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Abstract: Deep subsurface imaging in tissues is demonstrated by
employing both spectral and polarization discrimination of the backscattered
photons. This technique provides enhancement in the visibility of
subsurface structures via processing of the depolarized images obtained
using polarized illumination at different wavelengths. The experimental
results demonstrate detection and imaging of a high-scattering object
located up to 1.5-cm beneath the surface of a host chicken tissue used as the
model medium.
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The promise that optical techniques may offer new medical diagnostic tools has
stimulated a great deal of research over the past decade. Optical imaging and optical biopsy
are two of the research areas where rapid progress has been achieved indicating that photonic
technologies can be particularly suitable in a clinical environment. In the field of optical
imaging, there are a number of subsurface imaging techniques such as optical coherence
tomography [1], linear and nonlinear emission and harmonic generation imaging [2, 3], and
confocal microscopy [4] which are currently under development for clinical evaluation. These
techniques provide high resolution images of subsurface structures with the drawback that the
imaging depth is very small (i.e., 1 millimeter or less). This problem is caused by the fact that
the image arises from photons that reached the target without scattering. As the imaging depth
increases, the number of photons that reach the specific depth without scattering decreases
exponentially. In order to provide larger imaging depths, other techniques need to be
explored.

Utilization of the polarization property of light hascently attracted a great deal of
interest in the field of optical imaging. Polarization methods have demonstrated ability to
distinguish less scattered photons from diffusive ones [5, 6, 7], improve image quality [8, 9,
10, 11, 12], and provide information regarding the type of tissue [13] or scattering medium
[14,15, 16]. Polarized imaging was also used to better image surface features of the skin [17,
18, 19, 20]. The spectral polarization difference imaging technique (SPDI) was recently
proposed as an imaging tool that can provide subsurface imaging at larger depth [21]. The
drawback of this technique as proposed is that it requires the use of ultrafast lasers and
complicated image normalization procedures.

In this paper, imaging depth of the order of 1-cm is demonstrated using spectral and
polarization filtering of the backscattered photons under polarized illumination that is derived
from a white light source. This method is a modification of the spectral polarization difference
imaging technique with the image normalization procedure simplified to avoid the need for
time resolved measurements and ultrafast laser illumination. This experimental work
demonstrates a method for deep subsurface imaging in tissues using simple and inexpensive
instrumentation.
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Figure 1. Schematic diagram of the experimental setup.
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The experimental setup is shown in fig. 1. A low-power, white-light source coupled to a
fiber bundle is used to deliver the illumination light into the sample. A narrow band
interference filter is placed at the output of the fiber to achieve illumination of the sample with
light of a particular wavelength. To perform this experimental work, a set of four narrow-
band-pass filters were used centered at 600-nm, 690-nm, 770-nm and, 970-nm (having
FWHM of 9-nm) to record images of the sample at different illumination wavelengths. A
polarizer positioned after the optical filter ensured polarized illumination of the sample.
Images of the sample in the backscattering geometry were captured using a 50-mm camera
lens followed by a liquid nitrogen cooled CCD detector. A second polarizer is positioned in
front of the camera lens with its polarization orientation perpendicular to that of the first
polarizer in order to record only the perpendicular polarization image component. The
imaging plane of the camera lens is located just below the surface of the tissue sample. The
depth of focus of the lens was sufficient to allow capture of images of the interesting object
located below the surface of the sample without additional adjustment of the focus.

The sample used to demonstrate this subsurface imaging method was a structure prepared
using breast chicken tissue as a model medium. A 4-mm diameter, 1-mm thick object
composed of a non-absorbing ceramic material was positioned in the middle of the front
surface of a $4x1-cnt (1-cm thick) breast chicken tissue layer and was used as the target to
be imaged. The intensity of the backscattered perpendicularly polarized image component of
the object is higher (at 850-nm) to that of a 1-cm thick breast chicken tissue by a factor of
0.30 simulating approximately a 3-mm thick fat chicken tissue. Another layer of breast
chicken tissue was then positioned so that the object was sandwiched between the two thick
breast tissue layers. The sample structure was placed between two glass plates and was
slightly compressed to a uniform thickne3$ie ceramic object was preferred because its size
remained unchanged during the experiment allowing for comparison using different imaging
depths.

Four perpendicular polarization images of the sample were recorded using the white light
illumination assembly described above. The exposure time of the CCD camera to record the
image for each illumination wavelength was adjusted so that the digitized image intensity at
an arbitrary point at the lower-right part of the image was approximately the same. These
digital images were then subtracted (a second image recorded using a shorter illumination
wavelength from a first image recorded using a longer illumination wavelength) to obtain a
set of SPDimages. Figure 2a shows the perpendicular polarization image of the sample under
600-nm illumination. The presence of the object in this image is not apparent. Figure 2b
shows the SPDI image obtained following subtraction of the 770-nm image from the 970-nm
image. Similarly, figs. 2c and, 2d show the SPDI imagéaimed from the subtraction of the
690-nm image from the 770-nm image and, the 600-nm image from the 690-nm image,
respectively.

The target object located 1-cm below the surface of the host chicken tissue is viewed with
maximum contrast in the image shown in fig. 2b where the 970-nm illumination was used to
record the first direct image. This is due to the maximum photon penetration depth which is
achieved for the longest in wavelength illumination. The target object is also visible, but with
reduced signal to noise ratio, in the image shown in fig. 2c where the 770-nm illumination
was used to record the first direct image. Figure 2d indicates that when shorter illumination
wavelengths are used to obtain the first direct image, the object is no longer visible because
the backscattered photons cannot reach the object and carry its image information.

The improvement of the contrast in the images obtained using the SPDI imaging
technique is the result of the removal of a large segment of the image information that is not
relevant to the target. In an ordinary imaging arrangement, photons that are backscattered at
the surface and just below the surface dominate an image. The information regarding an
object located below the surface, which is transported by photons that have reached this depth,
is hidden in a strong “background” making its identification difficult. By recording only the
cross polarized image component in this imaging method, most of the photons that are back-
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Figure 2: a) Cross polarized image of the tissue sample under 600-nm illumination. SPDI
images of the sample obtained using 600-nm, 690-nm, 770-nm and, 970-nm illumination reveal
the presence of the object located 1-cm underneath the surface: b) [970-770] nm, c) [770-690]
nm and, d) [690-600] nm SPDI images.

-scattered at the surface of the host tissue (specular reflection) are rejected [21]. In addition,
subtraction of the two images obtained for different illumination wavelengths following
normalization cancels out most of the image information arising from photons that were
backscattered before reaching the depth where the object of interest is located. This process
enhances the relative intensity of the image of an object located below the surface of the host
tissue. This is best demonstrated in fig. 3 where the digitized intensity profile across a line that
contains the target-object is shown for the four cross-polarized images obtained under 600-
nm, 690-nm, 770-nm and, 970-nm that led to the SPDI images shown in figure 2. This figure
shows that the information regarding the object is present in the longer illumination
wavelength profiles (770-nm and 970-nm) but is rather difficult to be correlated with the
object if its presence was not known. This problem is solved by using the SPDI imaging
technique which provides a scientifically sound approach to subtract image information that is
not relevant to the target object without employing any arbitrarily defined “background
subtraction”. Figure 3 also shows the digitized intensity profile of the SPDI image
demonstrating that the non-relevant to the object “background” arising from light scattering in
the homogeneous host tissue is canceled out during image subtraction leading to an image
where the target object is viewed with higher contrast.

The experimental results shown in figs. 2, and 3 demonstrate the ability of the technique
to acquire deep-subsurface images in tissues. The depth of the target object was chosen for
this demonstration (see figs. 2 and 3) so that the object is “visible” (since its presence is
known in advance) at longer wavelengths allowing for a demonstration of the basic principles
of the technique. Figure 2 shows that the 970-nm photons can reach (and consequently can be
used to image) the object located 1-cm underneath the surface of the host breast chicken
tissue. Using the 770-nm illumination in the same experiment, the image quality degrades due
to the fact that the 770-nm photons barely reach the 1-cm depth before backscattering. Using
even shorter wavelengths, the object is no longer visible because it cannot be reached by the
imaging photons. In this manner, different depth zones inside the sample can be probed. The
maximum imaging depth depends on the scattering and absorption characteristics of the tissue
sample at the illumination wavelengths [22]. Using illumination up to 970-nm, the maximum
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Figure 3: Digitized intensity profile across a line that contains the target-object for the four
images obtained under 600 nm, 690 nm, 770 nm and, 970 nm that led to the SPDI images
shown in figure 2. The digitized intensity profile of the [970-770] nm SPDI image is also
shown for comparison.

imaging depth in this experiment was achieved when the same object was positioned 1.5-cm
underneath the surface of the tissue. In this case, imaging was only possible using the 970-nm
illumination (SPDI images obtained using 970-nm and 770-nm illumination wavelengths). In
general, for imaging depths larger than ¢« 2/3 of the maximum imaging depth, the target is
“visible” only in the SPDI image.

The image processing method used to obtain the SPDI images is realized because the
specular reflection image component is removed using polarization means. Without the
employment of polarization filtering, there is no normalization procedure that could
simultaneously remove both the polarized specular reflection image component and the depo-
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Figure 4: The digitized intensity profiles across a line on the SPDI images that contain the 4-
mm object when the object is located 1-cm and 1.5-cm below the surface of the host tissue.
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-larized image component from the outer tissue layers. The advantage of this technique is that
it allows for large imaging depths. This is achieved at the expense of the limited spatial
resolution that it can provide. Indeed, the image is formed by photons that have undergone
multiple scattering inside the host tissue leading to reduced image resolution when compared
to other optical imaging methods [1, 2, 3, 4]. The degradation of the image resolution as a
function of the depth at which the target object is located is depicted in fig. 4. The full widths
at half maximum of the digitized intensity profiles of the SPDI images of the 4-mm object
were measured to be 7-mm and 12-mm when the object is located 1-cm and 1.5-cm below the
surface of the host tissue, respectively. The image resolution and/or image quality as a
function of the imaging should depend on the scattering and absorption properties of the host
medium and the object at the SPDI illuaiiion wavelengths. The results shown in fig. 4 also
suggest that the ability of the technique to detect an object may depend on its size and the
subsurface depth of its location.

The subsurface spectral polarization difference imaging technique described in this work
can be used to highlight differences in absorption or scattering due to the presence of different
types of tissue. The utilization of different illuminating wavelengths allows for imaging using
photons that reached different penetration depths inside the host tissue. This is what allows
for depth profiling. With gradual change of the illuminating wavelengths one can effectively
image structures at different depth zones depending on the photon penetration depth of the
pair of illumination wavelengths utilized to record the original images. A large (small)
difference in the two wavelengths gives rise to a wider (narrower) depth zone. These
experimental results indicate that this technique can be used for subsurface imaging at real-
time. It also offers the promise of an inexpensive and user-friendly imaging method that can
be used in a clinical environment for non-invasive imaging and chemical analysis of tissues in
the body.
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