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Abstract In this study a number of experimental and computational methods were em-
ployed to examine the effect of multiply scattered light detection on image quality
and penetration depth of optical coherence microscopy (OCM) in turbid media.
Measurements of the OCM resolution at different optical depths in the scallering
media reveal that detection of multiply scattered Light causes significant degrada-
tion of the lateral and axial resolution and that the detenoration effect is dependent
on the turbid media scattering anisotropy and the numerical aperture (NA) of the
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Introduction

A major problem in biomedical optical imaging is the fact that image quality
degrades with depth penetration: the deeper the imaged object is buried in turbid
media like tissue, the less precise is the determination of it’s location, size, shape
and optical properties. Various microscopy techniques like confocal (CM) and
optical coherence microscopy / tomography (OCM/OCT) [4-6] can produce
high- resolution images (1-10 pm) in tissue by selectively detecting mainly
ballistic and single scattered light. The image penetration depth though, is
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typically limited to a range of a few hundred microns up to a millimeter. Other
methods like diffuse optical tomography (DOT) [7, 8] utilize the statistical
properties of light thus permitting imaging of objects buried at a depth of a few
centimeters at the expense of significantly reduced image quality (5-10 mm
resolution).

Currently, the intermediate regime spanning between optical microscopy
and DOT, where light is multiply scattered (a few photon scatiering events) but
not yet diffuse, is still relatively unexplored. Multiply scattered light reflected
off an object embedded in a turbid medium carries a significant amount of
information about the object location and properties. Therefore, development
of new imaging modalities utilizing multiply scattered light will depend on how
accurately this information can be interpreted. Proper interpretation though,
will require thorough knowledge of the process of light interaction with the
imaged object, and the turbid background for the imaging system employed.
The detection of multiply scattered light and its deteriorating effect on image
contrast, resolution and depth penetration has been partially investigated for
both CM and OCM/OCT [9-13]. All of these studies employed measurements
of back-scattered light in homogeneous or inhomogeneous samples as a function
of the imaging lens focal depth or the total photon path length in the medium.
A typical intensity profile acquired with an OCM system in a homogeneous
scattering medium is shown in Fig. 1. For shallow depths of the focal point,
the detected light is mainly single scattered resulting in an exponential decay
(Beer-Lambert law) of the measured intensity (linear on a semi-log scale).
As the objective focal point is translated deeper into the turbid medium, the
contribution of multiply scattered light to the total intensity becomes more
pronounced and after a certain depth the only light collected is diffuse . Since
the transition from single scattered to diffuse light in the intensity profile (Fig. 1)
is smooth, it is difficult to distinguish clearly the boundaries between regions
where single scattered, multiply scattered and diffuse light are the dominant
components of the measured intensity. The intensity profile in Fig. | poses
various questions: when does detection of light that has scattered a few times
become significant; when does the detected light become completely diffuse;
how does partial detection of multiply scattered and diffuse light affect image
contrast and resolution; how does the cumulative detection of multiply scattered
light depend on the media optical properties, the instrument imaging geometry
and the applied photon gating methods; is OCM imaging signal-to-noise or
signal-to-background limited and can we define penetration depth limits as
functions of the imaging geometry parameters and sample optical properties?

The main goal of this chapter is to provide answers to some of these ques-
tions. To do that a number of experimental and computational methods were
utilized. Toaid the investigation of the transition from single scattered to diffuse
light detection in imaging systems, a new method, Dynamic Low Coherence
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Figure 1. OCM intensity as a function of photon pathlength in a homogencous scatlering
suspension. The straight line through the data points represents the expecied attenuation of
single scatiered light

Interferometry (DLCI) was developed in our lab [14, 15]. The idea for DLCI
was derived from the Quasi-Elastic Light Scattering (QELS) [16, 17] and Dif-
fuse Wave Spectroscopy (DWS) [18, 19, 20, 21, 22| theories and utilizes the
pathlength selectivity of an OCT/OCM system. DLCI measures cumulative
changes in the photon total momentum transfer as a function of the photon
total pathlength in homogeneous, dynamic random media therefore it is more
sensitive to the number of photon scattering events than a regular intensity
measurement. DLCI is limited to measurements in dynamic systems, there-
fore additional experimental and computational techniques were employed to
study the effect of multiply scattered light detection on the quality of the OCM
point-spread function (PSF) .

The information presented in this book chapter is organized as follows: sec-
tion 1 reviews the methods used to study the cumulative detection of multiply
scattered light and the subsequent image degradation in OCM. Section 2 de-
scribes in detail the experimental and computational results, which are later
discussed in section 3. Last section summarizes the accomplishments of this
study and presents an outline of the future work.

1. METHODS FOR INVESTIGATING OF THE
TRANSITION FROM SINGLE SCATTERING TO
LIGHT DIFFUSION

The following section reviews the experimental (DLCI and OCM resolu-
tion measurements) and computational (Monte Carlo models) methods used to
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investigate the transition from single scattered to diffuse light for the case of
imaging in turbid media with OCM and OCT systems.

As a measurement method DLCI is sensitive to changes in the photon to-
tal momentum transfer, occuring after each scattering event. Therefore it can
provide valuable insight on the effect of a turbid background on the OCM point-
spread function in the absence of an imaged object. Additional information on
the deteriorating effect of a scattering background on image quality (contrast
and resolution) can be obtained from experimental measurements of the OCM
lateral and axial resolution. Unfortunately, often in experimental studies de-
tailed information on changes occurring at a single photon scale, necessary for
understanding and modeling of the transition scattering regime, is lost. This
type of information can be obtained from Monte Carlo (MC) models that can
“label” photons, store information about the photon position, polarization state
and momentum transfer after each scattering event and gate photons spatially
{CM) and by their total path length (OCM).

L1 DYNAMIC LOW COHERENCE INTERFEROMETRY

The principle of operation of DLCI is the same as of any standard inter-
ferometer with the only exception that one of the mirrors is substituted with
the examined sample (Fig. 2). In our case the single-mode fiber optic inter-
ferometer is illuminated with light from an 850 nm super-luminescent diode
(25 nm spectral bandwidth, 1.2 mW output power). The optical properties of
the sample generate a distribution of optical path lengths in the sample arm,
while the path length in the reference arm is determined solely by the position
of the retroreflector. Interference is observed only when the optical path length
difference between the reference and the sample arms is within the coherence
length of the source. Thus, a “coherence gate” is used to select specific path
lengths within the sample. The amplitude of the interference signal is therefore
proportional to the path length dependent reflection/scattering properties of the
sample. The position of the reference mirror (retroreflector) is adjusted in such
a way as to align the coherence gate with the beam waist, thus optimizing the
rejection of out-of-focus background light. The instrument lateral and axial
resolution in air is determined by the objective NA and the size and shape of the
spatial filter applied to result in confocal detection. In our case spatial filtering
was realized by using a single mode fiber system. The instrument axial resolu-
tion is further enhanced for small NA objectives by the presence of a coherence
gate.

For a fixed position of the reference mirror the photocurrent at the detector
can we written as:

ig oc I + Iy + It (2 1) | (1)
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Figure 2.  Experimental setup used for the DLCI and OCM measurements.

where I, (1,) is the intensity from the reference (sample) arm and 7% (z 1) is
the cross term (or optical heterodyne term) resulting from the coherent mixing
of the reference electric field E, with the path length dependent electric field
E,(z) of the scattered light. Temporal fluctuations in the cross term may result
from changes in the amplitude and/or phase of E, or E,. When the reference
mirror is held fixed, the amplitude and the phase of E, do not change over time.
Any dynamics in the turbid sample such as flow or Brownian motion, result in
a distribution of Doppler frequency shifts in the light propagating through the
medium, which causes phase variations in E,(z), resulting in fluctuations in the
cross term intensity 17“(2 t). The power spectrum (a Fourier transform of
the photo detector current i4) derived for a system consisting of light scattering
particles undergoing Brownian motion is a Lorentzian [16, 17]:

1 A
P[“]_ﬁmj‘m (2)

where A is the amplitude of the power spectrum and (1 is the spectrum linewidth.
This equation does not account for the {2=0 contribution of /, and I,. In an
optically dilute suspension (Fig. 3a), light scatters only once before detection,
therefore the scattering angle and polarization are well defined. For the case
of single scattered light, assuming weak scattering and non-interacting parti-
cles, the power spectrum linewidth is proportional to the particle self-diffusion
coefficient Dg:

N = ¢’ Dy = 4k} Dy sin®(0/2) (3)
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Figure 3. {a) Light propagation through a dilute scamering medium. (b) Light propagation
through a dense turbid medium.

where Dg = kgT/(3mnd), kg is the Boltzman constant, T is the temperature
of the sample, 7 is the viscosity of the suspending liquid (in our case H20 n =
1.0 cps), and d is the hydrodynamic diameter of the scattering particle. Here
g denotes the photon momentum transfer, ¢ = 2k, sin(6/2), where k is the
wave number in the scattering medium and # is the scattering angle. Note that
eq. (2) is valid for optical heterodyne detection, while in the case of a homodyne
measurement, the expression is multiplied by a factor of two.

In an optically dense medium (Fig. 3b), where light scatters multiple times
before detection, the scattering angle, the polarization of the scattered wave
and consequently the photon momentum transfer, q, changes with each scatter-
ing event. In the case of light diffusion through a turbid medium undergoing
Brownian motion, the power spectrum of the detected diffuse light is also a
Lorentzian, but with a linewidth dependent on the scattering properties of the
suspension and the photon path length within it:

Q = 2k Dpp,(1 - g)s. (4)

Here s is the total path length traveled by the light in the medium, p, is the
scattering coefficient and g is the scattering anisotropy of the turbid medium
defined as an average of the cosine of the scattering angle. For polystyrene
microspheres the scattering anisotropy factor and the scattering coefficient can
be calculated using Mie theory and the Percus-Yevick structure factors for hard-
spheres [21].

For our studies a spectrum analyzer (Stanford Research, SR760) was used
to measure the power spectrum of light back scattered from concentrated tur-
bid samples (see Fig. 2). The linewidth and the amplitude of the spectrum
were determined by fitting the raw data with a Lorentzian function. The turbid
samples used in all experiments were prepared by suspending polystyrene mi-
crospheres (Bangs Labs, Inc.) in distilled water. The particle volume fraction in
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each monodisperse suspension was chosen to result in a photon mean scattering
length (l,) of approximately 100 pum. Samples were kept at a constant room
temperature, which was recorded prior to each experiment. For the measure-
ments investigating the effect of the NA on the power spectrum broadening, the
normalized spatial filter parameter vy, (v, = 2mr, N A/ ), where ry, is the filter
diameter was varied between 2 and 6.

1.2.  EXPERIMENTAL MEASUREMENTS OF THE OPTICAL
COHERENCE MICROSCOPE POINT SPREAD FUNCTION

A slightly modified version of the set-up employed in the Doppler experi-
ments (Fig. 2) was used to measure the OCM axial and lateral resolution. A
standard image resolution chant was fixed at a particular position in a scatter-
ing medium with known optical properties. The turbid sample was mounted
on an XYZ translation stage, which made it possible to alter the thickness of
the layer of scattering medium separating the chart from the front surface of
the cuvette. The imaging optics in the sample arm of the interferometer was
also mounted on an XYZ stage to allow for translation of the objective focal
point in the medium. The OCM axial and lateral resolution was evaluated by
scanning the focal point over the resolution chart in the X and Z directions and
measuring the back-scattered light intensity. The turbid samples used for the
OCM axial and lateral resolution measurements were prepared by suspending
polystyrene microspheres (d = 0.22 ym, g = 0.2) in distilled water. The par-
ticle concentration was chosen to result in a photon mean scattering length (/,)
of approximately 200 pm. In this particular measurement, the combination of
the objective NA and the confocal spatial filter resulted in v, = 6.

1.3.  MONTE CARLO SIMULATIONS

For our studies we have developed a Monte Carlo code to simulate light
detection in OCM geometry for turbid samples with known optical properties.
The general principles of our Monte Carlo code are similar to that described
by Jacques and Wang [24]. A schematic of the imaging geometry used in all
simulations is presented in Fig. 4. A non-uniform photon distribution at the
sample surface is used to map out a focused Gaussian beam. The initial pho-
ton direction of propagation is determined by simulating a diffraction-limited
volume centered at the chosen focal point position. Photons are propagated
in the turbid medium according to the rules described by Jacques and Wang
[23]. Since we were particularly interested in coherence detection, (OCM), the
code was modified to simulate spatial filtering (CM) [24] and gate the detected
photons by their path length (OCM).

To explore the changes in the OCM PSF due to a presence of a reflecting
object within the medium positioned at the focus of the imaging lens, we have
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simulated measurements of the axial and lateral OCM resolution. This was done
by moving a perfectly reflecting mirror along the optical axis and transverse
to the axis at the beam waist. The Monte Carlo code designed to simulate
OCM resolution measurements was used to investigate the dependence of the
resolution loss on the objective NA and the sample scattering anisotropy g.
Simulations were run for g=0.1, 0.9 and NA=0.1, 0.5. Diffraction theory was
used to calculate the confocal lateral and axial resolution in air for the two
simulated objectives. For a wavelength of 850 nm and NA=0.1 (Azx = 5 pm,
Az = 128 ym), and for NA=0.5(Az = 1 pm, Az = 5 pum). The coherence gate
parameter corresponding to the SLD coherence length was fixed to L, = 10 pm,
which ultimately determined the measurement axial resolution for the small NA
lens case. For all simulations the normalized pinhole parameter was fixed to
vy = 7.4 and the photon scattering length was kept constant ([, = 100 pm). The
axial resolution was defined as the FWHM for the normalized intensity profile
derived from the simulations, while the lateral resolution was determined as
HWHM, where the half maximum (HW) in this case was defined as the middle
point between 10% and 90% of the total intensity.

Figure 4. Schematic representation of the Monte Carla model. [ is the diameter of the
objective, h is the distance of the ohjective from the surface of the medium, z; is the depth of
the focal point in the medium,
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2. EXPERIMENTAL AND COMPUTATIONAL
RESULTS

The following section reviews all results obtained from the experimental
measurements and Monte Carlo simulations. The data presented are organized
in subsections depending on the method used.

2.1.  DYNAMIC LOW COHERENCE INTERFEROMETRY

To demonstrate that DLCI can be used to image and quantify Brownian
motion within highly scattering media in a way similar to DLS methods in
very dilute media, we measured the power density spectrum for two separate
monodisperse suspensions (d = 0.22 um, ¢ = 0.2and d = 1.02 pm, ¢ = 0.9)
at a sample depth of 200 um (see Fig. 5), i.e. at a depth of two scattering
lengths within the highly scattering medium. This particular depth was chosen
to avoid Fresnel reflections from the glass/suspension interface and to ensure
detection of only single scattered light. The experimental data was fit with a
Lorentzian (eq. (2)) as indicated by the solid lines through the data points. The
linewidths obtained from these fits were used to determine the experimental
Brownian diffusion coefficients and the corresponding particle sizes, assuming
a backscattered angle of 180°. The calculated microsphere diameters (0.222 um
and 0.997 ym) were within 1-5% of the values cited by the manufacturer corre-
spondingly. Multiple experiments with different size polystyrene microspheres
showed the same accuracy.

To explore the effect of multiply scattered light detection on the spectrum
linewidth we measured the power spectrum as a function of pathlength in a
highly scattering, monodisperse suspension of 0.22 um polystyrene micro-
spheres in water (g = 0.2) with an objective with an NA = 0.2. Figure 6 shows
the power spectra measured with the focal point positioned at 33 ym, 792 um
and 1089 pum below the surface of the sample, corresponding to photon total
pathlengths of 0.066 mm and 1.584 mm and 2.178 mm respectively. The solid
lines through the data points represent the Lorentzian fits. The spectra were
normalized to facilitate their comparison. Note that for the measurements at
longer pathlengths, where the signal was weaker, it was necessary to account
for the 1/f electronic noise that was significant at lower frequencies. This was
done by directly measuring the 1/f spectrum and including it in the Lorentzian
fit.

The ability of DLCI to separate single scattered from multiply scattered light
demonstrated with the results shown in Fig. 7a was further used to explore the
transition from single scatiered to diffuse light detection. To accomplish this
goal the power spectrum was measured in steps of 33 pm inside the sample
and all data was fit with a Lorentzian function. The results from the linewidth
fitting are plotted as a function of the photon path length in the turbid medium.
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The straight lines through the data points represent the linewidth behavior as
predicted for the single scattering (eq. (2)) and diffusion (eq. (3)) regimes.
The arrows on Fig. 7a mark the possible position of the boundarics between
single scattering, multiply scattering, and diffusion regimes. The position of the
arrows was defined the following way: an assumption was made that a change
in the spectrum linewidth greater than 10% of the initial value (single scattered
light detection) demonstrates a significant detection of multiply scattered light.
The corresponding number of photon mean free paths in the medium, necessary
to cause such a broadening of the linewidth was defined as the end of the
single scattering regime. In a similar way a limit was established to define the
beginning of the light diffusion regime.

Figure 7b illustrates the effect of the detection of multiply scattered light
on the Lorentzian amplitude as determined from the fits. As expected, in our
practically non-absorbing sample, in the single scattering regime the amplitude
decayed exponentially with the path length with an extinction coefficient equal
to the scattering coefficient u, of the medium (u, = 1/I,). The solid line
through the data points represents the decay predicted from the single scattering
theory. The arrows in Fig. 7 indicate the beginning and the end of the transition
regime where light is scattered a few times as determined from the linewidth
graph. The position of the arrows demonstrates clearly that a measurement
of the total momentum transfer changes is a better method for separation of
single scattered, multiply scattered and diffuse light than a regular intensity
measurement.

To examine the dependence of the transition on the sample scattering aniso-
tropy factor g, power spectra were measured in turbid suspensions with g=0.2,
0.39 and 0.75. while keeping the NA of the focusing optics fixed (NA=0.32).
A summary of the experimental results is presented in Fig. 8. Note that Fig. 8
is a plot of the data as a function of the number of photon random walk steps
(I* = 1,/(1 — g)) in the medium rather than scattering lengths (/,) to utilize the
s/1* scaling predicted by DWS (eq. (3)). Furthermore, the data was normalized
by the linewidth in the single scattering regime to facilitate the comparison.

To explore the transition dependence on the imaging lens NA, the power
spectra were measured in a suspension with scattering anisotropy factor g=0.2
using three different microscope objectives (NA=0.12, 0.32 and 0.55). The ex-
perimental results are shown in Fig. 9a, where the measured spectrum linewidth
is plotted as a function of the photon pathlength scaled in terms of photon mean
free paths in the medium. The results clearly demonstrate that an increase in
the NA causes the transition 1o occur after a fewer number of photon mean free
paths (MFP). Same measurements were repeated for samples with scattering
anisotropy ¢=0.75 and a summary of the results is presented in Fig. 9b.
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pected extinction of single scattered light. The arrows indicate the region of photon pathlengths
corresponding to detection of multiply scattered but not yet diffuse light.

2.2, EXPERIMENTAL MEASUREMENTS OF THE OPTICAL
COHERENCE MICROSCOPE AXIAL AND LATERAL
RESOLUTION

Lateral scans obtained inside the turbid medium demonstrate a clear loss of
resolution as the objective focal point is translated deeper into the sample. A
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Figure 10, {a) OCM lateral resolution measured in a scatlering suspension as a function of
the imaging lens focal depth (scaled by the number of photon mean free paths). (h) OCM axial
resolution measured in a scattering suspension as a function of the imaging lens focal depth
(scaled by the number of photon mean free paths). MFP = photon mean free path. zy = depth
of the focal point.

summary of the experimental results is presented in Fig. 10a where the measured
lateral resolution is plotted as a function of the imaging lens focal depth in the
scaltering suspension in terms of photon MFPs.

A summary of the OCM axial resolution experimental results is presented
in Fig. 10b where the measured axial resolution is plotted as a function of the
focal point depth. Scans obtained at various depths within the turbid sample
demonstrate no apparent change in the OCM axial resolution.

Due to measurement difficulties, no experimental data is currently available
for turbid samples with different scattering properties therefore no definitive
conclusions can be drawn for the effect of media scattering anisotropy on the
OCM resolution degradation.

2.3. MONTE CARLO SIMULATIONS

A summary of the lateral resolution simulation results is shown in Fig. 11a,
where the OCM lateral resolution is plotted as a function of the focal depth (in
photon MFPs). The OCM lateral resolution was determined as HWHM, where
the half maximum (HW) in this case was defined as the middle point between
10% and 90% of the total intensity. The graph presents data for two cases of
low and high imaging lens NA and two different suspensions with scattering
anisotropy g=0.1 and 0.9.

Simulation results for the axial OCM resolution are summarized in Fig. 11b.
The OCM axial resolution was defined as the FWHM for the normalized in-
tensity profile derived from the simulations. The graph represents the axial
resolution as a function of the focal depth for four possible combinations of
objective lens NA and sample scattering anisotropy.
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Figure 1. (a) Simulated OCM lateral resolution as a function of the imaging lens focal depth
(scaled by the number of photon mean frec paths) in & scalienng suspension. (b) Simulated
OCM axial resolution as a function of the imaging lens focal depth (scaled by the number of
photon mean free paths) in a scaltering suspension.

3.  DISCUSSION

Initial measurements with DLCI at shallow depths (2 photon MFPs) in highly
scattering suspensions reveal good agreement between experimental data and
DLS theory (Fig. 5). This result demonstrates that at superficial depths DLCI
is able to reject out of focus multiply scattered light and to assure precise
determination of the size of the scattering particles. Hence DLCI can be applied
as a non-invasive, accurate, flexible and inexpensive tool for real-time particle
sizing in optically dense media.

For measurements deeper in the suspension though, there is a pronounced
broadening of the power spectrum as demonstrated in Fig. 6. According to
eq. [ZLanimm'mﬂ:specmthwwidﬂimmuhﬁmnchmgeseiﬂﬂin
the particle diffusion coefficient or the total accumulated momentum transfer
or both. Since the sample is a homogencous, monodisperse suspension held at
constant temperature, the observed broadening of the spectrum could only be
attributed to changes in the accumulated photon momentum transfer resulting
from detection of multiply scattered light. Comparison with DLS theory reveals
that the spectrum mquimdn:dcpthuf!iumcurmpondsmduecﬁmnl
only single scattered light. The broadened spectrum measured at a depth of
1089 um is in good agreement with that predicted by eq. (3) (DWS theory), thus
indicating that at such depth the light collected with the DLCI is completely
diffuse. The linewidth of the spectrum acquired at a depth of 792 pm does not
agree with cither the single scattering or light diffusion theories, which leads to
the conclusion that in this case the detected light is multiply scattered but not
completely diffuse. The data in Fig. 6 clearly demonstrates the ability of DLCI
to distinguish between single scattered, multiply scattered and diffuse light.
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The actual transition from single scattered to diffuse light as detected with
DLCI manifests itself as a non-linear broadening of the Lorentzian linewidth
shown in Fig. Ta. As indicated in the figure, the combination of confocal fil-
tering and coherence photon gating results in a very good rejection of multiply
scattered background light for measurement depths up to 5 photon MFPs in
the turbid suspension (corresponding to a photon total pathlength of 1 mm in
the figure). The linewidth data also demonstrates detection of predominantly
diffuse light for imaging depths greater than 10 MFPs (photon pathlength of
2 mm). It is important to note though that the arrows in Fig. 7a indicate imag-
ing depths at which multiply scattered and diffuse light become the dominant
components of the detected light. The linewidth data exhibits between 2% and
10% deviation from the theoretically calculated value for imaging depths of 2 -
5 photon MFPs in the suspension. Considering that measurement error due to
uncertainties in the particle size and concentration and small fluctuations in the
sample temperature can amount up to 2%, the spectrum broadening observed
for depths greater than 2 and smaller than 5 photon MFPs can be attributed to
partial detection of multiply scattered light.

The transition from single scattered to diffuse light as detected with DLCI is
also observed as a deviation in the Lorentzian amplitude data from the expected
decay in the single scattering regime (Beer-Lambert law) (Fig. 7b). This devi-
ation appears to occur for imaging depths greater than 7 photon MFPs in the
scattering medium, though as observed from the linewidth data, at such depths
a large portion of the total detected light is multiply scattered. To determine
the significance of multiply scattered light detection at shallow imaging depths
(2-7 photon MFPs) it is necessary to investigate its effect on the instrument PSF,
which is related to image contrast and resolution, Comparison between the data
presented in Fig. 7a and Fig. 7b demonstrates that an amplitude measurement
lacks the sensitivity for early detection of multiply scattered light and the ability
for discrimination between light that has scattered multiple times and light that
is completely diffuse. The data in Fig. 7b also raises another question: what
source of contrast should an object buried in homogeneous scattering media
provide so that the light back-scattered from it raises above the diffuse light
background? As determined from the graph, at an imaging depth of 10 photon
MFPs (2 mm pathlength) the difference between single scattered and diffuse
light intensity is more than two orders of magnitude and the signal light re-
flected from an object should at least match this difference in order to provide
for a minimum image contrast.

Additional experiments performed with different NA's of the imaging ob-
jective in turbid samples with a variety of scattering anisotropy factors reveal
that the transition from single scattered to diffuse light as detected with DLCI
is dependent on the imaging geometry and sample scattering anisotropy. The
experimental data shown in Fig. 8 demonstrates that the transition is dependent
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on the suspension scattering anisotropy, and for samples that scatter light almost
isotropically (small g) it occurs after a greater number of photon random walks.
In contrast, in turbid media with high scattering anisotropy, the transition from
single scattered to diffuse light is very sharp and is centered at a depth of 1
photon random walk (total photon pathlength of 2 random walks as shown in
Fig. 8. A quick referral to eq. (2) and eq. (3) shows that the linewidth in the
diffuse regime (DWS) is equal to the single scattering linewidth when the depth
(pathlength) in the sample is equal to 1 (2) random walk lengths. This is the
shortest pathlength at which light can become diffuse. For the geometry of our
measurement the photons may have to travel a greater pathlength before becom-
ing diffuse due to the imposed confocal filter and coherence gate. Keeping this
in mind, the linewidth behavior as shown in Fig. 8 can be explained as follows.
In the case of highly anisotropic media, the lateral spread of the light beam is
smaller than the NA of the imaging objective thus ensuring collection of all
back-scattered light. In addition, the presence of a confocal spatial filter and a
coherence gate causes rejection of only a small portion of the light considenng
the snake-like propagation of scatiered photons close to the lens optical axis
resulting in small changes of the photon total pathlength. Therefore, the tran-
sition to the diffusion regime in highly anisotropic media occurs at an imaging
depth of 1 random walk length. In the case of an almost isotropically scatiering
media though, the presence of confocal fillering and coherence gating causes
a significant rejection of multiply scattered, background light, and thus forces
the transition to occur al greater imaging depths,

To test how sensitive the transition from single scattered to diffuse light is to
changes in the objective NA for imaging in media with low scattering anisotropy,
measurements were performed with NA=0.12, 032 and 0.55 (Fig. 9a). The data
in Fig. 9a demonstrates that a five-fold increase in the imaging lens NA results
in a shift of the transition boundary positions toward the sample surface by 5
photon MFPs (total pathlength). It is apparent that smaller NA lenses provide
better rejection of multiply scattered background light for measurements in
media with low scattering anisotropy. If this result is to be applied for imaging
in scattering media though, it is necessary to consider the fact that the use of
small NA objectives also results in poor spatial resolution and a poor signal-to-
noise ratio. As expected, similar measurements performed in media with high
scattering anisotropy show no apparent dependence of the transition on the lens
NA (Fig. 9b). This result is of particular importance to microscopic imaging of
biological tissue considering its high scattering anisotropy.

The results obtained from the DLCI linewidth measurements are summarized
in Fig. 12. The solid lines in the graph represent the depth penetration limits
for single scattered light detection in CM and OCM in turbid media as derived
analytically by lIzatt et al. [12]. The analytical model proposed in ref. [12]
was used to make adjustments in the position of the solid lines in order to
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Figure 12, Parametric plot of the theoretical limits of CM and OCM as functions of the focal
paint depth, scaled by the number of photon mean free paths in the sample. The plot assumes
D=7 mm, no=1.33, L:=20 mm, {=850 nm, pp=0.3191, u, and E=130 mJ (see Izat[13]). The
solid symbols indicate the end of the single scattering regime, while the open symbols correspond
to the beginning of the light diffusion regime as determined from the DLCI measurements. The
dotted and the dashed lines in the graph indicate the imaging depths at which diffuse light is
being detected with DLCI in turbid media with g=0.9 and 0.95 respectively.

suit the imaging parameters of the DLCI system. The data points in Fig. 12
indicate the boundaries between the single scattering, multiply scattering and
diffuse regimes as defined from the linewidth data (see arrows in Fig. 7a) for
different cases of sample scattering anisotropy and imaging lens NA. (The solid
symbols (square and circle) indicate the depths at which multiply scattered light
detection causes significant broadening of the spectrum linewidth measured in
turbid samples with scattering anisotropy g=0.2 and 0.75. The hollow symbols
indicate the experimentally determined imaging depths at which diffuse light
becomes the dominant component in the light detected by DLCIL The dotted
and the dashed lines in the graph indicate the imaging depths at which DLCI is
expected to detect diffuse light in turbid media with g=0.9 and 0.95 respectively.

It is obvious from the graph that though OCM has the dynamic range to pro-
vide single scattered light detection in homogeneous turbid media at depths up
to 15 photon MFPs, the detected light becomes predominantly diffuse at much
shallower imaging depths (except for the case of g=0.95, see dashed line). Bet-
ter rejection of multiply scattered and diffuse light is observed in cases of almost
isotropically scattering media when low NA imaging objectives are used. An-
other interesting feature observed in the graph is the non-monotonic dependence
of the position of the multiply scattered and diffuse light boundaries on the me-
dia scattering anisotropy. Due to the confocal and coherence gate rejection of
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background light utilized in DLCI, the diffuse light boundary for media with
g=0.2 appears at depths of 6-10 photon MFPs. As the scattering anisotropy of
the suspension increases to g=0.75, the boundary moves to shallower depths
(toward the sample surface) and appears at the position calculated from the
DWS theory. Further increase in the scattering anisotropy factor results in a
shift of the boundary position deeper into the turbid sample (dotted and dashed
lines) since highly forward scattered light requires many more scattering events
before randomization of the photon direction of propagation and polanzation
occurs. As mentioned above, the g dependence of the diffuse boundary position
can be explained with the fact that DLCI utilizes confocal and coherence pho-
ton gating techniques that very effectively reject multiply scattered background
light in turbid media with low scattering anisotropy.

Figure 12 reminds us of a question addressed above: how significant is the
effect of multiply scattered background light on the OCM point-spread func-
tion (image contrast and resolution). To answer this question, the OCM axial
and lateral resolution was measured in turbid media. For experimentally diffi-
cult cases, a Monte Carlo model was used to simulate the measurements. The
results from the OCM lateral resolution measurement presented in Fig. 10a
demonstrate a clear loss of resolution for imaging depths greater than 3 pho-
ton MFPs. Comparison with DLCI linewidth data (Fig. 9a) reveals that an
almost two-fold loss of OCM lateral resolution corresponds to only a few per-
cent change in the spectrum linewidth at the same imaging depth. Considering
that the presented lateral resolution data is derived from a single measurement
and therefore the chances for an experimental error cannot be dismissed, a con-
clusion whether the OCM lateral resolution measurement is very sensitive 10
detection of multiply scattered background light or the data is a measurement
artifact cannot be reached unless measurements are repeated. OCM axial reso-
lution data (Fig. 10b) demonstrates no significant deterioration for the range of
imaging depths that was investigated. Considering that the confocal parameter
for the lens used (NA=0.32) was 17 um in water, the OCM axial resolution in
this case is defined by the width of the coherence gate (L. = 13um) which
agrees well with the experimental data. No loss of axial resolution is observed
for the range of imaging depths explored. This result compares well with the
small linewidth broadening measured with DLCI for the same imaging lens
NA (0.32)in samples with the same scattering anisotropy (g=0.2), leading to
the conclusion that in this case the OCM axial resolution is not as sensitive to
detection of multiply scattered light as OCM lateral resolution. Since no exper-
imental data is currently available for turbid samples with different scattering
properties therefore no definitive conclusions can be drawn for the effect of
media scattering anisotropy on the OCM resolution degradation.

Summarized results from the Monte Carlo simulations of OCM lateral and
axial resolution measurements in turbid media are presented in Fig. 11a and



————
- &

296 PARTV IMAGING IN HETEROGENEOUS MEDIA: DIFFUSE LIGHT

Fig. 11b correspondingly. The results in Fig. 11a demonstrate no significant
change in the lateral OCM resolution for the case of high NA imaging lens for
depths in the scattering medium smaller than 4 photon MFPs (hollow squares
and circles). This behavior appears to be independent of the sample scattering
anisotropy. For depths greater than 4 MFPs, a rapid degradation of the OCM
lateral resolution is observed and it is more pronounced for suspensions with
low g factor. For the case of small NA of the imaging objective, simulation
results also show deterioration of the OCM lateral resolution, though not as
rapid as in the case of high NA (solid squares and circles). The resolution
degradation appears to be more pronounced and to occur at shallower depths
for media with high scattering anisotropy. This result compares very well with
the DLCI experimental data where the effect of the multiply scattered light on
the OCM PSF is measured as a total change in spectrum linewidth. Changes
in OCM lateral resolution (Fig. 11a) are apparent for photons that had traveled
between 6 and 16 mean paths in the scattering suspension (corresponding 1o
focal depths of 3 to 8 photon MFPs) and for the same range of photon paths
broadening of the Lorentzian linewidth is also observed (Fig. 9a and Fig. 9b).
Summarized results from the OCM axial resolution simulations are presented
in Fig. 11b. As we have seen experimentally, for the case of an almost isotropi-
cally scattering background, there is no change in the axial resolution for small
NA and depths less than 7 photon MFPs, where the resolution is determined
by the coherence length Lc of the light source. A small change in the axial
resolution is observed for an NA=0.5 for the same background sample proper-
ties for shallow depths where there is a transition from the value predicted for
non-scattering media to almost the full width of Le. In the case of background
with high anisotropy factor (g=0.9) there is a pronounced loss of OCM axial
resolution with imaging depth for simulations with both small and large NA.
Again, loss of axial resolution is observed for a region of photon MFPs in tur-
bid media corresponding to a pronounced spectrum broadening measured with
DLCI (Fig. 9a,b). A possible explanation for the observed OCM resolution de-
pendence on sample optical properties and instrument imaging geometry is that
in a medium with high scattering anisotropy, light scatters preferentially in the
forward direction resulting in a relatively small lateral spread of the light beam.
The small-angle scattering also causes a snake-like propagation of the scattered
photons, causing small increase of the total photon pathlength compared to the
case of photon ballistic travel from the sample surface to the lens focal point
position and back. Therefore, the confocal filter and the coherence gate do
not provide good rejection of multiply scattered light thus causing rapid and
pronounced loss of both axial and lateral OCM resolution at shallower imaging
depths, For the case of measurements in almost isotropically scattering media
the combination of small NA lens and a coherence gate results in preferential
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detection of single scatiered light at shallow imaging depths, thus causing no
apparent change in the measured OCM axial and lateral resolution.

Though the simulation result presented in Fig. |1a demonstrate loss of OCM
lateral resolution in scattering media as the imaging depth increases, the deterio-
ration effect is not as dramatic as observed in the experimental results (Fig. 10a).
It is imperative to point out again that due to the fact that only one experimental
measurement was made and due to the high chance for experimental error, fur-
ther investigation is necessary to reveal whether the discrepancy between the
experimental and the simulation data is real.

Summary

In summary, a number of experimental and computational methods were used
to study the process of multiply scattered light detection in OCM and its effect
on image resolution. A new method (DLCI), sensitive to changes in the photon
total momentum transfer occurring in the process of scattering, was employed to
investigate the transition from single scattered to diffuse light in an imaging sys-
tem applying confocal and coherence photon gating techniques. Experimental
results demonstrated the ability of DLCI to discriminate between single scat-
tered, multiply scattered and diffuse light and allowed for determination of the
imaging depth (as a function of sample scattering anisotropy and imaging lens
NA) at which a dominant portion of the detected light becomes diffuse. In addi-
tion other experimental and computational results revealed that the detection of
multiply scattered light, manifesting itself as a spectrum linewidth broadening
(DLCI), causes significant lateral and axial OCM resolution degradation and
that the deterioration effect is dependent on the media scattering anisotropy and
imaging lens NA. Though the work presented in this chapter provides answers
to some of the questions raised in the introduction of this paper, some of them
are left unanswered and even accompanied with a few more. For example, it is
still unclear what the OCM image penetration depth is (as a function of sample
g and lens NA) and whether this depth is limited by the measurement signal-to-
noise ratio or the signal-to-background ratio. Furthermore, is image resolution
degradation exclusively due to background light detection (light that does not
carry any information about the imaged object buried in the turbid media) or is
light reflected off the object and multiply scattered traversing the turbid layer
above also responsible for loss of image resolution? These questions and more
will be addressed in our future studies.
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