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Assessment of optical path length in tissue using
neodymium and water absorptions for application
to near-infrared spectroscopy

Stephen P. Nighswander-Rempel Abstract. Quantitative analysis of blood oxygen saturation using
Valery V. Kupriyanov near-IR spectroscopy is made difficult by uncertainties in both the
R. Anthony Shaw absolute value and the wavelength dependence of the optical path
L”;;'tgltleicfé’;\%fd'agnosncs length. We introduce a novel means of assessing the wavelength de-
Winnipeg, Manitoba R3B 1Y6 pendence of path length, exploiting the relative intensities of several
E-mail: Anthony.Shaw@nrc-cnrc.gc.ca absorptions exhibited by an exogenous contrast agent (neodymium).
Combined with a previously described method that exploits endog-
enous water absorptions, the described technique estimates the abso-
lute path length at several wavelengths throughout the visible/near-IR
range of interest. Isolated rat hearts (n=11) are perfused separately
with Krebs-Henseleit buffer (KHB) and a KHB solution to which
neodymium had been added, and visible/near-IR spectra are acquired
using an optical probe made up of emission and collection fibers in
concentric rings of diameters 1 and 3 mm, respectively. Relative op-
tical path lengths at 520, 580, 679, 740, 800, 870, and 975 nm are
0.41%0.13, 0.49%0.21, 0.90x0.09, 0.94*+0.01, 1.00, 0.84*+0.01,
and 0.78%0.08, respectively. The absolute path length at 975 nm is
estimated to be 3.8+£0.6 mm, based on the intensity of the water
absorptions and the known tissue water concentration. These results

are strictly valid only for the experimental geometry applied here.
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1 Introduction dent, the path length is also wavelength dependent. Since ab-
sorbance is proportional to both concentration and path
length, ignoring this wavelength dependence can lead to sig-
nificant errors in spectroscopically derived chromophore con-
centrations, especially if only a few, discrete wavelengths are
ever, accurate quantification of Hb levets vivo has been used in the anal_ysdas IS the case In many marketed
hemoximeters Insights regarding the relative influences of

hindered by the uncertainty in the optical path length. Spec- scattering and absorption phenomena. and of probe geometr
troscopic measurements of chromophore concentrations mak% 'ng btion p . » and ot probe geometry,
ave been gleaned from theoretical studies exploiting either

use of the Beer-Lambert law, which states that the absorbancelvIonte Carlo simulation of bhoton transport in tissue or usin
is proportional to the molar absorptivity, the concentration, P p 9

. diffusion theory based on tissue optical consténfs.
and the path length through the sample. In nonscattering me- . .
. L . o The technique that has been employed most often to esti-
dia (such asn vitro solutions, the path length is simply the . . i .
. S . - . mate the absolute and relative path length in scattering media
sample thickness, but in highly scattering media such as bio-

logical tissue, the effective path length can be many times the is time-resolved spectroscopy. Most studies utilizing  this

. . . method, which measures the transit time for ultrashort laser
sample thickness or the interoptode spacing. If the path length .
. . . . pulses, have compared path lengths at two or three discrete
is unknown, then only relative changes in concentration,

rather than absolute values, can be derived from the measureg\l"’welengths in the 690_ to 860-nm ngar-IR r.aﬁggeThe
spectra usual gauge reported in these studies is the differential path

Scattering complicates the issue further in that the angular length factor(DPP), defined as the mean path lendfor a

i length divided by the straight-line dist be-
distribution of scattered light intensity is wavelength depen- given wavelength divided by the straight-line distance be

. : L tween the emitting and detecting optical fibéoptodes.
dent. Since scatteringand absorptionis wavelength depen- Relative and absolute DPF values from several relevant

studies of skeletal muscle are compiled in Tables 1 and 2,

Within the last twenty years near-IR spectroscéNiRS) has
experienced a tremendous rise in use in a variety of biomedi-
cal applications. It has proven especially important in assess-
ing blood oxygenation and hemoglokirb) content!~ How-
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Table 1 Summary of previous relative path length results.

Study

Relative Path Length Results

Klassen et al.'®

Pringle et al."!

Kohl et al.?

Duncan et al.'®

Benaron et al.'4

Duncan et al.'®

Essenpreis et al.?

DPF decreases with wavelength between
750 and 900 nm
DPF (900 nm)=0.8DPF (800 nm)

No difference between DPF values at
744, 806, 834, and 860 nm

DPF decreases with wavelength between
750 and 950 nm
DPF (950 nm)=0.7xDPF (800 nm)

DPF decreases with wavelength between
690 and 832 nm

DPF (832 nm|=0.87XDPF (690 nm) in
newborns

No difference between DPF values at 754
and 816 nm

DPF decreases with wavelength between
690 and 832 nm

DPF (832 nm)=0.89xDPF (690 nm) in
adults

DPF decreases with wavelength between
740 and 840 nm
DPF (840 nm)=0.9xDPF (740 nm)

Absorbance Spectra of
Neodymium and Nd-DTPA

Absorbance

Nd-DTPA

500 600 700 800 900
Wavelength (nm)

Fig. 1 Absorbance spectra of neodymium (Nd). Binding Nd to DTPA
does not substantially change its absorbance spectrum.

values is high?!* Moreover, DPF values are dependent on
several factors other than the wavelength; these include tissue
type, subject age, and source-detector separation and geom-
etry. The reported DPF values range between 3 afidc-
cating that the mean path length is several times the direct
distance between probesnd the wide variation in absolute
DPF values makes it difficult to determine absolute concen-
trations spectroscopicaliy vivo with any reliability>8:1°

In this paper, we introduce a novel method of measuring
relative path length values using chromophores that exhibit
multiple absorptions in the visible/near-IR spectrum. Since
absorption intensity is proportional to path length, the relative

respectively. These data indicate a slight decrease in DPF With_absorption inter)sities for_ a single chromophorevivo can be
increasing wavelength between 690 and 860 nm, and hence dnterpreted to yield relative path length values at the absorp-
corresponding decrease in optical path lerigtht>!" How- \ P ' .
ever, the differences between the DPF values at the differentchromophore with as many distin@nd intensgabsorptions
wavelengths are small, and the intersubject variability in DPF as possible within the wavelength range of interest is desir-

Table 2 Summary of previous absolute path length results.

Study

Absolute Path Length Results

Pringle et al."!

Duncan et al.'®

Benaron et al.'4

|15

Duncan et a

Essenpreis et al.?

Matcher et al.'®

DPF  (muscle)=5.4=1.0 (744 nm),
47+1.0 (860 nm), source-detector
separation of 3 cm

DPF (newborn heads)=5.4x0.5 (690
nm), 4.7+0.6 (832 nm),

source-detector separation of 4.5 cm

DPF (infant heads)=3.7+0.3 (754 nm,
816 nm), (source-detector separation of 1
mm)

DPF (adult muscle)=6.5=1.1 (690 nm),
5.9+1.0 (832 nm),
source-detector separation of 4.5 cm

DPF (adult muscle)=5.7+0.6 (800 nm),
source-detector
separation of 4 cm

DPF (adult muscle)=4.9+0.5 (820 nm),
2.8+0.3 (975 nm),
source detector separation of 3.5 cm

DPF=mean path length/optode separation
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tion wavelengths. To assess path length most accurately, a

able. Neodymiun{Nd) is a lanthanide metal in the same row
of the periodic table as gadolinium and dysprosium, both of
which have been used clinically as contrast agents in mag-
netic resonance imaging stud@<€! Nd has several absorp-
tions in the visible and near-IR regions, making it attractive
for the present purpo$e®® (Fig. 1), and when bound to a
chelating agent such as diethylene-triamine-pentaacetic acid
(DTPA), it is nontoxic with only minimal alteration to its
absorbance spectrum.

Nd-DTPA exhibits distinct, narrow absorptions at 512 and
524 nm [overlapping peaks with a full bandwidth at half
maximum (FWHM) of 19 nm], 582 nm (FWHM=15 nm),

679 nm(11 nm), 740 nm(19 nm), 800 nm(12 nm), and 864

and 871 nm(overlapping with FWHM of 12 nrh To exploit
these absorptions vivo, visible/near-IR point spectroscopy
was carried out for isolated, beating hearts for which Nd-
DTPA had been added to the coronary perfusion medjuen
fusatg. In this experimental arrangement, Nd-DTPA is dis-
tributed throughout the vasculature and enters the interstitial
space, but does not penetrate the intact cell membranes. The
relative intensities of the absorptions as they appear in spectra
measuredn vivo differ from the relative intensities as they
appeaiin vitro, and these differences in relative intensity can
be interpreted to quantify the wavelength dependence of ef-
fective optical path length. Water also exhibits absorptions at
835 and 975 nm that may be exploited similarly. The follow-
ing experiments were therefore designed to capitalize on the
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absorptions of Nd and water to determine the wavelength de-
pendence of optical path length in spectroscopy of isolated rat
hearts.

2 Materials and Methods
2.1 Experimental Protocol

To avoid possible spectroscopic interference of hemoglobin
(Hb) absorptions with those of Nd, hearts were perfused with
phosphate-free Krebs-Henseleit buffdKHB). Separate so-
lutions of KHB with and without neodymium were prepared.
To maximize the Nd absorption intensity and hence optimize
the spectroscopic SNR, preliminary experiments were ex-
ecuted to determine the maximum Nd concentration that the
heart could tolerate. To that end, varying concentrations of a
Nd stock solutiohwere added to low-sodium KHB solutions
to bring the Nd concentration to between 5 and 30 rfilhve
sodium content of the KHB was reduced to compensate for
sodium contributions from the Nd stock solutjoithe maxi-

pathlength . . .

Subtraction of Initial Spectrum
from Successive Tissue Spectra

(a)]

Perfusion with Nd-KHB 1

0]
o 05 L
% Perfusion with KHB (no Nd)
o T + y
§ o1l Difference of above spectra (b)
< Nd absorptions
0.05f /‘\ ]
0 L
500 600 700 800 900 1000

Wavelength (nm)

Fig. 2 (a) Sample tissue spectra acquired during perfusion with Nd-
free KHB and KHB with a 20-mM Nd concentration. (b) Differences in
the spectra are almost entirely due to Nd contributions.

mum acceptable Nd concentration was deemed to be 20 mM.added(Nd-KHB) for 20 min. Perfusion was then switched
When the Nd concentration exceeded this value, adjustmentsback to Nd-free KHB and spectra were acquired for an addi-
to the KHB solution could not maintain free sodium, calcium, tional 10 min. To verify that this Nd concentrati¢20 mM)

and potassium ion concentrations at normal levels. Since Nd-did not adversely affect cardiac function, functional data were

DTPA bindsCa’ *, CaCl, was also added to the perfusate to recorded every minute throughout the protocol.

restore ion concentrations to normal levels.
Sprague-Dawley ratén=11) weighing 300 to 400 g were
anesthetized with pentobarbitall20 mg/kg, intraperito-
neally). When the animal was unresponsive to the toe pinch
test, the chest cavity was opened and the heart was remove

The heart was then attached to a Langendorff perfusion setup

and perfused through the aorta with phosphate-free KHB. The
perfusate was bubbled wigb% O,/5% CO, to maintainpO,
at 500 to 600 mm Hg and pH at 7.35 to 7.45. Perfusion with
this buffer was maintained for a minimum of 10 min to enable
the heart’s functional parameters to reach equilibrium.
Spectra were acquired continuoug® s acquisition timg
throughout the experimental protocé#00 to 1100 nm,
0.5-nm spacing Broadband visible/near-IR light from a fiber
optic illuminator(Oriel Model 77501, Stratford, Connectigut
was transmitted to the heart through one arm of a bifurcated
fiber optic bundle. The common illumination/collection probe
tip was placed in gentle contact with the heart, where scat-

tered light was gathered and transmitted through the other arm

of the fiber bundle to a visible/near-IR spectrométeontrol
Developments, Ing. The emitting and collecting fiber optic
filaments[200-um diameter, numerical apertu(®lA)=0.22]
were arranged in two concentric rings at the probe(tipl-
lecting filaments formed the inner ring and emitting filaments
formed the outer ring; the diameters were 2 and 6 mm, re-
spectively. Sets of 10 spectra were averaged to increase
SNR, yielding one spectrum every 20 s.

Following 5 min of baseline perfusion with regular KHB,
hearts were perfused with the KHB to which Nd had been

*KHB is a Hb-free solution, containing(in mM): NaCl (118),
NaHCG; (25), KCI(4.7), CaC} (1.75), MgSQ (1.2), EDTA-2Na(0.5),
and glucose(11). It has been shovifi to effectively transport oxygen
(dissolved in the solution

'Stock solutions of the Nd chelatd00 mM) were prepared by mixing
equimolar amounts of Ndgland DTPA(free acid. The acidic solution

was titrated by NaOH to bring the pH to 7.4, which corresponded to
mono-Na salt of DTPANd-DTPA-Na 3NaC).
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2.2 Spectral Analysis
The only Nd absorptions clearly visible in the absorbance

gSpectra were those at 740, 800, and 870[Rig. 2@)]. The

mean of tissue spectra acquired during baseline perfusion
(prior to addition of Nd was calculated and subtracted from
each spectrum acquired during the trial; these difference spec-
tra clearly revealed the other Nd absorpti¢FRey. 2(b)]. As-
suming that Mb oxygenation, cytochrome redox state, and
water content are unaffected by the presence of Nd, the con-
tributions of these chromophores to the absorption profile
should be eliminated in the difference spectra. This expecta-
tion has been validated previously for I mM) concentra-
tions of neodymiunt> and was generally true for the trials
within this study. However, 4 of the 11 trials did exhibit in-
tensity changes in cytochrome and myoglobin absorptions
when 20-mM Nd-DTPA was present in the perfusate. Since
these spectral changes prevented clear visualization of the Nd
absorptions, these trials were excluded from our analysis.

The difference spectra following addition of Nd were
dominated by the Nd absorptiofiBig. 2(b)]. To compensate
for small, residual non-Nd contributions to the spectra, a base-
line was calculated for each difference spectrum, using a lin-
ear interpolation of the absorbance values on either side of
each Nd absorption. These baselines were subtracted from the
corresponding difference spectra.

The ratio of thein vivo absorption intensity to thi vitro
absorption intensityi.e., molar absorptivityis the product of
the concentratiorfwhich is constant for all wavelengthand
the path length:

(Ain vivo! €in vitro)r=CL\

This intensity ratio was determined for each Nd absorption
and then normalized to the corresponding value for the
800-nm band, to provide the relative path length at each
wavelength(since the concentration was uniform
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Table 3 Cardiac functional parameters.

15 min. Nd-KHB
Heart Baseline (n=11) Perfusion (n=11)
Heart rate [beats per minute (bpm)] 225+17 224+18 (NS)
Systolic pressure (mm Hg) 10310 10117 (NS)
Diastolic pressure (mm Hg) 7+2 7+3 (NS)
Pressure-rate product 21,600=3000 21,200+4500 (NS)
Perfusion pressure 66=x2 74+12 (p<0.05)
Perf press/coronary flow 4.6x0.4 5.2+1.0 (p<0.05)
3 Results for the weaker visible bands, due both to the high absorption

intensity and to the fact that no other absorptions interfere
) ) ) with them. The path lengths at 679, 740, and 870 nm are
The effects of Nd-KHB perfusion on cardiac function are go+9gos, 94+1%, and 84-1% of the path length at 800 nm,

summ_arlzed in Table 3. While there was a small increase in respectively. In contrast, the path lengths at 520 and 580 nm
perfusion pressure and coronary resistance upon perfusionyere 4113% and 4921% of the path length at 800 nm.

with Nd-KHB, there was no significant effect on heart rate or These results are not consistent with published DPF data,
systolic or diastolic pressure. These data confirm that addition which suggest that path length decreases with increasing
of 20-mM Nd-DTPA to the perfusate did not adversely affect wavelength in the range between 690 and 860 nm, but they

3.1 Neodymium Absorptions

cardiac function. o are consistent with the prevalent notion, originally forwarded
The difference spectrum plotted in Figb2 clearly dem-  y jgysis in his seminal 1977 paper, that the near-IR offers a

onstrates that the visible-wavelength Nd absorpti¢s20, “therapeutic window” due to the deep penetration of near-IR

580 nm) are much less intense relative to the near-IR bamds 45 compared to visible light.

vivo than they aren vitro (_Fig. 1)._The d_eoxy—Hb absorptions These results, and the observed difference spectra, explain

show a parallel trend, with the intensity of the 555-nm band \yhy only the three near-IR absorptions appear prominently in

relative to that of the 760-nm band redudedvivo (unpub- iy Vivo spectra. The 679-nm absorption is too weak to be

lished observationsBoth chromophores therefore lead to the isiple without preprocessing, and the 520- and 580-nm ab-
conclusion that near-IR light travels a greater distance through sorptions are attenuated by relatively short path length and

the tissue than visible light. ~ suffer from interference by the myoglobin and cytochrome
As illustrated in Fig. 3, optical path length reaches a maxi- apsorptions.

mum near 800 nm, falling rapidly with increasing wavelength
and more gradually with decreasing wavelength. The results 3.2 Water Absorption

are also much more precise for the strong near-IR bands than
The most intense water absorption in the 500- to 1100-nm

range is at 975 nm. A much weaker absorption is present at
Wavelength Dependence of 835 nm(Fhe water absorption at 730 nm proved too weak to
Relative Pathlength observe in these spectrand the only other endogenous chro-
e — mophore absorbing significantly in the 800—1000 nm region
107 . - is myoglobin. Since the perfusate was well-oxygenated, the
deoxy-Mb concentration was negligible. While the oxy-Mb
osl * band centered at 920 nm does overlap with the water bands,
this absorption is extremely broad relative to those of water,
and therefore its contribution can be effectively suppressed by
taking the second derivative of the tissue spetdra.

The second derivative of a representative cardiac tissue
0.4 spectrum (acquired during normal perfusion with Nd-free
KHB) and of the water absorptivity spectrum are displayed in
asl Fig. 4. Both spectral features attributable to wategar 835
500 600 700 800 900 1000 and 975 nm are clearly visible, although the features ob-

Wavelength (nm) served in tissue spectra are shifted by a few nanometers rela-
tive to the corresponding bands in the absorptivity spectrum
(this may be due to interactions of water with various biologi-

Relative Pathlength

Fig. 3 Path lengths at 520, 580, 679, 740, and 870 nm (neodymium
absorptions) and 975 nm (water absorption) relative to that at 800 nm

(neodymium absorption), as determined by normalized relative cal microenvironments, a factor that also broadens Fhe
neodymium and water absorption intensities in isolated rat hearts (n 975-nm banyl When the spectra are scaled to a common in-
=7). tensity for the feature at 835 nm, the 975-nm absorption for
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Second Derivative Spectra of
Cardiac Tissue and Pure Water

Pure Water—

Cardiac Tissue —

Second Derivative
of Absorbance

800 850 900 950

Wavelength (nm)

1000

Fig. 4 Intensity of the second derivative of the 975-nm water absorp-
tion relative to that of the 835-nm absorption is lower in tissue than
in vitro.

pulse-width laseps Moreover, it can be performed for any
experimental geometry; indeed, it should be repeated for each
change in experimental geometry, since the wavelength de-
pendence of optical path length will certainly change accord-
ingly. Finally, the method outlined here can be refined by
including additional exogenous chromophores with distinct
absorptions to provide path length data for additional wave-
lengths within the spectral region of interest. Obvious candi-
dates include other transition metals such as dysprosium or
europium, each of which contributes a unique set of visible/
near-IR absorptions.

The neodymium absorption intensities measuiredivo
indicate no significant difference between path lengths at 520
and 580 nm. This conclusion is consistent with the fact that
relative oxy-Mb absorption intensities at 540 and 580 nm in
tissue spectra are comparable to those obsdrveidro. The
path length therefore varies little with wavelength between
500 and 600 nm. However, given the Nd data between 500

tissue water is clearly weaker than the corresponding band for3nq 800 nm. a steep rise in path length must occur between
pure water. This suggests that the optical path length is shortergng and 700 nniFig. 3.

at 975 than at 835 nm.
To quantify this relationship, the ratigs/1g35 was evalu-
ated for (second derivative spectra representative of each

It has been suggested that the absorptions of tissue chro-
mophores shorten the optical path length, since there is an
increased likelihood that photons will be absorbed in transit

heart, as well as for the water absorptivity spectrum. The rela- fom the emitter to the detectdt. The question that then
tive path length at 975 versus 835 nm was then calculated by gyises is whether the absorptions of neodymium affect the

dividing thein vivo intensity ratio(hear} by thein vitro ratio
(water absorptivity, yielding the conclusion that the path
length at 975 nm is 889% of that at 835 nm. The variance

optical path length, i.e., does the probe affect the quantity of
interest? To assess this possibility, we have searched for lit-
erature examples wherein the optical path length was mea-

may be due to subtle variability in probe placement against greq directly(using either phase- or time-resolved spectros-

the cardiac tissuéaffecting the path traveled by the photons

copy) at a single wavelength but varying the concentration of

or genuine intersubject_variability in tissge structure. To as- species absorbing at that wavelength. One clear example ap-
similate these re.sults with t_he Nd an.aIyS|s, the path length at pears in a piglet cerebral stiddywherein the path length was
835 nm was estimated by interpolation of the Nd data to be easyred at 754 nm while the sagittal sinus hemoglobin satu-

94% of that at 800 nm. This further implies that the path
length at 975 nm is 788% of the path length at 800 nm. This
relative path length value at 975 nm is included in the
wavelength-dependence plot of Fig. 3.

ration was varied from 4 to 98%. These variation©nsatu-
ration would cause changes 6f0.1 absorbance unitéor
greatef at 754 nm due to variations in the intensity of the
deoxyhemoglobin absorption centered at 758 (s®e, e.g.,

~ The 835-nm absorption of water has been suggested pre-ref, 29, yet the effective path length deviated by orip.62
viously to be useful as a probe of absolute path length in ¢ (quring hypoxia to 0.93 cm(during hyperoxia from the

near-IR spectra of tissié.By taking the second derivative,
the contribution of the very broadbO,/MbO, absorption is

value of 13.6 cm during normoxia. While these findings con-
firm that the path length does decrease with increasing absor-

essentially eliminated, leaving the water absorption as the pance, the measured change was less than 12% coincident

only feature absorbing in the range 800 to 880 nm. If the
concentration of water is known for the tissue of intefesy.,
the water content of brain tissues90%), then the effective

with an absorption band spanning an absorbance range greater
than 0.1 absorbance units. Since the absorptions of neody-
mium in this paper range in intensity fromr0.03 to 0.08

optical path length can be determined by fitting the observed ghsorbance unitsee Fig. 2 we conclude that their influence

(second differentialwater absorptiorA(\) with the second
derivative of the absorptivity spectrum for pure wat€x):

A(N)=¢€(N)cL.
The fitting coefficient is the product of concentration and path
length cL, and dividing by the molar water concentration
(e.g., 55.5 mol/L for pure water90% water content for brain
tissue yields a water content of 50 mmal/then vyields the
effective optical path length.

4 Discussion
This method is unique in that it can provide relative optical

on path length should be less than 10%. Furthermore, the
effect would be to fractionally shorten the effective path
length at all neodymium absorption wavelengths, so that the
error in relative path lengths determined from them would be
substantially less than 10%.

While the approach outlined here provides a measure of
the wavelength dependence of optical path length in tissue,
water absorptions can be further exploited to provide an ab-
solute measure of the optical path length, as described
previously® Since the water concentration in cardiac tissue is
known, the 975-nm absorption of water can be used to deter-
mine the path length. Reconfiguring the Beer-Lambert law,
the path length. can be expressed as a function of the absor-

path length data without extra equipment beyond that neededbance A, the molar absorptivitye, the concentratiorC: L

for the intended spectroscopic studiésg., no ultrashort-
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=A/(eC). The (baseline-correctgdabsorbance and absorp-
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tivity values are known. Since water constitutes 77% of the to provide both a measure of relative path length in tissue as a
weight of KHB-perfused hearts, the concentration is ap-  function of wavelength and an absolute measure of path
proximately 43 M. This provides a path length of 3@.6 length. While these results are interesting in their own right,
mm. Expressed as a multiple of the radial spacing between thethey also have practical application in the analysisno¥ivo
emitting and collecting fiber@ mm), the DPF value comesto  spectra. Knowledge of the relative and absolute path lengths
1.86+0.31. This result, combined with the relative path length enables more exact quantitative spectroscopic determination
values already listed, yields absolute path lengths at 520, 580,0f chromophore concentrations. While the results presented
679, 740, 800, 870, and 975 nm of 2.0, 2.4, 4.4, 4.6, 4.9, 4.1, here apply strictly for this experimental setup oféy optical
and 3.8 mm, respectively. probe with emission and collection fibers in concentric rings

It is surprising at first glance that the effective optical path with a radial spacing of 2 mimthe method opens the door to
length has a maximum at 800 nm, decreasing from this maxi- determining the wavelength dependence of path length for
mum value to both shorter and longer wavelengths. This is any experimental arrangement. Indeed, it would be of interest
apparently at variance with the studies cited in Table 2; for to assess the effect of geometry and interoptode spacing on
those investigations that include determination of path length the wavelength dependence, and experiments are planned to
(or, equivalently, the DPFat two or more wavelengths, the that end.
path length at the longer wavelength has generally been found
to be shorter than that observed for shorter wavelength. The
qualitative discrepancy may originate from any of a number
of factors. First, the majority of published DPF determinations The authors would like to recognize Bozena Kuzio for her
have been either for cerebral studies or for skeletal muscle.assistance with the experimental protocol. This research was
Although it is generally agreed that the brain is sampled by funded by a grant from the Canadian Institutes for Health
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