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Calibration of near-infrared frequency-domain tissue
spectroscopy for absolute absorption coefficient
quantitation in neonatal head-simulating phantoms

Brian W. Pogue Abstract. Frequency-domain tissue spectroscopy is a method to mea-
Keith D. Paulsen sure the absolute absorption coefficient of bulk tissues, assuming that
Thayer School of Engineering a representative model can be found to recover the optical properties
Dartmouth College from measurements. While reliable methods exist to calculate absorp-
Hanover, New Hampshire 03755 . ..

tion coefficients from source-detector measurements less than a few
Chris Abele centimeters apart along a flat tissue volume, it is less obvious what
Howard Kaufman methods can be used for transmittance through the larger tissue vol-
Innervision Diagnostics umes typically associated with neonatal cerebral monitoring. In this
Newton, Massachusetts 02459 study we compare the use of multiple distance frequency-domain

measurements processed with (i) a modified Beer-Lambert law
method, (ii) an analytic infinite-medium diffusion theory expression,
and (iii) a numerical finite element solution of the diffusion equation,
with the goal of recovering the absolute absorption coefficient of the
medium. Based upon our observations, the modified Beer-Lambert
method provides accurate absolute changes in the absorption coeffi-
cient, while analytic infinite-medium diffusion theory solutions or fi-
nite element-based numerical solutions can be used to calculate the
absolute absorption coefficient, assuming that the data can be mea-
sured at multiple source-detector distances. We recommend that the
infinite-medium multi-distance method or the finite element method
be used across large tissue regions for calculation of the absolute
absorption coefficient using frequency-domain near-infrared measure-
ments at multiple positions along the head. © 2000 Society of Photo-Optical
Instrumentation Engineers. [S1083-3668(00)00402-0]
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1 Introduction struments is distinctly different than that of trend monitors,
and is still the subject of ongoing research. This paper inves-
tigates how to calibrate such a monitor, which uses frequency-
domain light measurement through thick tissues to calculate
absolute absorption coefficients of the tissue and thereby ab-
solute hemoglobin concentration values.

Perhaps the most successful optical hemoglobin monitor is
the pulse oximeter which is easy to calibrate and is well es-

Near-infrared spectroscopiNIRS) is a tool for monitoring
hemoglobin dynamics in vivo, which is used clinically for
finger and toe pulse oximetry, jugular venous pulse
oximetryl? as well as for applications in musclé,neonatal
cerebral oximetry;® fetal oximetry before or during lab6r®
and adult patient monitoring during cardiopulmonary bypass
surgery*'2In the last ten years, research and developmentin .~ | ) - e
this area has grown in parallel with new applications, which ltiarrt?iltlsze%flnr;?eﬂcgn'% ?Ut C?(?::Start e nexprer\]/isde ° ylilgi:ng
has led to a range of instruments possessing different levels Oftivele accgratg (r)eé dinu Ze 0(12 artir(ieals r?:mop I(c))bine sqalijratign
utility. ® The geometry of the source-detector position and the y 9 €mog .
. . . .~ within the range of 70%—-100%, but fail when used outside
measurement process itself play important roles in determin- . )
. . . . this range, and cannot determine blood volume changes nor
ing what precise characteristics of the hemoglobin/blood are . 12101415
. . . . venous blood dynamicds>'%1415 More advanced systems
measured. While pulse oximetry simply determines the oxy- =~ . . T .
S X ' which measure the near-infrared transmission through thick
gen saturation in the arterial blood through the finger or toe,

. . regions of tissue can be used to quantify changes in blood
devices placed on the head or arm measure spatially averaged .
. - . . volume and blood oxygen saturatifhHowever, these sys-
changes in oxygen saturation and blood volume in the tissue.

Recently. there has been an effort directed towards develo ‘tems are also limited to applications where the absolute value
. ney. . ) P*of blood volume and blood oxygenation is not needed, or
ing clinical devices to measure the absolute hemoglobin con-

where pre-calibration in vivo will suffic&’ While there are

;:ent(;atl_onﬂ? nd oxygen statura_lt_lrc: n, ra}Fgert_than fo?hly ch?rl?es_ormany published reports showing successful application of this
rends in these parameters. 1he calibration ot these latter In'technology, there are also a large number of studies which

have demonstrated the inability of commercial NIRS oxygen
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monitors to produce accurate results in patiéht$®-2This
problem is likely due to the limited range of oxygen dynamics
over which the instrument is calibrated, and the inability of
continuous wave systems to accurately account for pathlength
changes in the tissue. The most desirable solution to this prob-
lem is the development of newer systems which measure the
tissue optical pathlength directly and do not need empirical
calibration.

Systems which directly measure the optical pathlength
through tissue can be used to determine quantitatively accu-
rate hemoglobin concentrations by direct calculation of the
tissue absorption coefficient at several different wavelengths.
This approach has clinical benefits in cerebral blood satura-
tion monitoring where the hemoglobin dynamics are more
compleX! and where inter-patient variability is a large
problem??2% Unfortunately, these more complex NIRS sys-
tems, which can measure the optical pathlength through tissue
and quantify hemoglobin concentrations, require more cali-
bration, modeling and a careful evaluation of their applicabil-
ity, in order to be usefut®?4-2"Thus, while the applications
of pathlength measuring NIRS oximetry systems are many
and promising, each system requires detailed calibration and
testing to validate its utility in specific situations.

Systems for measuring the optical pathlength in vivo can
be separated into spectrally resol8d spatially resolved,
time-resolve® 3! and frequency-domain devic&3?-34
which differ mainly in the technology used to create and de-
tect the light. The latter approach uses light intensity signals
which are rapidly oscillated to measure the path of travel
through the tissue by the phase shift in the detected signal.
This approach provides a workable system for neonatal moni-
toring since it can be designed relatively inexpensively, can :
be used for measurements across large tissue volumes, angi )

. i, g. 1 Photograph of the apparatus for neonatal cerebral hemoglobin
‘%”der cer_ta_ln CondItIOUS Can_ be used to Cal(_:u"a_te_the ab_s_orp'monitoring. The black cables are fiberoptic bundles for delivery and
tion coefficient of the tissue in a manner which is insensitive etection of the light. The instrument uses frequency-domain light to
to irregular boundary conditioris. measure intensity and phase shift of the near-infrared light through a

One important calibration issue is to determine the condi- distance of tissue.
tions under which accurate absorption coefficients can be de-
termined from frequency-domain measurements in tissue ge-
ometries such as the neonate head. In general, some model ofide an accurate and robust method of estimating the absorp-
light propagation must be adopted to match the experimentaltion coefficient.
data to theoretical predictions in order to estimate tissue opti-
cal properties. Perhaps the simplest model which may be ap- :
plied is the modified Beer—Lambert L&%’ which can be 2 Materials a““! Methods
used with a direct probe of the optical pathlength that the light 2-1 Instrumentation
has traveled in tissue. Another possible solution is to use ana-Two instruments were used in this work, which had the same
lytic diffusion theory to predict the light signat;33353%Jong type of frequency domain light source and detection methods.
with relative rather than absolute measurements in order to The first system was a compact unit developed by Innervision
minimize differences due to boundary effects. This approach Diagnostics designed for clinical monitoring of neonatal cere-
can work well for relatively small source-detector distances bral hemoglobin concentration and oxygen saturation using a
(approx. 1-5 c®***®put it is not clear how well it will work single source and detector fib@ee Figure 1 for photograph
for highly curved tissues which are not modeled well The second system was an imaging array using 16 source and
analytically® For these larger tissue volumes, more compli- 16 detector positions in a circular annulus, which was devel-
cated numerical methods must be used to solve the diffusionoped for breast cancer imaging of hemoglobin and can be
equation with boundaries which closely approximate the real seen in previous referenc&s® Both sets of instrumentation
tissue geometr§!~*3 These three model-based methods—  used frequency-domain light signals at 750, 800, and 833 nm,
Beer—Lambert law,(ii) analytic infinite-medium diffusion  which were multiplexed into optical fiber bundles. The lasers
theory, and(iii) numerical diffusion theory calculation with  were powered by both dc current drivers as well as ac current
curved boundaries—are examined here on a series of data setdriven in the 100-300 MHz range. Light detection was
taken from tissue simulating phantoms with well character- achieved through photomultiplier tubéR928, Hamamatsu
ized optical properties, to determine which approach will pro- Inc.), with rf modulated housings to heterodyne the signal
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down to the range of 100-1000 Hz frequen¢$S Instru-
ments, Champaign-Urbana,)lLso that it could be sampled by
an analog/digital(A/D) board in the computer. The single

Calibration of Near-Infrared Frequency Domain

Lambert law?” In this method, the logarithm of the transmit-
ted intensity,l, is used along with a measure of the optical
pathlength] s, in the equation

source and detector fiber bundles on the compact clinical sys-
tem were 3 mm in i.d. and approximately 12 ft long for ease
of attachment to patients. The multiple source-detector system
used 2 mm plastic fibers for the source light, and 6 mm silica
fiber bundles for the detected light and were all fixed in a
circular array where the diameter could be vafiedh this
multiple fiber array, multiplexing of the source-detector loca-
tions was achieved through mechanical translation of the light
source and detector into the different bundles, via linear trans-
lation stages controlled by the computéPreliminary data -, )
obtained with the two systems demonstrated that both the dp dp ™" dp

phase shiftg, and ac amplitude,,., were similar(to within wherep is the distance along the tissue between source and
5%) when measured across the same tissue simulating phangetector. Here, the spatial derivative of the optical pathlength
toms for the same geometry of source fibers. Since the detecs equivalent to the differential pathlength fact@PP de-

tion hardware was identical for the two systems, measure- scribed by Cope and Delpy.If the geometrical factots is
ments from the two were used interchangeably. not highly spatially dependent, then the latter term in €.
may produce an insignificant offset. In the following work,
the spatial derivative of the pathlength factor was calculated
Calibration measurements were carried out on tissue simulat-by measurement of the phase shift, as a function of dis-

ing phantoms consisting of Intralipid, diluted to 0.5% by vol- tance,p, compared to the phase shift in nonscattering media
ume in water, which is considered to represent the scattering
coefficient of tissues reasonably w&iIThe absorption coef-
ficient of this solution in the near infrared is essentially all due ®3)

to water, so that varying amounts of human blood can be

added to the phantom to simulate the optical properties of Wherec is the speed of light in the medium, andis the
tissue. Samples of blood were obtained from adult human Modulation frequency timesm2 Equations(2) and (3) were
volunteers, and evaluated for oxygen and hemoglobin contentused to calculatg., under the assumption thaltG/dp was

in a clinical co-oximeter and blood gas machii@hiron Di- negligible, but the validity of this assumption will be dis-
agnostics Inc., Model 855Hemoglobin content in all blood ~ cussed further below.

samples wad5.6+0.1 g/dL, and this value was used to cal-

culate the molar absorption coefficient of our blood samples . . . .

at the three pertinent wavelengths, using published values of3-2 Analytic Infinite-Medium Diffusion Theory

reduced hemoglobin, Hb-R, and oxygenated hemoglobin, The propagation of light in tissue is well described by radia-
Hb-0,, molar absorption coefficients from Wray et*alThe tion transport theory, and its simplification to the highly scat-
phantom solution was contained in different nalgene plastic tering regime results in the diffusion equation. This equation
containers with diameters between 60 and 95 mm. The con-can be solved analytically for simple geometries such as the
tainer walls were scattering enough to allow light transmis- infinite medium, semi-infinite, slab, sphere and cylintfefs*°

sion through the container, while minimizing the lateral trans- providing solutions which are more exact than the modified
mission of light through the walls directly to the detectors, so Beer—Lambert law. These analytic solutions can be used with
that all detected light can be assumed to have passed througtight measurements of phase and amplitude to calculate ab-
the scattering medium 40. Preliminary studies indicated that sorption and scattering coefficients, assuming that the tissue
the container walls produced a constant offset in the absorp-geometry is regularly shaped. Fantini etBhave demon-
tion coefficient which could be pre-calibraféd(data not strated that a diffusion theory model can be used reliably to fit
shown). changes in phase shift and logarithm of the intensity for
source-detector distances ranging from 3 to 5 cm. It is not
obvious how well this model will work for larger source-
detector distances, or for tissue geometries with a high degree
of curvature. One benefit of the analytic solution method pro-
posed by Fantini et al. is that multiple source or detector lo-
Much of the initial development of current neonatal monitors cations can be used, to approximate the spatial derivatives of
has been reported by Cope and Delp§? The concept of the phase shift and intensity ratio which can be fit to their
measuring the pathlength of light propagation through tissue analytic counterpart in order to estimatg, and ,u/s In par-

has been discussed in detail by this group, and several studiesicular, for this work we used the expressions

have shown that the optical pathlength in neonatal brain is
4-7 times the optical pathlength through nonscattering
media?324“°Cope et al. have shown that absolute changes in
the absorption coefficiente,, can be determined through
arbitrary shaped tissue volumes using a modified Beer—

In(I/1,)=—1l,u,+G, 1)

wherel, is the initial intensity before entering the tissue and
G is a constant factor related to the geometry of the tissue.
When data from multiple detector positions are available, it is
possible to consider the spatial derivative of EL.to mini-
mize G and potentially calculatg.,, from the equation

din()  dl,  dG

2.2 Tissue Phantoms

3 Theoretical Methods

3.1 Modified Beer-Lambert Law Using the
Differential Pathlength Factor

i—f=(uu /D) [1+ (0] o)1

Xsin[tan™ Y@/ m,c) /2], (4)
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d(In (ply0) _

100

1/2, 271/4 ® hantom 1
dp (Ma/D) [1+(w/ﬂ’ac) ] = ghantomz /,-/
80 - ———- reflectance -analytic o
X cos[tan” (@ / p,c) /2] ) _ | transmittance - analytic e

. . . . b4 ——- transmittance -numerical - d /1/’
wherel .. is the ac intensity measured by the detedibis the £ 60 1 —— infinite - analytic e P
diffusion constant defined 33=(3,u/5)*1, andp is the chord 3 P ///;;
distance between source and detettofhese expressions £ 40 - e ' //.
[Egs.(4) and(5)] are matched to measurements of phase shift & A
versus distance arld(pl 5J versus distance to deriye, and § 2 ,,/'/ ,4//1?-"‘

/ 2 20+ Pt
s values. a s
Diffusion theory solutions for the infinite medium, semi- /.//‘14""'
infinite plane, and infinite slab are also compared to experi- 01
mental measurements in an effort to investigate the accuracy
of these solutions in curved tissue-simulating phantoms. In T | T T T T T
this case, the analytic solution for a cylinder or sphere could 0 10 20 30 40 5 60 70 80
be used; however, these expressions require the summation o Source-detector chord distance [mm]
an infinite series of Bessel functions, which requires signifi- (@
cantly more computation, and does not lend itself well to 1649
iterative determination oft, and ,u’s. A more flexible alter-
native to these analytic solutions is to solve the equation nu- NN
merically on an arbitrary boundary with the finite element  16+8 7 ANNN
method. 0 Q\ S
£ 1e+7 MO
3.3 Numerical Diffusion Theory g X \"\,_\
Numerical solution of the diffusion equation has been used £ 1e+6 - 4 e
successfully with circular tissue regions, and has formed the § \5_;5\ T
basis for tissue imaging when coupled to an appropriate in-g 1e+5 | \2\\ »\.\*\,_\
verse solver. In the imaging context, either a finite < \\\’ )
differencé? or a finite elemerdf solution of the frequency- te+d N
domain equation can be used to calculate the predicted light N
fluence rate in a tissue region once the boundaries of the re-
gion are known and incorporated into the calculations. This Te+3 ' ! ' ' ' T I
0 10 20 30 40 50 60 70 80

approach has not been exploited in clinical monitoring,
largely because of the complexity of the model, and the desire
to find simpler solutions. In this study, finite element calcula-
tions are evaluated to determine the benefits of using a nu-
merical forward solution of diffusion theory for monitoring,
and to provide a basis for comparison with the two simpler
analytic methods described above. Briefly, a Galerkin formu-
lation of the frequency-domain diffusion equation was solved
on a circular domain mesh, which could be scaled to the di-
ameter of the phantom being imag€dMeasurements of

Source-detector chord distance [mm]

(b)

Fig. 2 Plots of phase shift (a) and ac intensity (b) vs the chord distance
between source and the detector locations. Experimental data from
two phantoms with the same optical properties are shown. The lines
are predictions from analytic diffusion theory for (i) reflectance and (ii)
transmittance from a slab, (iii) numerical finite element calculations
for a cylinder and (iv) analytic infinite medium calculations. Note that
the phase was referenced to zero when source detectors were placed

phase shift and ac amplitude were calculated at node positiongogether, and the ac intensity data are relative only, and fit to match

corresponding to the detector locations on the tissue-
simulating phantoms. The homogenous optical properties of
the simulation were fit to the experimentally measured values,
using a Newton—Raphson method. Essentially this fitting pro-
cedure minimized the difference between experimental and
theoretical values of the difference in phase shift agpdoe-
tween neighboring detector sit&s.

4 Results
4.1
A solution of 0.5% Intralipid with 12 ml/L of blood was pre-

Source-Detector Distance

the calculated transmittance-numerical line.

2, along with lines representing calculations of phase shift and
ac intensity, from four different theoretical model$} ana-

lytic reflectance from a thick slalgji) analytic transmission
through a thick slab(iii) transmission in the cylindrical ge-
ometry using a finite element solution, afid) analytic trans-
mission through an infinite medium. Chord distances from
source to detector of 14—72 mm were possible with this phan-
tom cylinder. The measurements were repeated on two sepa-
rate phantoms with different wall optical properties. Both sets

pared and contained in a 72-mm-diam cylindrical phantom. of experimental data are plotted on the figure, and show little
Measurements of phase shift and ac intensity were made atvariation between them. A general observation from these cal-
different source-detector separations around the perimeter, us<ulations is that the slopes of all four of the diffusion theory
ing a modulation frequency of 100 MHz and a wavelength of models are quite similar, suggesting that any of them could be
750 nm. These measurements are plotted as points in Figureused to match the slope of the experimental data.
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Fig. 3 Measurements of (a) phase shift and (b) ac intensity for three
phantoms with different absorption coefficients, and a fixed scattering
coefficient of w,=0.51 mm™". The lines are theoretical predictions
from an infinite medium diffusion theory expression which have been
scaled vertically to match the data (but the slope was fixed in each
case).

In a similar cylindrical phantom with a 66 mm diameter,
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Fig. 4 Calculated absorption coefficient from a series of tissue-
simulating phantoms using the three theoretical methods of (i) the
modified Beer-Lambert law, (i) analytic infinite-medium diffusion
theory, and (iii) a finite element-based diffusion theory.

experimental data. Interestingly, the fits appear to be better at
larger source-detector distances than at smaller source detec-
tor distances, indicating that transmission through the phan-
tom across the full diameter is a better match to the infinite-
medium calculation.

4.2 Comparison of Methods to Calculate the

Absorption Coefficient

As described earlier, we have considered three methods of
recovering the absorption coefficient of the medium based
upon frequency domain measuremefitsthe modified Beer—
Lambert law method(ii) analytical infinite-medium diffusion

the same distance measurements were recorded on three diftheory andii) numerical diffusion theory based upon a finite
ferent phantom compositions, covering a range of absorption element methodFEM). Both the analytical diffusion theory
coefficients which are typical of neonatal tissue in the near and the numerical diffusion theory solutions were iteratively

infrared®¢*852|n Figures 3a) and 3b) the ac intensity and

solved using a Newton—Raphson algorithm to fit homoge-

phase shift are plotted, respectively, as a function of distanceneous values of., andu. to the spatial derivatives of phase
for the three phantom solutions where the scattering coeffi- shift and In(pl,J). All three methods were tested for their

cient (i.e., Intralipid concentrationhas been maintained at

,u/s= 0.05mn7%, and the three concentrations of blo¢@i0,

17.0, and 29.0 ml blood per liter of solutipproducing ab-
sorption coefficients ofu,=0.0030, 0.0106, and 0.0158

ability to recover the absolute absorption coefficient of a se-
ries of phantom solutions with increasing blood concentration.
The expected absorption coefficient values were calculated
based upon the known optical properties of hemoglobin and

mm~*. The points on the graphs are measured data, while thewater. The resulting absorption coefficient values are plotted
lines are based on calculations of the analytic infinite-medium in Figure 4, with the theoretical best fit presented as a solid

expression for the fluence rate, using the expegigénd ,u’s

line. The pathlength factor method exhibited a constant offset

values. The lines were scaled to fit the data by subtracting anfrom the expected value, which was significantly high enough
offset in the phase and normalizing the intensity value by a that it cannot be ignored. The other two diffusion theory
constant, such that the slopes of phase shift versus distancéased methods provided accurate estimates for all phantoms
andIn(l .o versus distance were not altered. In general, there to within 10% of the expected values for the range of blood
is a reasonably good fit between the calculated slopes and theconcentrations examined here.

Journal of Biomedical Optics * April 2000 * Vol. 5 No. 2 189



Pogue et al.

100 l—.—
o 18
® 91 mm diameter
80 @ 82mm A B3
N A 72mm
4 v 65mm 2 & :
g 60 v
= A
e
40 ~
[0
@ 4 Bp
g " v
20 v@
0 T T T T
0 20 40 60 80 100
Source-detector distance [mm]
(a)
10000
1000 &
= vy
= A
2 100 - o
= Ya
(@] .v.
T by
s
% ®
. 4 o
E %
T T T T
0 20 40 60 80 100

Source-detector distance [mm)]

(b)

Fig. 5 (a) Phase shift vs distance measured from four cylindrical
tissue-simulating phantoms with different diameters having the same
material, u,=0.0035 mm™" and w/=0.5mm™". (b) Measured ac in-
tensity from the same phantoms. The distance plotted here is the
chord between source and detector locations.

4.3 Effect of Different Sized Tissue Phantoms
The ability of the multi-distance infinite-medium method to

Table 1 Calculated values for absorption and scattering coefficients
(in units of mm™") from three theoretical methods for processing the
frequency-domain data. Note that the differential pathlength factor
method does not recover a scattering coefficient. The expected values
for the phantom were w,=0.0037 mm~', and u,=0.50 mm™".

o (infinite w/ (infinite

Diameter u, (DPF) DPF pu, (fem) w/ (fem) medium)  medium)
91 mm 0.013 7.0 0.0040 0.47 0.0046 0.33
82mm 0.012 7.9 0.0038 0.54 0.0042 0.39
72mm 0.012 8.2 0.0040 0.57 0.0039 0.40
65 mm 0.014 6.7 0.0040 0.46 0.0043 0.29

approach agrees well with the finite element fitting scheme.
Another observation from this data set is that the slope varies
slightly depending upon the angle between the source and
detectors suggesting that the optical property estimates would
depend on the source-detector arrangement. This hypothesis
was tested by processing the data from the 91-mm-diam phan-
tom with the infinite medium derivative method where the fits
for u, and ,u,é were based on different ranges of angles be-
tween source and detectors. The results are reported in Table
2 and show that the fitting is more accurate for source-
detector angles which are greater than @@¢., such that the
source and detectors are on opposite sides of the phantom
This consideration may be quite important in the design of
source-detector arrays using the infinite medium algorithm.

4.4 Effect of an Optically Clear Layer in the
Medium

Recently there has been a significant amount of computational
and experimental investigation into the effects of cerebral spi-
nal fluid (CSP in NIRS measurement of blood volume and
blood oxygenation in the brain. Several papers have demon-
strated that light measurement with small source-detector dis-
tances allow the majority of the signal to channel through the
CSF layer in the head resulting in improper prediction of the

accurate|y estimate phantom Optica| properties is encourag_TGble 2 Calculated values for absorption and scattering coefficients

ing; however, it is important to determine if the dimensions of
the tissue phantom are a significant factor in fitting the data.
To examine this issue, four different sized cylinders were

(in units of mm™) using the infinite medium spatial derivative (or
multi-distance) method for different ranges of angles between the
source and three detectors. For each case the spatial derivative of
phase and In(pl,.) vs distance was calculated from three detector po-

used to hold the same tissue-simulating liquid phantoms, with sjtions, and fit to the infinite medium model. The expected values for
fixed optical properties. Measurements of phase shift and acthe phantom were ,=0.0037 mm~", and wu/=0.50 mm™".

intensity magnitude were taken from the phantoms, and the

results are plotted in Figure 5, as a function of the chord

distance between source and detector locations. In this case,
the data from different sized phantoms show a slight spread in
absolute values; however, the slopes of phase shift versus

distance are constant to within 15%, as are the slopes of the

logarithm of distance times the ac amplitudes., In(pl ) 1.
These spatial derivativeslopes were used to calculate the
phantoms’ optical properties with the three theoretical meth-
ods. The resulting optical properties are listed in Table 1.
Again the pathlength method manifests a significant offset
from the expected values while the analytic infinite medium
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Angle range between w/ (infinite
source & detectors g (infinite medium) medium)
11.25-56.25° 0.0069 0.27
33.75-78.75° 0.0055 0.27
56.25-101.25° 0.0051 0.35
78.75-168.75° 0.0038 0.39
11.25-168.75° 0.0046 0.33
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hemoglobin values from the measureménté. This is com- 120
pounded by the fact that the diffusion model, which is often
used to solve for absorption coefficients, cannot properly pre- 100
dict light propagation in weakly scattering media, such as the
CSF. These computational and modeling studies are at odds
with in vivo measurements of hematoma in the brain, which
appear to yield correct values using point measurements with
a source-detector spacing of less than 5°2ihile this con-
troversy is likely to continue, it is important to study further
the effect of an optically clear layer of material located in the
subsurface region of a tissue volume upon the measured data f
Some simple phantom measurements have been carried out t
assess the magnitude of effect that such a physiologic struc-
ture might have upon transmission measurements in a neona
tal head phantom. 0
A phantom of oxygenated blood at 2 ml/L concentration
by volume mixed in a solution of 0.5% Intralipid was housed
in a cylindrical geometry with a radius of 45 mm. The phan- @
tom was made so that clear glass cylinders could be inserted
into the medium simulating a circular layer of CSF in the n
head. Measurements of ac amplitude and phase were recoret 1000
around the phantom to assess the effect of the clear layer.
Measurements with and without the clear layers are shown in &
Figures 6a) and Gb). Two different clear cylinders were used 100 -
to examine the effect of the layer, the first having an outer
radius of 35 mm, wh a 2 mmthickness. The second cylinder
had an outer radius of 39 mm, Wwia 2 mmthickness. Inter-
estingly, the measurements of ac intensity did not show much2
difference between measurements with or without the clear ﬁ
layer; however, the phase shift is markedly different when the 14 ]
clear cylinder was present, especially for source-detector @a
separations directly across the cylindrical phantom. Using the
slopes of phase shift and ac magnitude from these latter two 0.1 | | : |
data sets produces an overestimation in the absorption coeffi- 0 20 40 60 80 100
cient of 15% and 25% from the homogeneous case.

homogenous ®
clear layer at r = 35 mm
clear layer at r = 39 mm
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5 Discussion Fig. 6 Measured phase shift (a) and ac intensity (b) vs chord distance
Pediatric applications of NIRS appear promising because between the source and detector, for three cylindrical phantoms. The
there is a niche where an accurate on-line monitor for first phantom was homogenous with radius of 45.5 mm, while the
neonatal/fetal blood volume and oxygenation would be ben- STCO”d thmohm was the;?me ?Ztshe f"Sth”tt‘}’}"'“g an eTbEdded Clear
s . [ . ass cylinder having a radius O mm. e thir antom was again
eficial to p_revent prolonged hypoxia, aCUI.e hypo>_<|c |scr1em|a, ?he san);e as the firstgwith a clear glass cylinder har\)/ing a radius o% 39
or to mo”'t_or fetal cerebral hemOdynamICS during labdr. mm within the sample. Both glass cylinders were 2 mm thick and
One of the instruments examined here has been developed tQocated concentrically within the phantoms.
monitor the total hemoglobin blood volume and hemoglobin
oxygen saturation averaged over the neonate PRdAfthile
some monitors measure surface reflectance or transmissioret al.”° can be applied to larger cylindrical phantoms. This
through a thin tissuésuch as the finger or eaonly measure- approach is attractive for the monitoring system described
ment across the head, with a direct probe of the optical path- here since the infinite-medium fitting procedure can be com-
length, can be used to quantitatively determine these valuespleted in “real time” from a small data set. An interesting
noninvasively. Calibration of this type of system requires the observation from Figure 3 is that the infinite medium deriva-
use of a model for calculation of the absorption coefficients tives fit better at longer chord distances, such that if data are
from the measured values, and this study presents a potentialsed within the first 30 mm, the fitting procedure is less ac-
solution to this problem. While the diffusion model has dem- curate(see Table 2 for comparison of fits at different source-
onstrated success in this respect for reflectance baseddetector angleés This observation is likely due to boundary
systems33°%0jt has not been clear how successful it can be effects resulting from the curved tissue surface which creates
for transmittance based systems over long optical pathlengths.a fluence rate distribution which is much less similar to that in
Based upon the good agreement in the slopes of phase shifan infinite medium. Therefore, when using the infinite me-
andIn(pl,o versus distance between theory and experiment in dium multi-distance method for fitting neonatal head data, the
Figures 2 and 3, it appears that this derivative method, or thelargest source-detector distance ranges should be used to
“multi-distance method” as described by Franceschini avoid this geometrical problem.
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