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Abstract We investigate the effect of multiple scattering on
the image quality of holographic optical coherence imag-
ing, which is a full-field coherence-domain imaging form
of optical coherence tomography. The speckle holograms
from turbid media and from multicellular tumor spheroids
are characterized by high-contrast speckle on a multiply-
scattered background caused by channel cross-talk. We
quantify the multiple-scattered light that is accepted by the
holographic coherence gate, and identify a cross-over from
single-scattered to multiple-scattered light beyond 15 to 20
optical thicknesses. Speckle reduction relies on vibrating
diffusers and on fast adaptive holograms in photorefractive
quantum well devices. The high anisotropy factor for tumor
tissue reduces multiply-scattered light contributions for bio-
medical tumor imaging.
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1 Introduction to speckle in optical coherence imaging

Coherence-domain imaging has become a well-established
biomedical imaging technique applied to a wide range of
applications [1]. The most mature technique of this class
is optical coherence tomography (OCT), which uses rapid
point-by-point scanning heterodyne detection for signal de-
modulation and computed reconstruction [2-5]. OCT has
passed clinical trials and become part of the array of new
medical imaging technologies in use in hospitals. Another
approach in coherence-domain imaging is en face tomog-
raphy with wide field of view [6, 7]. Alternatively, a full-
field coherence-domain imaging approach that requires no
computed reconstruction, providing direct images from
coherence-gated depths, is holographic optical coherence
imaging (OCI) in photorefractive media [§—11]. The most
effective dynamic holographic devices are photorefractive
quantum wells [12—-16] because of their high refresh speed,
which enables real-time speckle reduction techniques to
be applied to coherent imaging. The quantum-well devices
were used to detect the first coherence-gated holograms of
living tissue [17-19], and the state of the art has advanced to
Fourier-domain holographic recording with improved read-
out performance [20-22]. Other photorefractive materials
have been used for depth-gating applications and imaging
through turbid media [23-29], and digital holographic ap-
proaches also have been successful [30-33].

Despite the advantages of full-frame coherence imaging,
the use of temporally- and spatially-coherent illumination
creates significant speckle in holographic OCI images. The
simultaneous illumination of multiple spatial channels in
holographic OCI causes channel cross-talk from the scatter-
ing medium of tissue [34-36]. The channel cross-talk results
from the mutual interferences among the channels. Struc-
tural speckle must be distinguished from multiple-scattering
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channel cross-talk that arises from the residual coherence in
multiply-scattered light. Structural speckle has advantages
as a means of extracting dynamic information from the tis-
sue, and this type of dynamic speckle has been used to mea-
sure cell motility [17, 22, 31].

Multiple-scattering channel cross-talk can be reduced by
illuminating the tissue with reduced spatial coherence. The
spatial coherence of the illuminating beam can be scram-
bled using a low-angle vibrating diffuser [10], while retain-
ing the structural speckle. These considerations for chan-
nel cross-talk open the door for important contributions by
holographic OCI to biomedical imaging. In this paper, we
demonstrate reduction of channel cross-talk in holographic
OCI imaging of living tissue.

2 Photorefractive quantum well OCI system

Holographic optical coherence imaging (OCI) uses short-
coherence light to produce depth-gated images. The inci-
dent signal beam is reflected coherently from living tissue,
and only the signal beam zero-path-matched with the ref-
erence beam produces interference fringes at the dynamic
holographic film. The dynamic holographic film (PRQW de-
vice) converts photo-induced space-charge into holographic
gratings, and depth-gated holographic images are projected
on the diffracted beam. In this process, the dynamic holo-
graphic film acts as the coherent demodulator. Early re-
search on holographic OCI was performed with image-
domain holography, in which the holographic film was lo-
cated at the image plane of the imaging optics. However,
image-domain holographic OCI was limited in dynamic
range by the background scattered from dust or other im-
perfections on the holographic film. We developed Fourier-
domain holographic OCI to reduce background and im-
prove image quality. Fourier-domain holography is per-
formed with the PRQW at the Fourier plane. Fourier-domain
holographic OCI becomes background-free in practice and
opens the full dynamic range of the CCD camera for imag-
ing into tissue [20, 21].

The experimental set-up for Fourier-domain OCI is
shown in Fig. 1. A femtosecond mode-locked Ti:sapphire
laser with 120 fs pulse duration and 100 MHz repetition rate
was pumped by a diode laser, and the center wavelength of
the mode-locked laser was tuned to the exciton peak wave-
length (836 nm). The laser beam passed a first polarizing
beam splitter (PBS) to produce the signal beam with verti-
cal polarization and reference beam with horizontal polar-
ization. The intensities of signal and reference beam were
controlled by a neutral density filter and a half-wave plate in
front of the PBS. The incident signal beam was scrambled
by a vibrating (20 Hz) diffuser to reduce spatial coherence
at the object plane by the lenses L1 and L2. The scrambled
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Fig. 1 Experimental set-up for Fourier-domain OCI: PBSs, polariz-
ing beam splitter; BS, beam splitter; M’s, mirrors; L1-L6, lenses; ND,
neutral density filter; 1 /2, half-wave plate; A /4, quarter-wave plate; IP,
image plane; PRQW, photorefractive quantum well; V, voltage

signal beam passed the second PBS and a quarter-wave plate
behind the second PBS ensured that the backscattered signal
beam had horizontal polarization after returning through the
quarter-wave plate.

The backscattered beam was relayed with a 1:1 magni-
fication by lenses L3 and L4. The lens L5 performed the
Fourier transform of the signal beam, and the PRQW de-
vice was located at the Fourier plane. The signal beam in-
terfered with the reference beam that passed through the
delay stage. A vibrating mirror, which was controlled by
a 20 Hz piezomodulator in the reference arm, was used to
time-average interpixel laser speckle. Fringes from the in-
terference between the signal and the reference beam were
recorded on the PRQW device while a 10 kV/cm dc field
was applied. The hologram was reconstructed by the +1 or
—1 diffraction orders of the reference beam. The diffracted
image was viewed through the 12-bit CCD camera by use
of the lens L6. The reconstructed holographic images on the
CCD camera were captured by a frame grabber in a com-
puter. We used two PRQW devices in this study, with serial
numbers PLO9 with a 3-mm window size, and JK1 with a
4-mm window size.

3 Dynamic range calibration

The first step of system calibration is the measurement of
the depth resolution and sensitivity of the holographic OCI
system. The round-trip FWHM of the source intensity co-
herence envelope was 26 um measured by the electric field
autocorrelation, as shown in Fig. 2(a). The depth resolution
of the holographic OCI system is set by this value. To mea-
sure depth resolution and sensitivity, we used a 2.2 neutral
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gree diffuser and a computer-controlled reference delay with
a depth step of 2 um, captured to the CCD camera. Fig-
ure 2(b) shows the CCD output value of one pseudo A-scan
(reflectance vs. depth) selected from holographic en face
images. The incident signal intensity was 10 W/cm? at the
target, and the exposure time of the CCD camera was 0.1
second. The measured depth resolution of the holographic
OCI system was 28 um from Fig. 2(b), which agrees with
the FWHM of the electric field autocorrelation. Figure 2(c)
shows the system sensitivity with the noise floor at —82 dB,
which was extracted from Fig. 2(b). This demonstrates that
the holographic OCI system with an incident intensity of
10 W/cm? with an exposure time of 0.1 second has a sensi-
tivity of 82 dB.

In the second step of system calibration we identified
speckle inside living tissue. The sample was an onion placed
in water. Holographic images of the onion were captured by
the CCD camera using a depth step of 10 um step between
frames. Figure 3 shows Y Z cross sections of the holographic
OCI images inside onion with the grayscale on a dB scale.
When a vibrating diffuser was not used, the cross section
showed high-contrast speckle, as shown in Fig. 3(a). When

Coherence-gate Depth

Fig. 4 Origin of multiple-scattering channel cross-talk in holographic
OCI. The target is at depth z for single-scattered light. Many other

paths that experience multiple scattering are path-matched to the co-
herence gate

a vibrating 5 degree diffuser was used in the OCI system, the
speckle contrast in Fig. 3(a) was reduced, revealing uniform
onion structure. Therefore, the holographic OCI system with
a high-angle diffuser, such as a 5 degree diffuser, can be used
to obtain the structure inside living tissue.

4 Multiple scattering

Multiple-scattering channel cross-talk results from the si-
multaneous illumination of multiple spatial channels in
the scattering medium. Cross-talk occurs when multiply-
scattered photons have the same optical path length as
singly-scattered photons. This is illustrated in Fig. 4, in
which a photon path that undergoes two scattering events
has the same path length as a singly-scattered path. This co-
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incidence allows a multiply-scattered photon to be accepted
by the coherence gate that selects single-scattered photons
from a selected depth. Multiple-scattering channel cross-
talk results in a speckled coherent background that cannot
be eliminated by the coherence gate and that degrades the
image quality from the target depth.

Multiple scattering increases with depth, because there
are more equal-path configurations possible with increas-
ing depth in tissue. To illustrate this for double scattering
in Fig. 4, consider a ray entering the surface of the tis-
sue at position x. There are two scattering locations at z’
and 7" that permit a path-matched ray to coincide with a
single-scattered ray from the coherence depth at z. The path-
matching condition is

2e=7 47" +x2+ " —2)° ()

The deepest scattering location is set when z” = 0, which
gives

472 — 52
Zimax = T4 2

The total volume that can be accessed by double scattering
is

2z 2_ 2
V)= / 2 T g — o, 3)
0 4z

Therefore, the probability for double scattering being ac-
cepted into the coherence gate increases rapidly with the
depth of the coherence gate. Although it is not easy to es-
timate is the depth beyond which multiple scattering domi-
nates over single-scattered light, this can be determined em-
pirically.

The relevant parameter to describe multiple scattering is
the optical thickness T = u'L, where p’ is the reduced ex-
tinction coefficient and L is the optical path length. The
reduced extinction coefficient is the sum of the absorption
and reduced scattering coefficient. The depth for the cross-
over between single scattering and multiple scattering can
be different for different criteria and experimental methods.
In coherence-gated transillumination imaging, the division
point for ballistic and diffuse components, in which the bal-
listic component intensity becomes similar to the diffuse
component intensity, was about 25 optical thickness [37].

To reduce multiple-scattering channel cross-talk in the
holographic images, it is necessary to decrease the spa-
tial coherence. Even though the number of photons with
the same path length as a singly-scattered photon is not
decreased with reduced spatial coherence, the photons ac-
cepted by the coherence gate is decreased. One method to
accomplish this is to scramble the spatial coherence of the il-
lumination, which is accomplished using a vibrating diffuser
in the illumination beam and time-averaging on the CCD
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camera. The photorefractive quantum wells are particularly
well suited for this technique because the holographic grat-
ings are fast enough to track the moving holographic fringes
[38], maintaining the diffraction efficiency even though the
fringe velocity is high. The vibrating diffuser in the illumi-
nation beam does not affect the hologram formation in the
fast photorefractive quantum wells, while time-averaging on
the CCD camera homogenizes the speckle and reduces the
background speckle contrast. This increases the image qual-
ity by increasing the ratio of the image intensity to the fluc-
tuations of the background speckle.

To quantify the role of multiple scattering in the holo-
graphic OCI system, we performed multiple-scattering
channel cross-talk experiments using white paper in water
as the target. The schematic of the target is illustrated in
Fig. 5(a). Paper with a thickness of 95 um was placed in wa-
ter between two microscope cover slips, each with 200 um
thickness. The gap between the cover slips was 155 um and
the incident illumination beam was scrambled using a vi-
brating 5 degree diffuser. The optic axis of the incident laser
beam was positioned at the edge of the paper. The reduced
extinction coefficient of the paper target was measured to
be 125 mm~'. The holographic images of the target were
captured by the CCD camera using a depth step of 10 pm.
Figure 5(b) shows a YZ cross section selected from the
holographic images. The edge of the diffuse target is clearly
identifiable. The horizontal features in the figure are from
the surfaces of the microscope cover slips. The scattering
from the paper (image grayscale is on a log scale) extends
to the depth of 350 um. Because the thickness of paper was
95 pm, it is clear that any signal beyond the depth of 95 um
results from multiple-scattering channel cross-talk.

Figure 5(c) shows 400 pseudo A-scans selected out of
250,000 from the holographic en face images. The pseudo
A-scans were selected in the 32 by 32 um? area of the diffuse
paper. If there were no multiple-scattering channel cross-
talk in the holographic images, the slope of pseudo A-scans
should be a single exponential (straight line), such as the
solid line in the figure. Therefore, the signal to the right of
the dashed line (the limit of the paper target) in Fig. 5(c)
is from multiple-scattering channel cross-talk, and becomes
dominant beyond the depth of 50 um. The optical thickness
corresponding to the depth of 50 um is 12.5 for the round-
trip.

To investigate the reduction of multiple-scattering chan-
nel cross-talk by use of the vibrating diffuser, we produced
en face images of uniform scattering media in the holo-
graphic OCI system with no diffuser and with a vibrating
diffuser, respectively. The uniform scattering medium was
0.5-pym diameter polystyrene beads in water between two
microscope cover slips. The reduced extinction coefficient
of this medium was measured to be 55 mm 1. Figures 6(a)
and (b) show pseudo A-scans selected from the holographic
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Fig.5 (a) Schematic of diffuse target (paper). (b) Y Z cross section se-
lected from the holographic images of the diffuse target with a reduced
extinction coefficient of 125 mm~! in the holographic OCI system
with a vibrating 5 degree diffuser. (¢) Pseudo A-scans selected from
the holographic images. The stretched exponential beyond the depth of
the dashed line (50 um) is multiple-scattering channel cross-talk. The
depth in units of optical thickness at this point is 12.5 for the round-trip

data for no diffuser and for a vibrating 5 degree diffuser,
respectively. The peak intensities in the figure show the sur-
faces of the microscope cover slip. Figure 6(a) shows no top
cover slip because the top specular reflection is eliminated
by the aperture at the image plane in Fig. 1. On the other
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Fig. 6 Pseudo A-scans selected from the holographic images of
0.49-um diameter polystyrene beads in water solution in the holo-
graphic OCI system with (a) no diffuser and (b) a vibrating diffuser.
The reduced extinction coefficient of the uniform scattering medium
was 55 mm~ . The solid line in (a) and the dashed line in (b) are the
slopes for single scattering. The solid line in (b) has the same slope
as the line in (a). (¢) Shows the contribution of single scattering pho-
tons (dashed line) and multiple-scattering photons (solid line) to the
holographic images as a function of the optical thickness
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hand, for Fig. 6(b) the diffuser angle was within the numer-
ical aperture of the collection optics, and hence the micro-
scope cover slip surface is captured in the holograms. The
collected light in the holographic OCI system with the vi-
brating diffuser was similar to that in the system with no
diffuser, while the overall multiple-scattering channel cross-
talk was reduced. The reduced multiple-scattering channel
cross-talk can be evaluated by comparing the slopes of the
pseudo A-scans between Figs. 6(a) and (b). The slope of the
dashed line in Fig. 6(b) was increased by about 34% when
compared with the slope of the solid line from Fig. 6(a). This
demonstrates that multiply-scattered channel cross-talk can
be reduced by use of the vibrating diffuser in the holographic
OCI system.

Even though the channel cross-talk is reduced by the spa-
tially scrambled illumination beam, the coherence gate still
accepts non-image-bearing photons, as shown on the right
side of the dashed line in Fig. 6(b). To quantify the contribu-
tion of multiply-scattered channel cross-talk to holographic
images as a function of optical thickness, we averaged the
reflectance at each depth from the data for Fig. 6(b). The
numerical value corresponding to the solid line in Fig. 6(b)
was subtracted from this averaged value. The residual val-
ues are the contribution of multiple-scattering channel cross-
talk, shown by circles in Fig. 6(c) as a function of the opti-
cal thickness. The depth was converted to optical thickness
using the reduced extinction coefficient of 55 mm~'. The
multiple-scattering channel cross-talk increases with depth
faster than exponentially, reflecting the combinatorics of in-
creasing phase space for increasing combinations of scat-
tering events that match the path length of the coherence
gate. The dashed line in Fig. 6(c) is the contribution of sin-
gle scattering to holographic images. For this dashed line,
the noise floor of —82 dB was subtracted from the solid
line in Fig. 6(b). The crossing point of the solid line and
the dashed line is at 19.2 optical thickness. At this cross-
ing point, the contribution of single scattering photons is the
same as for multiply-scattered photons. This demonstrates
that the multiply-scattered photons in holographic OCI with
a vibrating diffuser overwhelm the single scattering photons
beyond the scattering depth of about 20 optical thickness.
This cross-over is close to the result of an earlier study in
time-gated transillumination imaging [14].

5 Channel cross-talk in multicellular tumor spheroids

We used rat osteogenic sarcoma tumor spheroids [39, 40] to
investigate channel cross-talk in living tissue. Rat osteogenic
sarcoma UMR-106 cells were cultured in Dulbecco’s mod-
ified Eagles’ medium in non-tissue-culture plastic dishes
to create tumor spheroids. The non-tissue-culture plastic
causes the tumor cells to form the spheroids in 7-10 days;

@ Springer

-80

Fig. 7 Y Z cross section from holographic images of a 400 pm diam-
eter rat osteogenic tumor spheroid. The Petri dish reflection appears
on the bottom. Note the circular shape of the tumor spheroid. Multi-
ply-scattered light, if present, would appear beyond the Petri dish, but
is not observed for this tissue type

the spheroids are then transferred to a rotating bioreactor
where they are maintained in suspension. The spheroids
were grown up to 1 mm in diameter and are thus large
enough to simulate the thickness of different mammalian
tissue. As tumor spheroids are cultured, they undergo cell
apoptosis or necrosis in their center and so consist of an in-
ner necrotic core and an outer shell with a 100- to 200-pum
thickness of healthy cells [41].

We performed holographic optical coherence imaging on
tumor spheroids to quantify the contribution of multiple-
scattered light to the coherence-gated images. Holographic
images of tumor spheroids were captured by the CCD cam-
era using a depth step of 10 um step. Figure 7 shows Y Z
cross sections from the holographic en face images of a
400 pm diameter tumor spheroid on a dB scale. For these
data, we used no diffuser. The tumor spheroid was in growth
medium on a Petri dish, which appears as the reflection at
the bottom. The average reduced extinction coefficient of
tumor spheroids was measured to be about 10 mm~! with
an anisotropy factor of g = 0.9, obtained using conventional
forward light scattering methods. The optical thickness at a
400 um depth using the 10 mm™! reduced extinction coef-
ficient is T = 8 for the round-trip. Eight optical thicknesses
is much smaller than the cross-over point (about 20) of sin-
gle scattering and multiple scattering (discussed in the previ-
ous section). This implies that the contribution of multiply-
scattered photons to the holographic images of this small tu-
mor is small, and multiply-scattered light will be weak in the
holographic images. The image in Fig. 7 illustrates this re-
duced multiple scattering when compared with the image of
the diffuse paper in Fig. 5(b). Note that the shape of the tu-
mor spheroid is circular. Multiply-scattered light, if present,
would appear beyond the Petri dish, but is not observed for
this tissue type. This demonstration is supported by Fig. 8,
which displays pseudo A-scans selected from holographic
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images of the tumor spheroid in Fig. 7. The signal is re-
duced linearly from the top of the tumor spheroid to the
Petri dish, and suddenly drops to the noise level beyond the
Petri dish. If multiple scattering were strong, the multiply-
scattered signal would appear beyond the Petri dish (as seen
in Fig. 5(c) and in Figs. 6(a) and (b)).

Even though the multiply-scattered light contribution to
the coherence-gated imaging is not readily apparent in the
tissue within 8 optical thickness, the multiply-scattered light
may still make a small contribution to the image. We ap-
proximated the contribution of multiple scattering to the
image acquired at a selected depth by changing the light
polarization. Multiple scattering scrambles the light polar-
ization after a few high-angle scattering events, while sin-
gle scattering does not appreciably change the light polar-
ization. If only the crossed-polarization light is collected
from the backscattered light, this would be proportional to
the multiple-scattered light contribution to the coherence-
gated image. The results of the crossed-polarization exper-
iment are shown in Fig. 9 as pseudo A-scans. The holo-

Petri dish

0 200 400 600
Depth (um)
Fig.8 Pseudo A-scans selected from holographic images of the tumor
spheroid in Fig. 7. Note that the signal beyond the Petri dish drops

suddenly to the noise level. The multiply-scattered light would appear
beyond the Petri dish if multiple scattering were strong

Fig. 9 The effect of crossed -50
polarization on the coherence
gating. The pseudo A-scans are
selected from holographic -60/
images which were produced
under (a) co-polarization and
(b) cross-polarization. The
crossed polarization provides a
measure of multiple scattering

Reflectivity (dB)
X
o

0 200

a Depth (um)

graphic images for these pseudo A-scans were produced in
the holographic OCI system using no diffuser. Only the co-
polarized light was recorded on the hologram for the left
figure, and only the cross-polarized light was recorded for
the right figure. In Fig. 9(a), the tumor has a characteristic
slope of reflectance versus depth that should be related to
the reduced extinction coefficient for the tissue. In Fig. 9(b),
when the oppositely polarized light is selected from the
light scattered from the tumor, signals were captured, but
the multiply-scattered light contribution is small. The max-
imum reflectance of the cross-polarized light was —75 dB
at a depth of about 200 microns, compared with —65 dB
for the co-polarized light from the same depth. The number
of co-polarized photons in multiply-scattering light will be
similar to the number of cross-polarized photons if the mul-
tiple scattering scrambles the light polarization randomly.
This implies that the contribution of multiply-scattered light
to holograms in Fig. 9(a) is similar to that in Fig. 9(b).

The multiple-scattering contribution can be reduced by
scrambling the spatial coherence of the illumination beam
using a vibrating diffuser. This is shown in Fig. 10 for data
taken without a diffuser and for data taken with a vibrating
0.5 degree diffuser. The slope of the dashed line in Fig. 10(b)
is increased by 27% when compared with the slope of the
solid line from Fig. 10(a). Therefore, the measured reduced
extinction coefficient in holographic OCI is increased by
27% using a vibrating 0.5 degree diffuser. The increase in
slope is caused by reduced contributions from multiple scat-
tering at increasing depth.

6 Conclusion

This paper quantifies channel cross-talk in holographic
OCI. The structural speckle and multiple-scattering channel
cross-talk are both fundamental contributions to holographic
optical coherence images. The structural speckle can be used
to study the health of tissue through dynamic speckle or to
obtain structure inside living tissue. We demonstrate that

Reflectivity (dB)

400 600 0 200 400 600

b Depth (um)
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Fig. 10 Two pseudo A-scans of the same tumor (a) using no diffuser,
and (b) with a vibrating 0.5 degree diffuser. Note the different slopes,
with the larger slope in (b). The slope in (b) is increased by 27% when
compared with the slope in (a)

the cross-over point for singly-scattered light and multiply-
scattered light is about 15 to 20 optical thicknesses. This
value was extracted through the slope of pseudo A-scans
from the data of a model target. We demonstrated that
multiple-scattering channel cross-talk is reduced by accept-
ing only the co-polarized light in hologram recording and
using a vibrating diffuser to scramble the spatial coherence
of the illumination beam.
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