth detector leaving seven data channels available
ampllﬂcat_lon unit,(xi) router, (xii) phgton counting unit with m_ultlchannel or simultaneously with the eighth fiber bundle. The length
pulse height analyze(MCA), and finally (xiii) an Intel Pentium based . .
personal computer for the control of the acquisition and data storage ani@S been adjusted so the narrow peak does not interfere even
analysis. with a wide time-resolved curve in the time window. The

95% branch is connected to a DiCon Fiberoptics GP700 1

be quite insensitive to the exact value of the background<® optical switch. The switch can be operated manually or
reduced scattering coefficient. The error remains in mosteémotely through an IEEE 488.2 port. The switching time is

cases below 10® cm 2 for absorption coefficient changes of ~0-5 s and the typical insertion loss is 0.6 dB. The 10-m-
Au,<0.02 cnit due to the small dependence of the diffu- long r.nultllmode graded-.lndex Spectran 100/140 fiber guides
sion coefficient to absorption. Furthermore it scales approxi&re pigtailed to the optical switch. At the other end of the
mately linearly with the absorption change which enablediber, thin rods made of Delrin® agetal resin were used to
easy error correction if higher absorption changes are mongreate connectors that mount the fiber on the measurement
tored. Therefore the method can yield accurate results whep@d-
only absorption changes are considered, even if a rough ap-
proximation of the background scattering is used.
Experimentally we have demonstrated that this metho
attains sensitivity to absorption changes of the order of The detector used is the R4110U-05 MOD multichannel
1074 cm L. This is discussed in Sec. IV. This method is of plate photomultiplier tubeMCP-PMT) from Hamamatsu
essential importance for calculation of small absorption(NJ). The detector contains 8 MCP detectors in the same
changes as in the case of brain functional activitypackage and has very attractive characteristics for photon
measurements- counting mainly due to the short transient tifieT) and
transient time-spreadTTS) features. The eight-channel
module is typical of 90 ps TTS per channel. The cross-talk
between adjacent channels is of the order of 0.5%. The typi-
Figure 2 depicts the block diagram of the instrument,cal gain at—2700 V (max-2800V) is 1¢° which is similar
shown here applied to human brain measurement. The mat@ most photomultiplier tubes and multichannel plate detec-
components ardi) the laser sourceii) the wavelength cou- tors. The channel to channel gain variation is of the order of
pler, (i ) the 95/5 beam splittefiv) the reference brancty) 4 dB. The material of the photocathode is extended multial-
the 1x 9 optical switch,(vi) delivery optic fibers(vii) mea- Kali with radiant sensitivitfRS) of 15 mA/W at 780 nm and
surement pad(viii) collection fiber optic bundlegjx) light 7 mA/W at 830 nm causia 3 dBattenuation of the 830 nm
detectors,(x) amplification unit, (xi) router, (xii) photon  signal relative to the 780 nm signal.
counting unit with multichannel pulse height analyzer  The light is delivered to the detectors via eight 1.5-m-
(MCA), and finally (xiii) an Intel Pentium based personal long fiber bundlegHamamatsu NJ The fiber bundles have
computer for the control of the acquisition and data storageén active diameter of 5 mm and are mounted on special to
and analysis. the application pads. Fiber bundles are necessary to ensure
delivery of sufficient light for detection. The converted elec-
trical pulses are amplified by 8 C5594 Hamamatsu amplifiers
The Hamamatsu picosecond light pulsétLP) NIM and directed to the photon counting multiplexer and to the
module is used as the light source. It houses two laser diodesPC-300 photon counting syste(&dinburgh Ltd., Edin-
operating at 780 and 830 nm. This device is similar to theburgh U.K). The SPC-300 integrates a complete photon
Hamamatsu PLP-02 with temperature control and regulatedounting system on a single AT-bus card. The system has a
drive circuit. The typical average power at the end of theminimum time resolution of 18 ps and can effectively count
delivery fiber is~20 uW for both the wavelengths used. The up to 5x 10° counts due to a fast flash analog-to-digital con-

(]B' Light detection

Ill. APPARATUS

A. Light source and delivery
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verter (ADC) in combination with an error-correction tech- x10°® (counts)
nigue which allows a virtual 16-bit resolution under such '
speeds.

counts

C. Instrument impulse response

The FWHM of the instrument’s impulse resporgg) is
of the order of 200 ps as measured by abutting the source 3l
and detector fibers and properly attenuating the signal. The

0246 811214
(ns) 1

main instrument components that contribute to this finite in- 2r het) s)
strument function are the detector transient time spread al
(TTS), the photon dispersion along source and detection fi- J
bers (~20 p9, the PLP(~50 p9, and the attenuator and
0 2 4 6 8 10 12 14

photon counting system electronics jitté~40 ps alto-
gethey.

(ns)

FIG. 3. Time resolved curvs(t) acquired for a source detector separation
) ) of 7 cm through 0.5% intralipid solution and the associated instrument func-
D. Calibration tion h(t). The inset shows the residual between the measured curve and the

. . . . . . result of the fitting process.
There is a noticeable amplitude and time delay variation 9p

among the channels due to detector gain and fiber guide
length variation. Such variations are recorded by measurinbv' EXPERIMENTAL RESULTS

the instrument function for all source-detectors combina- \We demonstrate the spectroscopic sensitivity, accuracy,

tions. The measurements are made in the presence of th@d interchannel variations of the instrument using model
reference channel. All future measurements are being don@easurements. Two types of models were used:

using the same reference channel in order to be able to cor- The first type utilizes suspensions of Intralipigabi
rect for laser drift and jitter. Curve fitting the reference chan-pharmacia, Clayton, NCemulsion and India ink3080-4
nels of the instrument function and data files, with respect t.K(OH-I-NOOR Inc. Bloomsbury NJ08804diluted in water
amplitude and time delay, recovers theat the time of mea- in a 40x 50x 60 cn? “fishtank.” Intralipid is a polydisperse
surement. suspension of fat particles ranging in diameter from 0.1 to
1.1 um and serves as the scattering background medium. By
diluting Intralipid we are able to change the scattering prop-
erties of our model. Addition of India ink changes the model

Three laser operation parameters may have an effect asbsorption. For all measurements we submerge our sources
the accuracy of absorption and scattering calculations. Thand detectors into the solution using special holders in order
first two are associated with the pulse launch time drift ando simulate infinite media.
random launch time fluctuation gitter. Such phenomena The second type of model we employed were solid
translate to timing differences of the trigger pulse and resulinolds made of clear casting polyester resi#Tl, Fields
in time uncertainties between the data measurements and thanding, CA. Titanium oxide TiQ particles(SIGMA, St.
instrument function recording. Allowing for 60 min of Louis, MO) were suspended in the resin before the addition
warm-up times usually eliminates laser drift problems, whichof catalyst. The particles furnish scattering properties to the
can be further corrected by using the reference measurememtodel, while the addition of India ink again induces absorp-
However the jitter, which is determined after the warm-uption. Therefore we are able to create models resembling spe-
period by monitoring the time position of the time-resolved cific tissue optical properties.
curves’ maximum as a function of time, is always present.  Figure 3 depicts a typical time-resolved curve through
The typical jitter of the instrument is of the order of 25 ps at0.5% intralipid solution for source-detector separation of 7
room temperature. This is the timing error we observe beem in transmittance geometry and the associated instrument
tween the instrument function measurement and the refefunction measurement. The high signal-to-noise ratio ob-
ence branch reading for repeating the same measurememined in measurements like this allows very good fitting
over time. This time uncertainty is the limiting accuracy fac- results that render the fitted curve and the real measurement
tor and has been estimated to inducec5% uncertainty of virtually indistinguishable. The inset depicts the residual be-
absolute absorption and reduced scattering coefficient calctween the real measurement and the result of the fitting pro-
lations. cedure.

The third parameter, namely the amplitude instability ofA Absolute absorption measurements
the source, is an important error factor for the calculations ™ P
based on amplitude such as in E44). Measurements of Figure 4a) shows fittedu, and u. values of a single
laser stability have indicated an amplitude repeatability ofsource detector pair submerged into a 0.5% IL solution. The
more than 98% in room temperature for both wavelengthsmedium absorption changes are induced by adding 2111
which allows absorption differences calculation with an errorof India ink in every liter of 0.5% intralipid solution for
of 5x 1074 or less. every step. The extinction coefficient of the ink is measured

E. Laser stability
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pom-1y (780 nm) ug'(em-) uy(cm-) (830 nm) ue(em™)

0.2
0.18
0.16

—— Ma real
—— Ha fitted

0.14
0.12
01 FIG. 4. Experimental spectroscopic
0.08 data on phantomga) Measurement of
0.06 absorption and the reduced scattering
0.04 o 4 coefficient as a function of ink concen-
0.02 ¢ tration in a 0.5% Intralipid-India ink
0 T T T T T 0 ! T T T T T solution at 780 and 830 nm. Real val-
0 10 20 30 40 50 0 10 20 30 40 50 ues are calculated from the ink extinc-
(@) India ink concentration (ul/L) India ink concentration (ul/L) tion coefficient measured with a spec-
trophotometer. The observed cross
—_— 780 y em) (om ) talk between absorption and reduced
U (780 nm) He(om™) Ks (830 nm) Ha scattering coefficient may be due to
L 0.06 15 | 0.06 fitting error. (b) Measurement of the
L 005 14 | 0.05 reduced scattering coefficient as a
’ 13 function of IL concentration. The
L 0.04 ﬁ - 0.04 background absorption is due to water.
| 0.03 10 L 003 Absorption-scattering coefficient cross
9 talk may be again due to fitting error.
L 0.02 8 L0.02
I 0.01 7 —— 1S e L 0.01
6 —k— Ha fited
O 5 T T T T T T T T T 0
0506070809101.11213 050607080910111213
(b) Intralipid concentration (%) Intralipid concentration (%)

in a photospectrometdHitachi U2000 and absorption co- ties of the medium from 5 to 13 cm. No ink was added.
efficient values are calculated and plotted in the same figurélhe range of reduced scattering coefficients was similarly
Both the calculated and fitted absorption values are due teelected to be close to the typical values of human brast.
water and ink absorption combined. The range of absorptiok\bsorption coefficient values are plotted to demonstyate
values was selected to represent absorption properties founeu, cross-talk in the case of scattering changes. Again the
in human tissué! The deviation of absolutg, values from  observed cross-talk may be due to fitting error.

the theoretically calculated ones, especially in the higher ab-
sorption range, arises when the time resolved curve becom<=C<,
temporally narrower and hence comparable to the instrument’
function width. Then the fitting procedure becomes more In this experiment intralipid solution was used again to
sensitive to convolution, time drift, and jitter errors. The re-Simulate the scattering backgrounda¢~5 cm *. A mea-
duced scattering coefficient is also plotted to demonstrate thgurement obtained from the solution with no ink added con-
observed cross-talk of absorption changes to scatteringfituted the baseline measurement. Subsequently small quan-

changes. The observed cross-talk may be due to fitting efities of India ink (0.211 ul/L) were added to induce
rors. absorption increments df u,=10"2 cm 1. Absorption dif-

ferences between the baseline and the subsequent measure-

ments were calculated using E46) and the result is shown

in Fig. 5 as a function of ink concentration. The experimental
Figure 4b) depicts experimental determination of data verify the simulated data of Fig. 1. The error of the

changes of:. as a function of scatterer concentration. In thisexperimental measurement is approximately double that of

experiment concentrated I(20%) was added incrementally the simulation due to issues related with the amplitude sta-

to a 0.5% IL solution in order to vary the scattering proper-bility of the laser.

Quantification of absorption changes

B. Absolute scattering measurements

Awlem™) (780 nm) Ang(em?) (830 nm)
0.014 1 0.014 1
0.012 1 0.012 -

0.01 4 0.01 - FIG. 5. Measurement of absorption changes using Eg.
0.008 - 0.008 - (14) induced in a 0.5% Intralipid solution, by adding
0.006 4 0.006 4 India ink at 780 and 830 nm. Real absorption change

values are derived theoretically from the ink extinction
0.004 ALy real 0.004 - Al real i i
coefficient measured with a spectrophotometer.
0.002 4 ® Al e 0.002 - ® Al e
0 T T 1 0 T . —
0 1 2 3 4 0 1 2 3 4
India ink concentration (ul/L) India ink concentration (uw/L)
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Absorption coefficient (cm*1) Reduced scattering coefficient (cm-)
10 10
8 8
> >
2 2
g 6 S 6
3 =1
g 4 g 4
“ o o2
0 0
0.054 0.055 0.056 0.058 0.06 0.062 4.8 5 52 5.4 5.6
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FIG. 6. Interchannel variatiota) Variation of absorption coefficient calculated using E%).for 7 X 4 source-detector pairs on a resin model for the 780 nm
wavelength(b) Variation of the reduced scattering coefficient calculated using(@®dor the different pairs employed and the same wavelength and resin
model. (c) Interchannel variation in calculating absorption differences using#t).on measurements from an IL model. Smaller interchannel variation is
observed compared to the fitting method. The observed distribution can be mainly attributed to laser amplitude instability. In all cases similar variation is

observed for the 830 nm channel.

D. Interchannel variation separatior{and therefore good signal to noise rafiairs are

In order to examine the interchannel variation we haveconsidered. o _

performed measurements on a homogeneous resin model INtérchannel variation was also examined when the ab-
with us=0.05 cni* and /=8 cm? using reflectance ge- sorption difference calculation was employed. In this case
ometry, using seven sources and four detectors. Figure 6 dg€ven sources and four detectors were employed in a trans-
picts the reduced scattering and absorption coefficient distrinittance geometry. The scattering medium was 0.5% In-
bution calculated for all source-detector pairs used for thdralipid solution and a 0.01 cit absorption change was in-
780 nm. Similar behavior is observed for the 830 nm. Interduced by adding India ink as before. The absorption
channel variation is within=5% of the mean calculated differences at 780 nm calculated for different channel, are
value for all channels, and withit=3% if only the short plotted as a histogram in Fig(®. Again no difference in

FIG. 7. Application of spatially re-
solved spectroscopy to monitoring

(a)
motor cortex activity(a) Fiber holder
o Belifcs used to place nine sources and four de-
tectors on the skull of a healthy volun-
O Detector x108 cm-! teer.(b) Functional MRI image of mo-

tor cortex activation during finger
tapping. (c) Absorption changes map
during the same activation protocol,
on the same volunteer as in tfibRI
image. A total of 44 spatially re-
solved spectroscopic measurements
are considered which are indicated in
(a) with dotted lines. The maximum
absorption change coregisters well
with the fMRI Image.

Holder
(780nm) An,
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variability is observed between the 780 and 830 nm. Interof the activation is explained because of the low-resolution
channel variation in this case is belaw?2% which can be spectroscopic map. No significant scattering change is ob-
attributed solely to laser amplitude variations and signal-toserved. The scattering changes, calculated after fitting the
noise ratio. activity measurements and comparing them to the baseline

measurements, are within the error limits of the instrument

and validate the use of E¢L6) in our measurements.
E. Spatially resolved spectroscopy

In order to illustrate the assessment of spatially resolve¢t piscussion

spectroscopic measurements we report the use of the instru- L
ment in monitoring absorption changes in the contralateral We have demonstrated an efficient instrument for detec-

primary motor cortex area occurring due to motor stimula-tion and calculation of local optical variations, employing

tion with voluntary finger tapping. Similar motor-cortex ac- Parallel data acquisition of time resolved NIR pulse broad-
tivity is customarily monitored using functional magnetic €NiNg- The accuracy of the instrument has been shown to be

resonance imaginig (fMRI) and recently with continuous suitable even for small biological signals. Quantification of
wave (cw) and phased arrafPA) methods>3 However the absolute absorption and reduced scattering coefficients ex-

use of time resolved methods affords more readily the quaH:'ibits linear response for the range encountered in biological
tification of oxy- and deoxy-hemoglobin applications. The error of the absolute quantification has

In this experiment we have used spatially resolved Niroeen found to be=5% and is attributed to laser jitter, photon

spectroscopy to monitor the activity of the motor cortex of adispersion in the detection system, experimental uncertainty
volunteer and have coregistered it withRI using the same and theoretical approximations. Quantification of absorption
activation protocol. A specially designed probe, having thechangesunder the assumption of invariable scattering back-
geometry shown in Fig. (&, was employed to place nine ground, has been shown to attain sensitivity of the order of
Y —4 A1 -1

light sources and four photodetectors on the skull of the sub%o_ cm and accuracy of the order'of 16,9m - The .

ject. The activation protocol used is similar to the one re.limitations here are mainly due to laser instabilities. The high
ported for cw measuremefitsand consists of a relaxation Performance of the quantification of absorption changes was
period of 30 s during which a baseline measurement is opsuccessfully applied to quantification of absorption changes

tained and an activation period of 20 s where the activitydu”mv]l primary motor cortex activity.
measurement is obtained. The protocol is repeated for each

source. The whole scan sequence lasts 10 min. Tissue opticRCKNOWLEDGMENTS
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