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Abstract

We  present expenments  designed 1o test the
applicability  of (he frequency-domain  semi-infinte
multi-distance  method o cylindrical  boundaries.
Material with absorption and rteduced  scaltering
coefficients similar to those of tissue exposed W ncar-
infrared light was cast wto five cylindrical phantoms
ranging in diameter from 4.2 to 10.2 cm, and also nto a
semi-infinite control. Measurements performed along
the long axis of symmetry on the larger diamcter
eylinders reliably recovered both the absorplion and the
reduced scattering  cocfficients within  10%  of the
control values. Measurements performed along the
circumference  vielded wvalues for  these oprical
coefficients that differed significantly from the control
values. These findings are explained by observing the
measured frequency-domain parameicts as functions of
source-detector scparation.
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L Introduction

A, Near-infrared Tissue Spectroscopy

The near-infrared  (near-IR) pamrt of the spectrum
possesses many characteristics that are useful for the
study of biological tissues [1). Noo-ionizing near-IR
photons are absorbed weakly by water, which permits
both low local heating and deep fissue penctration
{several ceoumeters). Near-IR radiation 15 therefore a
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favorable chowe for a non-invasive diagnostic 1ol that
has many clinical apphcations [2]. However, noo-
invasive optical methods are difficull in medicine since
light transport in Gssues is dominated by moliple
scatlering with mean-Iree-parhs on the order of 30 pm
in tissues [3)].

Diffusion theory offers a simple model that is
used widely o describe multiple scatlening processes.
Over the last decade, diffusion theory has been
successfully applied 10 tissue-like phantoms, allowing
the extraction of absorption spectra from  mulriple
scattering media [4-7], Newly developed instruments
that rely upon  diffusion theory can measure the
absorption properlics of chromophores within highly
scattering media [8, 9). These instruments may be
useful for both fissue spectroscopy and imaging. For
example., the measurcment of oxygen saluration
(fracion of hemoglobin camrying oxvgen) in human
limbs mav lead to the characicrization of peripheral
vascular discasc (1.e., poor circulation) | 2].

BB. The Difficulties of Boundaries

Boundary conditions severely limit diffusion
theory. The very presence of any boundary violares one
of the approximations of diffusion theory, namely thal 1L
is valid only at source-detcctor separations that arc
many scallering evenls removed from non-isolropic
dismrbances [10]. Finitc boundarics, especially ones
with curvamre, are unavoidable in the real world of
non-invasive tissee diagnostic monitoring.  The infinite
medium @5 hardly an adeguate  peometry  for non-
invasive applications,  'The semi-inflinite geometry is
more practical, but cylindrical and spherical geometries
more closely resemble human limbs and heads. The
frequency-domain multi-distance method with a single
modulation frequency as presented by Fantini er al
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offers analyvtic solutons o both inlinite [7] and semi-
infinie [11] geometries, IHowever, analylic solulions
for curved geametries are difficult o obtain [12].

. Porpose of Study

Absalute  values  of  measored  frequency-domain
parameters (AC intensity, DO inlensily, and  phase)
change signilicantly between the infinite and the semi-
infinite geometry,  Yel some relafive changes in thesc
measured parameters are remackably similar in hoth
peometries.  Feeping this in mind, cwr goal was fo
apply the semi-infinite multi-distance method fo curved
frowndaries.  This required checking that the relative
changes in the data are unaffected by curvatore.

This paper  presents  the  resolls of  our
investigations  of  near-IR light  transport  inside
evlindrical tssue-like phantoms,  Using the semi-
infinite  multi-distance  method,  we  measured  the
abzorption coefficient (1L, and the reduced scartering
coefiiciens (.7 of a muoltiple scattering malerial cast
inda f1ve evlinders of varying diameter and into a semi
infinite control sample. We then observed if this semi-
infinite muolti-distance method could mask perurbarions
ta the semi-infinite houndary (e, curvalure),

I[1. Theory

relates  the  scattering and
macroscopically

mediomn o the

The dilfusion  equanon
absorption characlenstics of  a
hamageneous  multiple  scattering
measurable photon density, L I:[]h{]lUTlSXCII]'S:I. In
the frequency-domarn approach, we modulale @ point
source of light at an angular lreguency o {rad=s 1),
This creates a photon density of the form

Lrmnd) = Upedr) + Uy (riahe 00 {1

where ricm) denotes the separation between the source
and the detector. Solutions 1o the diffusion equation in
the infinite medinm take the form of heavily damped
spherical photon density waves [13]:

—_uxp[—k(m)r} {21

; w7

J | 16! S

where i) = r'[ IJ 1-- -| i5 a complex wave-vector
Fol w, )

{emly, vois the speed of the pholons (cmxs l}, assumed
o be that of light in waer, #lo) s the source strength
(p]mlmuxa‘lj. and  wD=v 3! i the  diffusion
coefficient {cin®x=s ), The ahsorption cocfficient L,

femc ') represents the inverse of the average distunce

that photons travel belore being ahsorhed. The reduced
scattering coeflicient " represents the inverse of an
cssentially sotropic scattering scale which is typically
an order of magnitude greater than the actoal mean-{ree-
path between scatterers, Measurable parameters of the
photon density wave  include s amplitude
{lb',.a,t_"{r.w}l. or ACY),  temporal  average  intensity
(e, or DO, and is phase with respect 1o the
source {the argument of Uqc (rom, or 4.

The method of images allows us 1o extend this
solution 1o the semi-infinite geometry [3]. Tlis creales
problems for diffusion theory, since the photon density
cannol  incarporate  vaslly noo-isotropic  pholon
densities. Forcing U0es) Lo vanish upon an extrapodated
Brundary s g owell-known method uwsed in neutron
diffusion caleulations [0}, Taking into account an
index of refraction mismatch (i.e., internal reflections)
berween the tissue and the owtside medium leads w an
crlrapolated boundary located about 001 em above the
semi-inlinite boundary | 14].

Semi-infinite expressioms for each of  the
measurable  frequency-domain parameters  take  the
forms [117):
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whers

functions of their arguments, and dependence upon
houndary values such as the extrapolation distance have
been omitted since they do not influence the following
discussion.
Important points about these equations are:
@ The left hand sides contain the  measwrable
frequency-domain parameters (U, a0 and d).
@ Ooly the dtercepty contain the information about
the frequency-dependent source characteristics.
3 The anly unknovwns in the slopes of these lines are
by and
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We o ocan use the slopes associated with any two
experimental quantities (such as AC and phase) to find
the two unkoowns |y, and p" using an iterative method.
Since we modulate the source al a single frequency, the
frequency-dependent intercepts need not be determined,
o this work, slopes will always refer to the freguency-
dornam parameter measured versus v

ITI. Experiment

AL Samples

The tissue-like phantoms were made with hot-mold gloe
iscaltering substance) and black India ink (absorbing
substance). This material was cast into five cylinders
with diameters between 4.2 cm and 1002 cm, and also
into & semi-infinite sample for a control. The optical
coefficients of this material, measured on the control
sample with the frequency-domain semi-infinite multi-
distance method, were p, = 00417200007 em™?! and

I =T7302032 cm ), which are typical for tissues
exposed o near-TR light,
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Fig, |- Experimental semgp. A THInm laser diode i intensicy
muddulated by a sinosnidal 100 MHz corrent rding on a £ bias
current. This light travels into the gluoe sample by a source optical
fiber. The phoron density wave is then sampled at a given « by
moving  the detecter oprical fiber,  Collected light is then zent 0oa
PRET, where after eross-corrclation the signal is digitized, Tourier
transformed, and then analyzed,

B. Instrument

The  bhasic components  of the  frequency-
domain instrument are presented in Fig, 1. A sinusoidal
100 MHz corrent signal riding oo top of a DO bias
current drves a 780 nm laser diode. The laser delivers
its light 1o the sample with the help of a source fiber
aplic cable. A detector optical fiber placed at a distance
roaway from the source fiber on the surface of the
phantom  samples the photon density wave at that
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location.  We could move the location of the source
fiber while keeping the detector fiber fixed because of
machined templates that fit onto the sample. A
photomultiphier wbe (PMT) medolated ac 100 MHz
plus an B0 He offset, allows cross-correlation of the
mooming siznal. In other words, by heating the
detector and incoming signal, we are able to translate a
high-frequency (1 MHz) signal into a low-frequency
(B00 Hzy signal, while retaining phase and medulation
information,  The resufting 800 Mz signal s then
digitized, fourer vansformed, and analysed with a
perscoal computer [15]0 All components in the system
are phase locked,

C. Protocol
We measured photon density waves aver a

range of r's in a reflectance-style measurement. Several
areas of the glue were measured to verify that it was
homogeneous.  There are also teo possible directions
along the surface that we could measure (Fig, 23

@ along the long axis of symmetry (i.e., z axis)

& along the circumfarence,

e 1 r z axis points
g
cirenmferenee: & delector |
poinis. ) ® source
et T :
placement

Fig, 2 - hapram of the eaperimenta! geometry, The cioole with the
xoinside represents the fixed dewector lovation, and the hlackened
cirgles represent the individoal placeinent locations of the source Tor
cach ¢ both z axis and crcomference measurements. More that «
always refors 1o the straight line separation betwaeen the souree and
the detectar

In both style measurements, r represents the straipght
ling distance between source and detector,  The
measurement was easily reproducible hecause of the use
of machined lemplates that fit over the phantoms. Thus,
the liber placements were identcal for a given
measurcment of each phantom. For the circumference
slyle measurement, templates were availahle for only
three of the cylinders,
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I¥. Results

A. Measured Frequency-Domain Parameters

First, we need o inspect the character of the measured
data and decide if the semi-infinite muli-distance
method is appropriate for cylinders. Figure 3 presents
the measured relative phase shifis of the photon density
wave for each of the three types of measurements.  The
squares are the phases measured on the control sample.
Measurements performed on the cylinder (10.2 cm
shown  here) are presented  osing hour-glasses  and
trnangles for the z axis and the circumierence
measurements, respectively. The solid lines are the best
lincar fit of the data. These are offset by an arbitrary
amount 1o facilitate the comparison of the slopes.

g
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Eig. 3 - Compiirizon of phase slopes (vs, 1), The slopes of the phase
mezsuncd alung the 7 axis o along the corcumference agzee within
1'% amd 5% {respecuvely) of the control vahee. This mdicates thar
the phase o a function of distance is not strongly inflesnced by the
cunabe: for meaveremenis porformed on the cvlinder.

Diffusion theory predicts an essentially linear phase
vs_r (Eqg. (5)). However, the phascs are also essentially
linear for both tvpes of cyvhindncal measurements. The
value of the phase slope measured along the z axis and
the circumference agrecs with the control valve within
1% and 5%, respectively. The sfopes of the phases
have not been significantly affected by the curvature,
O this evlinder, the largest v measured 15 about 5 cm,
which corresponds to a polar angle of 729,

Figure 4 presents the AC intensity using the same
criteria as the previous plot, bur all measurements were
normalized. As before, the lines have been given an
arbitrary  offset w facilitate the comparison of the
slopes. The AC* represents the left hand sade of
Eq. (4). Here, the slopes of the control value and the
slopes measured along the z axis on the cylinder agree
within 1%. Bu the slopes measured along the
circumference devialcs by more than 40% from the
control value. The AC slope for the circumference
measurement lies somewhere bhetween the infinile
medium and semi-infinite mediom valve.

09
-

2 4 q 9 G
digtance (em)

Fig 4 - Comparizm of AC topes (ve 1), AC* refers 1o the ket hand
side of BEqg (1} The AC istenary mezsamed aloag the 2 axis matches
within 1'% of the control valee.  Hosever, the AC infensity measured
along the cirrumference aprect vory poocly with the contro! valee

B. Measared Optical Coefficients

We found that the semi-infinne merthod was able 10
recover |1, within 9% and p;" wathin 5% for all but the
smallest  diameter  eylinder {(4.2cm) when  the
measurement was performed along the ; axis.  TFor
reasons of signal to noise, we elected o use the AC &
phase  as  owr lrequency-domain parumelers.
Figure S{A) presents the gy, measured in the control and
measured in the cylinders along the 7 axis. The dashed
horizontal line represents the wvalue measured in the
semi-infinite  control. The measured absorption
coeflicients lie within the experimental uncertaintics for
the larger cy¥hnders. The reduced scattering 1s present
in Fig. 5{(B) in similar fashwon. The vanation in p.”
between cylinders in this measurcment 15 small, bur still
the smallest cylinder has the poorest agreement with the
controd.

The absorpion ([ig. 6{A)) and reduced
scattering (g, 6(B)) measured along the circumference
of the cylinders is a different story,  This time, the effect
of the curvature was much stronger, making the
determination of p, and pg quite difficult, The values
determined alony the circumivrence are approximately a
factor of 2 below the semi-infinite cantrol values,

V. Discussion

Figure 3 demonstrates the linearity of the phase. Since
the mubi-distance method is based upon diffusion
theory. the phase must be lincar. Further, the curvamre
has changed the slope of thc phase by only a few
percent. This appears reasonable, when one considers
that inhomogencities placed inside of similar media
affect the phase by only a degree or two.
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Fig, 5 - Gptival coefficiens of phantems medsured alang the = axis
Plot (A) presents the absorption, and plot (B) presents the redueed
seantering measured in the cylinders. The dashed solid line represents
the contral value determined from the semi-infinite sample in hoth
plots. Mote the apparent increase in measured fly s the cylinder
diameter decreases. Agreement with the control value lies within 4%
for iy and within 35 for pg" for all eylinders, save the smallest one.

The z axis and circumference measurements
differ in one major aspect. Each r sampled along the 2
axis is affected by the curvaturc in a similar fashion
hecause of the symmetry about this axis,  In the
circumference measurcment, each rowill be affected
very differently by the curvature, The larger r's will be
affected by curvature much less than the smaller r's.
Large 's along the circumference will eventually wind
up as transmission measurements (ie., 180° pelar
angle) rather than reflection measurements,

Failure to  accurately determine the AC
intensity slope for the circumference measurement
explains why the circumference measurement failed to
give the correct values of the optical coefficients. In the
 axis measurement, both the AC slope and the phase
slope agree very well with the control.  We therefore
expect to be able to accurately recover the optical
coefficients if measured along the z axis. This is indeed
the case, excepl for the small diameter cylinders (less
than 3 cm in this study ).
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Fig. 6 - Optical coeificiems of phantoms measared wlong the
circamference.  Flot (A) presents the absorption, and plot (3}
presents the reduced scantering of the oylinders. The dashed solud
ling is the same as i Fig. 5 The optical costlicients ae not close ol
all e the control values,

The success of the cylindrical measurements
emerges fram the fact that the multi-distance method
turns slapes, and not absolute values, into absolule
measurements of [, and 1" Although the absolute
values of directly measured quantities will be affected
dramatically by the corved houndary, the relative
changes with respect to r remain approximately the
same.  This is encouraging [or current hemoglobn
oxypenation measurements that are performed upon
arms and legs [16].  Results obtained should not be
affected significantly by curvature, provided that they
are perlormed along the z axs,

Since the relative phase slope information is
preserved in the cylindrical measurements, perhaps the
best way (o approach the problem of cylindrical
boundaries  is o use  exclusively  phase  slope
information. The slope of the phase is also dependent
upon  modulation  frequency (Eq. {(3)),  Therefore,
determining  the phase slope at two  modulation
frequencies may provide a way to mask the effects of
curvalure lor  measurements  performed  aleng  the
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circumference.  This gives hope for measurements that
must be performed on the head.

VI Conclusion

The application of the frequency-domain semi-infinite
multi-distance  method along the axis of symmetry
allowed us to accurately recover the absorption and
reduced scattering cocllicients of tissue-like cylindrical
phantemns with diameters comparable to adull human
limhs, This suggests that this method is valid despite
the boundary effects of human limbs encountered by
portahle tissue spectrometers. The phase slope was not
significantly affected by the curvature, and hence
provides a useful parameter that is relatively insensitive
ter the boundary,
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