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Abstract. Optical reflectance probes are often used as tools
to obtain optical spectra from superficial tissues and sub-
sequently determine optical and physiological properties
associated with early stage cancer. These probes, when
placed directly on the tissue, are known to cause signifi-
cant pressure-dependent changes in local optical proper-
ties. To address this, we fit the probe with an optical device
that images the illumination and collection fibers onto the
tissue surface, eliminating the influence of contact probe
pressure on the sampling area. The noncontact probe ad-
dition addresses new optical conditions that may affect its
performance such as tissue surface contour, and specular
reflections by implementing an autofocusing mechanism
and cross polarization. Extracted optical properties of tis-
sue simulating phantoms yield errors of 3.46% in reduced
scattering and 8.62% in absorbance. Autofocusing has ex-
tended the depth of field from 4 mm to throughout the
12 mm range of autofocus travel, while cross polarization
has removed the incidence angle dependent specular re-
flection component from the collected signal. © 20171 Society of
Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.3662459]
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Diffuse optical spectroscopy (DOS) provides a sensitive
means to measure the absorption and scattering properties of
biological tissues and has been used to diagnose and moni-
tor disease in a number of clinical situations including breast
cancer,’ ovarian cancer,> Barrett’s esophagus,3 lung cancer,*
cervical cancer,’ and skin cancer.® The instrumentation for DOS
typically uses a combination of optical fiber probes to deliver
and collect light from the tissue surface. The application of a
standard optical fiber probe requires applied pressure in order
to make contact with the tissue, which has been shown to intro-
duce errors in the extracted optical properties.” In addition, the
distal end of a contact probe can obscure the exact measurement
location on the tissue surface. In this paper, we report the devel-
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opment of a handheld noncontact DOS device that removes the
effects of probe pressure and documents the measurement site
by imaging the distal end of a standard contact fiber probe onto
the tissue with lenses. To mitigate the effects of specular reflec-
tion and limited depth of focus, we used cross polarization and
a custom autofocus mechanism, respectively. We demonstrate
the quantitative performance of this device with tissue simulat-
ing phantoms and demonstrate its use in measuring the optical
properties of human tissue.

Figure 1 illustrates the design of the handheld noncontact
DOS system. A 6.35-mm diameter steel reflectance probe fer-
rule used for tissue contact reflectance measurements contains
a group of 200 um (0.22 NA) diameter optical fibers (Fibertech
Optica, Kitchener Ontario, Canada). The source and collection
fibers are separated by 740 pum, which will be referred to as
the source-detector separation (o). On the ferrule tip, a cross
polarizer was cut from pieces of linear polarizing film (Edmund
Optics, Barrington, New Jersey) to ensure that the light emitted
from the source fiber was orthogonally polarized with respect
to the light entering the collection fibers for all visible wave-
lengths. The ferrule tip was imaged onto the sample surface
for a 1-to-1 magnification using two 1 in. diameter achromatic
100 mm lenses (Thorlabs, Newton, New Jersey). The lenses
and probe were mechanically stabilized with a 30 mm cage as-
sembly (Thorlabs, Newton, New Jersey). Because the depth of

Fig. 1 Noncontact diffuse optical reflectance probe shown from two
angles. (a) Original probe ferrule. (b) Iris limiting the beam aperture
to the collimating lens. (c) Compact camera that snaps images of the
probing region for reference and streams for the autofocusing scheme.
(d) Mirror. (e) Sample to be imaged. (f) Camera’s perspective of the sam-
ple demonstrating the autofocus calibration scheme. Darker and lighter
spots represent higher and lower axial sample positions, respectively.
(g) Single illumination, multiple collection ferrule with small polarizers
for cross polarization. The “o” symbol represents the source-detector
separation. (h) Servo motor.
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Fig. 2 Noncontact probe validation. (a) Accuracy of hemoglobin
concentration extraction. (b) Accuracy of reduced scattering coeffi-
cient extraction over varying levels of hemoglobin absorption. Scat-
tering coefficient [us'(Ao)] values extracted from the LUT model: »
=05mm~ L Aa=1Tmm ", 0=2mm ", B=3mm ', @
=4 mm~1. u'(xo) is diminished with the addition of hemoglobin
due to sample dilution. Solid lines represent true values.

focus is limited to approximately 1 to 4 mm, we employed a
custom autofocusing scheme to ensure that the sample surface
remained within the image plane. An attached camera (1800
endoscope) is used along with a motorized stage attached to
the objective lens as part of the autofocusing feedback mecha-
nism. A tungsten-halogen lamp (LS-1 Ocean Optics, Dunedin,
Florida) was used to provide white light illumination, while
a spectrometer (USB4000 Ocean Optics) collected reflectance
light for post-processing. Integration times for the noncontact
probe are approximately 100 ms.

The noncontact probe performance was validated using tis-
sue simulating liquid phantoms with 1 «m diameter polystyrene
beads (Polysciences, Warrington, Pennsylvania) for scatter-
ing and ferrous stabilized hemoglobin for absorption (Sigma-
Aldrich, St. Louis, Missouri). In this validation, an array of
liquid phantoms was used containing an array of reduced scatter-
ing (us’) and absorption (,). DOS measurements were acquired
from all phantoms with the noncontact probe and the reflectance
spectra were fit for the optical and physical properties of u," and
hemoglobin concentration ([HbO;]) using an iterative inverse
algorithm utilizing a look-up table (LUT) method.® Cross po-
larization has no effect on our spectral fitting results since both
the phantoms used to generate the LUT and the phantoms used
to validate it were all optically probed using the cross polarizing
noncontact probe. Without cross polarization, reflectance sig-
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nals from multiple scattering photons are partially buried under-
neath that of shallow penetrating photons that are less sensitive
to blood absorption.

The validation phantom set contained 20 phantoms with re-
duced scattering coefficients of 0.5, 1, 2, 3, and 4 mm ~ 1 and
hemoglobin concentrations of 0 to 3 mg/ml in 1 mg/ml incre-
ments. Optical spectra attained with the noncontact probe was
fit for s (Ao) (Where A, = 630 nm) and [HbO,] with errors
of 3.46% and 8.62% for reduced scattering and absorption, re-
spectively, which is comparable to those obtained from contact
probes,®? The extracted u,'(,) yielded errors of 7.26%, 2.60%,
3.00%, 1.63%, and 2.81% for 0.5 mm~!, 1 mm~!, 2 mm !,
and 3 mm~! and 4 mm~! u,’ phantoms, respectively, across
all levels of hemoglobin absorption (Fig. 2).

The autofocus is based on a system comprised of a camera
that images the measurement area, and a servo motor. Due to
the oblique imaging angle of the camera, the position of the
probe illumination spot within the camera’s image field will be
sensitive to the axial position of the sample. Conversely, if the
camera angle was coincident with the optic axis of the probe,
it would be nearly impossible to ascertain the position of the
sample because the bright spot would not change from a single
position in the field. Once the position of the sample is coded by
the position of the bright spot in the camera image, we simply
assign the servo motor an axial position that is proportional to
the position of the sample surface.

Because we wish to keep the sample surface within the depth
of field, we performed an experiment to measure this distance
with and without autofocus. We set up a z-stage to axially trans-
late a scattering phantom (u,’ = 1.3 mm ™~ ') composed of poly-
bead solution through 12 mm while acquiring reflectance mea-
surements at regular intervals. In this manner, the depth of field
could be considered the axial distance within which the extracted
optical properties achieve errors of less than 10%. The experi-
ment was performed with and without autofocus for comparison.
Autofocus validation showed a depth-of-field of approximately
4 and 12 mm (translation stage limited) while the autofocus was
off and on, respectively [Fig. 3(a)].

In a clinical situation, specular reflections originating from
the diffusely reflective skin surfaces confound the DOS
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Fig. 3 (a) The noncontact probe depth of field. The beam waist limits the region where extracted reduced scattering accuracy is within low error.
(b) Reflectance versus incidence angle for a sample of PDMS with TiO; scattering agent. Specular reflection causes a sharp increase in signal for

incidence angles under 5 deg.
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Fig. 4 Example of a typical skin reflectance measurement with a non-
contact probe. Here, the spectra is taken from the back of a subject’s
hand. The LUT model fit and CCD image of the sampling area are
shown. The four red dots on the skin were placed with a marker as a
localization reference.

spectra in a way that is not constant from site to site. The
degree of surface smoothness will determine the amount of
specularly reflected light collected; therefore, it is favorable to
eliminate or effectively reduce this signal. To solve this prob-
lem, we use polarization-based solutions of reducing specu-
lar reflection which relies on the concept that polarized light
is depolarized by tissues to a degree that is proportionate
to the distribution of refractive indices in the sample.'® To
verify the effectiveness of cross polarization, a sample of
polydimethylsiloxane (PDMS) with titanium dioxide scattering
agent (i, = 1.4 mm™"') was attached to a vertically aligned
rotation stage. This sample was rotated from 0 to 45 deg
with respect to the optic axis in 2 deg (from O to 10 deg) and
5 deg (10 to 45 deg) increments as reflectance spectra were
collected for each angle. Without cross polarization, specular
reflection can be seen over any incidence angle under 5 deg.
However with cross polarization, there is no noticeable contri-
bution of specular reflection to the reflectance signal throughout
the range of incidence angles tested. Since cross polarization
rejects specular reflection and single scattering from the outer-
most epithelium, our reflectance measurements become more
sensitive to basal/dermal layer absorption and collagen scatter-
ing. Other reported designs rely on an index matching medium
between the probe and tissue surface.'!

To demonstrate in vivo use of the non-contact probe, a mea-
surement was made on a subject’s hand as shown and fit for
optical and physiological properties (Fig. 4). This fit took into
account oxygen saturation and pigment packaging effects, which
are known to be present in biological tissues due to confined
volumes of highly concentrated hemoglobin in blood vessels.'?
Fitting results yielded a u,'(X,) value of 1.32 mm~!, a HbO,
blood volume fraction of 5.57% (assuming 150 mg/ml HbO,
as concentration of whole blood), oxygen saturation value of
0.622, and mean blood vessel diameter of 30 um. These values
are within the normal ranges for skin; however, because we do
not know the true values for scattering and absorption, this does
not constitute a validation, but instead an in vivo demonstration.

The validation of the noncontact probe as performed in this
study was successfully used to show that removing the bare
probe from the tissue would not adversely affect performance
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relative to the original probe. Toward this purpose, 1-um diam-
eter polystyrene beads were used as a representative scattering
agent for tissue due to its size and reproducibility in making
phantoms of known reduced scattering. As it relates to the ulti-
mate goal of tissue reflectance measurements, validation should
include scatterers of 0.1 to 5 um in size to account for the rel-
evant distribution of scattering cross sections in tissue. Such a
validation is outside of the scope of this letter, but the results of
LUT validation across scatterers of various phase functions will
be published in the near future.
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