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Abstract

We have used Photon Density Wave Fluctuation
Correlation Spectroscopy (PDW-FCS) to study spatial and
ternporal correlations of large-scale (~1 mm) optical
fluctuations in turbid media such as tissues. Cur method
uses high frequency (110 MHz) intensity modulated near-
infrared light traveling in multiply scattering media. We
measure the power spectra of the average wvalue (DC),
modulation amplitude (AC) and phase (@) of the photon
density wave launched in the turbid medium. We have
designed an optical probe, consisting of two source-
detector pairs, which in conjunction with a correlation
algorithm restricts the region probed by the photon density
Wave.
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1. Inmtroduction

Biological processes related to functional activity may be
characterized by fluctuations in the macroscopic optical
properties of tissue, For example, brain activity changes
the metzbolism of a region of the brain as well as the
blood flow in that region, It was demonstrated that these
changes result in spatial and temporal fluctuations of tissue
optical properties. In particular it was found that visual
srimulation induces local changes in the optical properties
of the human brain visual area [1,2]. :

To verify that one could observe millimeter-size
optical fluctuations in turbid media and that they can be
described by theory, we performed experiments with one
source-detector pait. The accompanying article describes
in maotre detail the model vsed in our phantom experiments
[3]. Briefly, using diffusion theory and the perturbation
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approach, we calculated the change in the photon density
wave caused by a single, spherical, light-absorbing particle
[4]. We then used two methods to verify our model: (1)
fitting of time-average values of the relative change in
intensity or the change in phase as a function of source-
detector distance, and (2) fitting of experimental DT and
phase power spectra with theoretical ones calculated from
an antocorrelation function based on a 3-D flow maodel for
the absorbing particles. :

In this evaluation process we found that significant
light blockage by particles coming very close to either
fiber end caused a significant problem in the determination
of the experimental power spectrum. With only one
source-detector pair, fluctuations near either fiber end
contribute much more to the relative change of the
frequency-domain parameters than fluctuations deeper
within the phantom or tissue (see Figure 1).
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Figure 1. Change in D of the PDW created by 51 and 57 (due
to 2 small light absorbing particle & at various positions along
the line connecting 81 and D, as shown in the inset), detected at
M (solid line) and k3 {broken line), respectively. The line S2-
D iz perpendicular to S51-I3 and bisects it. The functions were
calculated based on results in [3].
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in the present work we propose a design for an optical
probe consisting of two source-detector pairs where each
source and detector is located at the comer of a square
about 3 cm a side (see Figure 2). Our aim is 10 reduce the
sensitivity to fluctuations in the superficial layers of tissue,
and to better localize them in the deeper regions. To
clarify the advantage of this design, suppose that the
optical parameters flucruate homogeneously in the entire
region below the probe, and that fluctuations in the points
separated by distances larger than A are uncorrelated.
Consider the modulated signals U,, detected by detector
D, generated by source 5, and Uy, detected by detector D,
generated by source S,. 1 local flucruations of the optical
parameters are not very large, the instantaneous
fluctuations of both signals are given by the integrals of
the local contributions 8wy over the entire region. The
regions contributing most to the fluctuations of the signals
U,, and Uy, are defined by the light bundles around the
lines 5,-D, and S;-D,, respectively. Consider the cross-
correlation function <f,,(f}.(r+1)>, where fi{1) is the DC,
AC or phase of the comesponding signal.  Since
fluctuations in the distant regions are uncorrelated, the
function <} {f)fi(t+1t)> is effectively the autocorrclation
function for fluctuations in the arca of characteristic size A
located at the intersection of the light bundles for S.-D,
and 5.-D,. TIn this sense we may also consider the product
of the flucruations of two signals as a function of time,
such as du,,(f)xBuy(1).
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Figure 2. Optical probe consisting of 1wo sources ($1,52) and
two detectors (D), D7) placed at the versices of a square of side
L-3cm. The photon density change caused by ohjcct O (which
has different optical propertics than the surrounding turhid
medium) detected at detector Dj, and generated by source §; is
indicated by Suyj.
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In addition to the signals U,, and U, one can also
acquire the signals U, and U,,. The corelations between
U,, or U,, with U,, or U, allow us to localize fluctuations
in the two “parallel” spatial regions. The cross-correlation
<fi {1} (++1)> gives us information on the comrelations of
fluctuations between the two “parallel regions™ shown in
Figure 2 (this was done for the measurements on the
forehead, shown in Figure 8).

2. Methods

The basic features of the frequency-domain instrument are
described in the accompanying article [3] (see Figure 3).
Briefly, the light source is a laser diode emitting at 750
nm, whose mtensity is modulated at 110 MHz. The light
is guided through a multimode silica optical fiber having a
core diameter of 600 gm and a numerical aperture of 0,39,
The light is collected by a glass fiber bundle {internal
diameter 3.2 mm, numerical aperture 0.56) and conducted
to the photomultiplier tube (PMT). The PMT voltage is
modulated at 110.005 MHz, and the signal at the
difference frequency is applied to the input of an imerface
card (1S5 A2D, 158 Inc., Champaign, IL) for an IBM-PC
computer, where the data processing is performed to
obtain DC, AC and ¢ [6].
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Figure 3. The PMT output at the difference frequency (5 kHz) is
sent 1o the input of an mtcrface card for an IBM-PC computcr,
where the data processing is performed to obtain the frequency
domain parameters: the average value (DC), the amplitude (AC)
and the phase of the signal.

When two source detector pajrs were used, the two
sources were multiplexed at § msec intervals. The time-
series data acquired by the frequency domain instrument
are collected inte blocks of 8 seconds with a time
resolution of 8 msec, or 16 msec with multiplexing
{corresponding 1o a frequency bandwidth of 62.5 Hz and
31.25 Hz, respectively).  Each “block’ is Fourier
transformed. The modulus square of the transforms are
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then averaged over the whole data set, to obtain the power
spectrum, which in wm is the Fourier transform of the
gutocommelation function of the given signal (Wiener-
Khinchin theorem). If the Fourier transforms of two
different signals are multiplied, then the modulus square of
the result is the Fourier transform of the cross-correlation
function. In the phantem experiments, relative changes of
the intensity in the raw time series data for each crossed
signal were multiplied to produce the product
AU, ()xAU(F).

3. Resulis

3.1. Two source-detector pairs: phantom experiment

Starting with the same instrumental setup as shown in
Figure 3 we added one source-detector pair (Figure 2). The
twa sources are rapidly tumed on one at a time. A particle
passing close to 5, or Dy will not cause a significant
change in the photon density wave detected by D; due to
S, (see Figure 1). Figure 4 qualitatively shows the light

bundle (the volume probed by most of the photons
detected) for each source-detector pair. We indicate with
labels A - E some possible positions for particles that are
detected in the signals shown at the top of Figure 5. "The
individual source-detector traces show the passage of
particles in regions in which each detector responds, but as

we see in the product signal (bottom of Figure 5), positions
A - C are not detected, while particles at D and E cause a
significant change, A fraction of all passages cccurs in the
‘overlap region’ of the light bundles. Figure & shows the
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Figure 4. Light bundles for the two source-detector pairs.
Possible positions of particles at times indicated by amows in
Figure 3, labeled A-E. Particles in the “overlap region” will be
detected by both source-deteetor pairs. The ‘pacallel’ signals U,
and 1J,, may be used to determine whether particle A for
example acmually passed near 5, or near D).
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Figure 5. Time evolution of the relative DC changes in the signal of two individual source-delector pairs AU () and AUz2(¢) (solid and
broken lines at top), &nd of their product (beld line, bottarm), The arrows lubeled A - C indicate the individual fluctuations &u,, and Suy,
at times in which a particle may have traversed an area not close to the intersection of the lines Sy-I3) and S3-D4. The armows labeled [
and E are times in which 2 particle traversed the overlap region (see Figure 4).
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corresponding power spectra. The high frequency part of
the cross-correlation spectrum (bold line) is smaller than
the same part of the spectrum of each individual detectar,
as evident in the log-scale plot. This may be explained by
particles coming close to cither source or detector creating
more rapid changes m the PDW than those passing in the
overlap region.
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Figure 6. DC power specira of the individual source-detector
pairs and their cross-correlation.

3.2. Simultaneous measurement al two points on the
forehead

We placed two source-detector pairs 6 cm apart on a
subject’s forchead, to prevent cross-talk between the two
detectors (this is a two source-detector pair probe in which
only the parallel signals are considered). The power
spectra show the normal heart beat components, as does
the cross-correlation spectrum (Figure 7). The coherence
spectrum (defined as the ratio
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Figure 7. AC power spectra of two source-detector pairs (solid
and broken lines) positioned 6 cm apan on the forchead. The
cross-correlation spectrum (bold linc) is very similar to cach
individual one, bul the baseline is appmxummlv cne-tenth the
value for the individuzal pairs,
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of the modulus of the cross-correlation spectrum to the
square-root of the product of the power spectra of 2
signals) shows significant coherence up to about § Hz,
along with a non-zero phase lag (Figure 8). The phase of
the two signals becomes random when they lack
coherence.
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Figure 8. AC coherence spectrum of the two signals detected on
the forchesd. The phasc between the two signals is measurable
and non-zero when the two signals cxhibit coherence. The peaks
in the coherence are due 10 the heart beat and harmonics. The
phase changes of the signals are as yet unexplaincd.

4. Conclusions

Our instrument is able to detect large-scale (~mm) optical
flucuations im wvitro, and studies in vitro confirm that -
optical fluctuations can be detected over a bandwidth of
~100 Hz. We were able 10 detect fluctuations in vive in
studies of the brain. The oplical probe consisting of two
crossed source-detectors reduces sensitivity to optical
fluctuations near the surface, making it more suitable for
in vive applications, The analysis of the four signals U,,,
U,, U and Uy, allow localization of the fluctuations
within deeper regions of the tissve.
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