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Deep subsurface imaging in tissues using spectral
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Abstract: Decp subsurface imaging in tissues is demonstrated by
employing both spectral and pelarizalion disceimination of the backseatiered
photons. This technique provides cnhancement in the visibility of
subsurface structures via processing of lhe depolarized images obtained
using polarized illumination at different wavelengths. The experimental
results demonsirate delection and imaging of a high-scatiering object
tocated up o 1.5-cm bencath the suiface of a host chicken Gssue uscd a5 (he
mode!l medium,
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The promisc that optical technigues may offer new medical diagnostic tools  has
stimulated a great deal of research over the past decade. Oplical imaging and opticai biopsy
are two o tnc rescarch areas where rapid progress has been achieved indicating that photonic
techiologies can be particularly suitable in a clinical envirenment In the ficld of uplical
imaging, there are a number of subsurface imaging techuiques such as optical cohercnee
tomography (1], linear and nenlincar cinission and harmonic generation imaging |2, 3], and
contocal microscopy (4] which are currently under development for clinical evaluation. These
lecaniques provide high resolulion images of subsurface stiuctures with the drawback that the
imaging depth is very small (i.c., ! millimeter or less). This problem is caused by the fact that
the image arises from photons that reached the target without seattering. As the imaging depth
increascs, the number of photens that reach the specific depth without scatlering decreuses
exponcrially. In order to provide larger imaging depths, other techniques need to b
explored.

Utilization ol the polarization property of light has recently attracted a great deal of
inlerest in the field of optical imaging. Polarization methods have demonstraied ahility to
dislinguish less scattered photons from diffusive ones {3, 6, 7), improve image qualily [§, 9,
10, 11, 12}, and provide information regarding the type of tissuc 113 or scaitering medium
[14.15. 16]. Polarized imaging was also used to better image surface features of the skin {17,
18, 19, 20]. The specusal polarizulion diffsrence imaging technique (SPDI) was recently
propused as an imaging tool that can provide subsurface imaging at larger depth {21]. The
druwback of this technique as proposed s (hat iz requires the use of ultralast lasers and
complicated image normalization procedures.

In this paper, imaging cepth of the order of l-cm is demonstrated using spectral and
polarization filtering of the backscattered pholons under polarized illumination that is derived
from a white light soucce. This methed is a modification of the spectral polarization dilference
imaging technique with \he image normalizalion procedure simplified to aveid the nced for
tme resolved measwreinents and ultralust Jaser illumination. This experimental work
demonstrules a method for deep subsurface imaging in Ussues using simple and inexpensive
instrumentation,
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Figure 1. Schemutie disgram of the ex petimental satup,
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The experimental sctup is shown in fig. 1. A low-power, white-light source coupled (o 2
fiber bundle is used to dcliver the illumination light into the sample. A narow band
interference filler is placed al the output of the fiber Lo achicve illurnination ol the sample with
light of a particular wavelength, To perform this experimental work, a set of four narrow-
band-pass filters were used cenlercd al 60C-nm, 630-nm, 770-mn and, 970-run (having
FWIIM of 9-nm) to record images of the sample at dilferent illumination wavelengths. A
polarizer positioned afler the opucal flier ensured polarized illunination of the sampie.
Iimages of the sample in the backscallering gecinetry were caplured using & 50-mm camera
tens followed by a lquid nitrogen cooled CCD detector. A second polarizer is positioned in
front of the camera lens with its polarization ericntation perpendicular to (hat of the first
polarizer in order to record only the perpendicular polarization image component, The
imaging plane of (he camera lens is located just below the surface of the lssuc sample. The
depth ol Tocus of the lens was sutficient to allow capture of images of the interesting object
located below the surface of the sample without additional adjustment ol the [ocus.

The sample used to demonstrate this subsurface imaging method was a structure prepared
using breast chicken Ussue as a model medivm A 4-mm diameter, 1-mum thick cbject
coimposcd of o non-absorbing ceramic material was positioned in the middle of the {ronl
surlace of a 5X4X1-cm’ (1-cm thick) breast chicken rissue fayer and was used as the target (0
be imaged, The intensity of the backscattered perpendicularly polarized image component of
the ohject is higher {at 859-nm) 10 that of a 1-cm thick breast chicken tissue by a [actor of
0.30 simulating approximately a 3-mmm thick fat chicken tssue. Another layer of hreast
chicken lissue was then positioned so that the object was sandwiched helween the Lwo thick
breast tissue layers. The sample structure was placed botween two glass plates and was
slightly compressed to a uniform thickness. The ceramic object was preforred because its size
remained unchanged during the experiment allowing for comparison using different imaging
deplhs.

Four perpendicular polarization images of the sample were recorded using the while light
illumination assembly described above. The exposure time of the CCD camera 10 record the
inage for cach illumination wavelength was adiusied so that the digitized image intensily 2t
un arbilrary poiat at the lower-right part of the image was approximately the sume. These
digital images were then subtracted (a second image recovded using a shorter illumination
wavelength from a frst image recorded using a longer iHumination wavelength) to obtain a
set of SPDI images. Figure 2a shows the perpendicular polarization mage of the sample under
600-nm illumination. The presence of the object in this fmage is not appateal. Tigure 2b
shows the SPD] image obtained loliowing subtraction of the 770-mm image from the 970-nm
image. Similarly, figs. 2¢ and, 2d show the SPDT images oblained from the sublraction of the
690-nm image from the 770-nm image and, the 600-nim image rom the 690-nm image,
respeclively.

The target object located 1-em helow the surlace of the host chicken tissue is viewed with
maximum contrast ia the image shown in (ig. 2b where the 970-nm jllumination was used to
vecord the first direer image. This s due o the maximum photon penclration depth which is
achieved for the longast in wavctength illumination. The target object is also visible, but with
reduced signal 1o noise ratio, in the image shown in fig. 2¢ where the 770-nm iilumination
was used to record the first dircel image. Figure 2d indicates that when shorter iflumination
wavelengths are used to obtain the first direct finage, the object is no longer visible because
the backseattered photons cannot reach the obicet and carry its image information,

The improvement ol the contast in the images obrained using the SPDI imaging
iechnique is the result of the removal of o large segment of the image informatien that is not
relevant (o the target. In an ordinacy Dmaging arrangement, photens that are backscattersd at
the surface and just below the suiface dominaie an image. The infarmation regarding an
object localed below Lhe surface, which is transported by photons that have reached this depth,
is hidden in a strong “background” making ity wentification difiicult. By recording only the
cross potarized hnage compenent in this imaging method, most of the photons that are back-
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Figurc 2: a) Cross polatized imape of he rissuc sample under 600-mn illuminatien. SPDT
unages of the sample brained wsing S00-um. 690-nm, 770-pm ond, 970-nm illumination reveal
he prosence of the ebject located | -em underneath the surfuee: B) ($70-770] nin, <) [770-65€)
i and, ) [620-600) am SPDI images.

-scattercd at the surfuce af the host ssuc (specular reflection) arc rcjected [21]. In addition,
subtraction of the two images oblained for different illumination wavelengths following
normalization canccls out most of the hmage information arising from photons that were
backscaltered before reaching the depth where the object of interest is Tocated. This process
enhances the relalive intensity of the image of an object localed beiow the surface of the host
tissuc. This is best demonsivated in fig. 3 where the digilized julensily prolile across a line that
contains the targct-obicet is shown for the four cross-polarized images obtained under 600-
arr. 690-mum, 770-nm and, 970-nmn that led to the SPDI images shown in ligure 2. This figure
shows that the information regarding (he object is present i the longer iHumination
wavelength profiles (770-nin and 970-nm) but is rather difficult to be corrciated with the
obicct if its presence was not known, This problem is solved by using the SPDI imaging
technique which provides a scienlifically sound approach to subtract image information that is
not relevant to the target ohject without cmploying any arbitrarily defined “backpround
subttaction”. Figure 3 also shows the digitized intensity profile of the SPDTU image
demenstrating that (he non-relevant Lo the object “background™ arising from light scattaring in
the Eomogencous hest tissue is canceled out during image subtiaction leading 1o an image
where the tacget object is viewed with highur contrast

The expovimental results shown in figs. 2, and 3 demonstrate the ability of the technique
(v acquire deop-subsurface images in tissues. The depth of the targel object was chosen for
iz demonsteation (see figs. 2 and 3) so that the object is “visible”™ (since its presence is
known in advance) at longer wavclengths allowing for a demonstration of the basic principles
ol the technicue. Figure 2 shows that the 970-nm photous can reach (and consequently can he
used 1o image) the object located [-cm underneath the surface of the host breast chicken
tissue. Using the 770-nm illumination in the samne experiment, (he iinage quality degrades due
to the fact that the 770-nm pholons barely reach the T-cm depth before backscatiering. Using
even shorler wavelengths, the object is no fonger visible hecause 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 ussue
sample at the illumination wavelengths [22). Using illumination up to 970-nm, the maximum
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Figure 3: Dipitized inensity profile across a line what containg the wrget-object for the four
tmages ebisined undw 600 am, 690 am. 770 nm wnd, 970 am that Jed ta the SPIY imagcs
shown in figue 2, The digitized intensity profile of the [970-770] nm SPDI image i alse
shown for camparison,

imaging depth in this experiment was achicved when the same object was positioned 1.5-cin
underneath the sueface of the tissue. In this case, imaging was only possible using the 970-nin
Hlumination (SPDI images oblained using 970-vrm and 770-nm illumination wavelengths). In
general, for imaging depths larger than « 23 of the maximum imaging depih, the rarget is
“visible” only in the SPDI image.

The image processing method used Lo obtain the SPDT images is realized because the
specular reflection image component is removed using polarization means. Without the
employment of polarization fllering, there is no neormalization procedure that could
simultancously rernove both the polarized specular reflection image component and the depo-
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Figure d: The digitzed intensily profiles across a line on the PRI jmeges that contuin the 4-
rnm wbjeer when the ohjeet is Wocated ] -cm and 1.5-cm helow the surface of the host tissue,
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-larized image componeat from the outer tissue layers, The adyan tage of this technique is that
it allows for large imaging depths. This is achicved at the expense of the limited spatial
resotution that it can provide. Indeed, the image is formed by pholens that have uiderpone
multiple scattering inside the host tissue Jeading to reduced image resolution when compared
10 other optical imaging methods {1, 2, 3, 4]. The degradation of the image resolution as a
function of the depth ac which the target object is located is depicted in fig. 4. The ful] widihs
at half inaxiruwm of the digiized intensity profiles of the SPDI images of the 4-mm object
were measured 1o be 7-mm end 12-mm when the object is located 1-cm 2nd 1.5-c¢m below the
surface of the host lissuc, respectively. The image reselution and/or image qualily as a
function of the imaging should deperd on the scaltering and absorplion propertics of the host
rocdium and the abject at the SPDI illumination wavelengths, The results shown in fig. 4 also
suggest that the ability of the technique to delect an object may depend on ifs size and the
subsurface depth of its [ocation.

The subsurface spectral polarization diflerence imaging technique described in this work
can be used to highlight differences in absorption or scaltering due Lo the presencee of different
types ol lissue. The utilization of different illuminating wavclengths allows for imaging using
photons that reuched different penetration depths inside the host tissue. This is what aHows
for depth profiling. With gradual change of the illuminating wavclengths one can effectively
image siruclures at different depth zones depending on the photon penetration depth of the
pair of illumination wavelengths wtilized (o record the original images. A large (small)
difference in the two wavelengths gives rise o a wider {narrower) depth zone. These
experimental results indicale that this lechnique can be uscd for subsurface Imaging at real-
time, It alsc offers the promise of an mexpensive and user-friendly imaging method that can
be usea in a clinical envirenment for non-invasive imaging and chemical analysis of tissues in
the hody.

The rescarch is supporied by the Department of Energy. This work was perfarmed at
Lawreace Livermore Nadonal Taboratory under the auspices of the U.S. Deparument of
Energy under Contract W-7405-FEng-48 through the Institute for Laser Sciznce and
Applications and the Materials Rescarch Institute.
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