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ABSTRACT

Determining whether the peritoneum is positive for metastases is an important factor
when a clinician stages the progression of various abdominal cancers. Currently, the examination
of the peritoneum takes place via laparoscopy, however the sensitivitwhiith cancer lesions
are detected with this method needs improvement. This work is concerned with the application
of differentially polarized light (DPL) imaging in laparoscopy to improve the contrast of surface
features resembling cancer lesions. Thégpmance of this imaging modality was assessed
through examination dfssue phantoms arek vivo samples modeling the optical properties of
the metastatic peritoneum. It was found that compared to current conventional imaging, DPL
imaging substantiallynicreases the contrast of tumor tissue on a peritoneal surface in a human
biopsy sample. With this, an optical system aB®designed to enable DPL imaging in a

clinical laparoscope.
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CHAPTER 1: THE CLINICAL NEED AND DIFFERENTIALLY POLARIZED LIGHT

Introduction

It is the purpose of this chapter to outline the clinical need, describe the optical behavior
of differentially polarized light (DPL) imaging, and address hbis behaviois exploited and

serves as ameans of addressinfge clinical need.

Clinical Need: Peritoneal Metastasis Screening

For patients who suffer frorthe numerous varietief abdominal cancer (ovarian, bowel,
pancreatic, etc.), the prescribed treatment protocol can depend heavily on the degree of the
cancer 6s pr ogr es stithe ciniciaf it aware of the seversy ofithe paserahda
can accurately stage itsvahcement in the patient. If tliecuracyof this stagings in question,

so too is the efficacof the prescribed treatment.

To illustrate this clinical scenario, coneitha hypothetical patient suffering from
gastrointestinal cancer. In general, $t@ndardreatment options available for thpatient
consist of surgery, chemotherapy, radiationapgr or a combination of these. As mentioned,
the application of thesedatments will vary depending on the stage of the cancer. Stage 0
gastrointestinal cancer patients exhibit some abnormal (precancerous) cell phenotypes within the
mucosa (innermost tissue lining of the intestine). This stage is effectively treated through
surgery, excising the suspicious tissue in a gastrectdtage | is characterized by the distinct
developmenof cancerous tissue within the muctssgomucosar the muscle layer of the
stomachTreatment also includes gastrectomy, but the surgery may also be followed by

chemoradiation therap$atage Il cancer has spread farther towards the stomach (present in the



serosa and sub seroga¢mbranes surrounding te®mach) and/or has reachgato 6lymph

nodes near the primary tumdfow more aggressive gastrostomies are applied, consistently
followed by postoperative chemand radietherapy By stage Ill, the cancer has potentgall
spread to other nearloygans, and/or compromised 7more lymphnodes Effective treatment
often requires radical surgical resection in conjunction with aggressiveapasperioperative
chemoradiation therap¥inally, in the case of a stage IV patiethg presence of cancer is
detected in areas in the body morstant from the primary tumor than those detailed in previous
stagesand is associated withetastasidn cases such as thesa)y paliative treatments are
pursued as it is effectively impossible to cure the disease at this point. Thus, surgery is rare
unless it is required to remove an obstruction, @her therapies are only applied where they

would provide relief from symptoms anprove patient quality of liféNIH, 2017)

Here, the concern is specificalljth the diagnosis of stage d&ancer patients exhibiting
signs of metastasis. The patient group this applies to is significant: according to data reported by
the Surveillance, gidemiology, and End Results Program of the National Institute of Health
(Cancer Statistics, 2017), of all newly diagnosed cancer patients in the United States from 2005
2014, abdominal cancers composed over 20% of the cases. Of these incidences obhbdomin
cancer, 27.3% exhibited metastasis. Thus, approximately 5.5% of all new cancer patients are
positive for metastatic abdominal cancers and are candidates for laparoscopic examination. The
data from which these statistics are derived may be examinegdendig A. Given the annual
increase of 1.7 million new cases of cancer predicted for 2017 (Siegal et al.tB@lmgans

thatnearly 100,000 new cases of metastatic abdominal cancers willrasisear



As detailed earlierhie netastatiestage casesf interest herare defined by the presence
of cancer tissue growth in sites distant from that of the primary tumor. One common procedure
by which the clinician magetect suclsatellite growtl involves the visual screening of the
interior of the peritaeumfor the presence of cancer lesions. The peritoneum is a thin tissue
membrane that surrounds the abdominal organs; in the event where an abdominal tumor becomes

metastatic, small white lesions commonly form on its surface, detailed in the figure below:

Figure 1: Example image of peritoneum possessing several metastatic carcinomas. (Abid et al., 2013).

Currently, the procedure by which this screening takes place involves the insertion of an
optical device called a laparoscdpto the abdomen through an incision. Once inserted, the
clinician may conduct their search of the peritoneum for metastases as the laparoscope relays the
image of the interiorAccordingly, obtaining a detailed image of the peritoneum surface is of

greatinterest to clinicians to momeliablyidentify the lesions.



Unfortunately, utilizing current laparoscopic imaging techniques, the sensitivity with
which the clinician can identify the presence of these lesions is unsatisfactory, with false
negative rateas high as 36% (Schnelldorfetral, 2014)in complete laparotomies. The
consequence of these false negatives is that they result in the application of a treatment plan for
nonrmetastatic cancers to a pathology that is metastatic. However, if the dsafgnosetastasis
is a false negative, more aggressive treatriazlyy associated with stage Il and Il cancend
be applied under the assumption that there is a chance of inducing renmsk&se staged his
resul ts i n a r egualtyofiif@as theynndérdo eostly antd strenmdusd s
treatment measures whiahll not likely result inremissiondue to thaindiagnosednetastatic
nature of their cancelt is this scenario that drives clinical need: it is desired to prevent the
baseles reduction in patient quality of life caused by false negatives. To achieve this, it is
proposed to improve the ability of laparoscopy to visualize metastatic lesions of the peritoneum.
With this, the sensitivity of laparoscopic imaging to metastaticexamould improve, reducing

the rate of false negatives for cancer metastasis.

Differentially Polarized Light in Biomedical Imaging

Given that much of this work is concerned with optical techniques, it is useful to frame
the pathology described here in an optical context before proceeding. In the case of standard
imaging like that in fig. 1, thprimarysource of optical contrast beterethe lesions and the
peritoneum igheir differencan absorptionThe absorbance spectrum of the peritoneum is
dominated by the hemoglobin contained in the blood vessels of the tissue, imparting a reddish
appearance to the reflectan€anversely, theancer tissue composing the lesions is not so

heavily infiltrated by blood vessels and thus does not contain any significant absorbing agents,



resulting in their white appearance. It is the distinction betweeneddish reflectance of the
peritoneum andie broadband reflectance of the lesions that is used to visually identify
metastases conventional imagingHowever, this is not the only optical property that may be
exploited to distinguish between these two tissuescancer tissue composing the asédses is
also significantly more scattering in the visible wavelengths than the peritoneum, with
intraperitoneal tumor tissues typically exhibiting a reduced scattering coefficient of 210cm
(Wang et al., 2005), while the coefficient associated witlpérgoneum itself is roughly hadif
thisvalue(Bashkatov et al., 2016YVhile thelight scatteringof tissueis not of great
consequence in the @sf conventional imaging, i$ keyin the realm of differentially polarized

light.

Essentially, DPL imaging is a polarized imaging modality that which serves to separate
the light scattered from the surface of a sample from light scattered from the ifteusrit is
theorizedthat if DPL imaging were to be implemented in laparosctpyyisibility of surface
featuresof the peritoneunmcluding the lesions would be improved, increasing the sensitivity
with which clinicians can detect them. This would help achieve the reduction in the number of
false negatives reported during patierams and ensure relevant treatments are applied more

often.

The potential of DPL imaging as a method of selectively resolving the surface features of
tissue was recognized as early as 1997, when Demos and Akamined various forms of
polarizedimaging of biological tissugdemos et al., 1997They found that when imaging

the DPL modalitythe surface detail of the samp(i this case, a human palnvas notably



improved Following this, others began to exploit this phenomenon when condogtiiog!

interrogation of tissue surfaces

Gurjar et al. and Hunter et al. both conducted studies concerned with theckdfiering
spectroscopy (LSS) signal from tissue epith@Barjar et al., 2001; Hunter et al., 2008his
optical signakonsists of thepectrunof light scattered from a tissue sample. Based on the
distributionof this spectruminformation concerning the cellular morphology of the tissagy
be determinednduding data on the nuclear size, population density, and refractive index
distributions of the cells under study. These parametefscgonsof thepathological state of
the epithelial cellsallowing the distinctiorbetween cancerougre-cancerousor healthy cells
by the sampling of this scattering spectrithowever, the signal from the surface epithelium is
small compared with the diffuse signal from deeper within the tissue bulk, making the analysis of
epitheliumbs LSS dthefadthors applied.the praperttesial DPE & ¢heirt h i s
imaging systemmito help isolate the signal received from the surface epithelium from that of the
bulk tissueThis allowedfor the preciseexamination of the LSS signal from the epithelium

without interfeence from the tissue bulk signal.

Yaroslavsky et al. combined the polarized imaging of DPL flutbrescencéo create a
fluorescent imaging systewhich couldlimit the detected signal to the surface of the tissue
sample(Yaroslavsky et al., 2004They applied this system towards the improved visualization
of surfacelayer pathologies exhibited in nonmelanoma skin canttanss demonstrated that
following the application of fluorophores preferentially retained by cancerous tissibastie
cell carcimmaspresent on the epithelial surfaceuld be delineated ipolarized fluorescence

imaging with detail superior teegular fluorescence as well lsstopathologyOnce again, this



approach t akes adwvodimittree gignal tothe ddiPellayes of tadsarhpiet y
removing any backgrounatiginating from deeper within the bulk. When examining surface
pathologiedike basal cell carcinomathis serves to isolate the diseased tissue from the bulk in

imaging, permitting a more detailed studyitsffeatures.

In addition to these implementatiooEDPL in microscopythere aralsoseveral groups
concerned witlits usein endoscopyTheirendeavors draw a close paghllvith our own in
laparoscopy, thus it is necessary to explore the possitildapplying their designs to our clinical

needwhile considering their work

Consider first the DPL probe designed by Steve Jacques (Jacques, 2002) i& figure

below:
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Figure 2: DPL endoscope probe design by Steve Jacques (Jacques, 2002).

Here, the polarized illumination (66) emerges from a polarizatiamtaining fiber (70)
and is deflected off a mirror (89) into an interface formed between the tissue surface (92) and the
glass probe tip (72). The formation of this intedaombined with the deflected angle of the
illumination allows the reflection of specular reflectance (glare) (86) at an angle (93) that will
not result in its collection by the detection fiber (102). The tissue reflectance (94, 93) is sampled
by the detetion fiber and analyzed by polarization optics upstream to generate parallel and

perpendicular images for computing the DPL image.

For our purposeshé main issue with this proposed configuration is that it is designed to
operate with the probe in phyalaontact with the interrogated tissue to create a flat-gjssse
interface (interface between 72 and 92) which reflects specular reflectance at an angle not

sampled by the detection (101). This forces the working distance of the probe to a slabrt, fixe



separation from the tissue surface. These characteristics make the device better suited for the

close inspection of a small predetermined feature, but here to meet the clinical need it is desired

that widefield scanning be possible to rapidly screearge surface (the peritoneum) at variable
distances for the presence of lesions. This requires the probe to be out of contact with the tissue,

and demands an optic which allows variable focus for accommodating different working

distances. Itshould bendte t hat whil e Jacqueds probe is | ac!
probe out of contact with the tissue to meet them sacrifices the ability to direct specular

reflection away from the detection. However, this challenge may be addressed in other ways

(glare detection, changing viewing angle) in the development of a cérgagirobe.

Following Jacques, Myakov et al. created their own design for a polarized endoscopic

probe (Myakov et al., 2002):

Gap Between Two Pieces

Excitation Fiber:

ollection Fibers

Polarizing Film

Optical Window

Orientation of Tissue
Polarization Axes

Figure 3: DPL endoscope probe design by the Myakov group (Myakov et al., 2002).
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On the left side of figure Bhe front face of the distal end of the probe is presented. In this
design, three optical fibers each carry the illumination, parallel, and perpendicular signals
(middle, botomand top respectively) separately. Li ke
operate in contact with the tissue surface, which once again conflicts with the need fbelide
examination. In addition to this, there is a greater conflict in theHatthis system does not
provide a spatially resolved image of the sample, rather it collects only the net intensity of the
reflectance incident on the end of the collection fibers. This would further cripple the screening
capabilities of this device, geiring the scanning of the peritoneum surface with a probe area
even smaller than that of Jacquesd6, after whi
assembled to resolve the presence of any lesions. Thus, this would be an inappropriate

implementation to address the clinical need.

More recently, Qi and Elson developed the design for a Mueller polarimetric endoscope

(Qi et al.,2016) detailed in the figurelZelow:

Distal optics o Distal optics o
- o St
" Proximal end ; ; o
Imaging channel -~ 4 . IShgath (Rotanng)/ A . P
- S = inear polarnzer Fratrs Rigid endoscope
o 5 (Stationary) o ~Rotation stage’ PSA 9

Illumination channel S " g ~
- ’ Light port 1/4 wave retarding ﬁlm, P

- > {Rotating) - Rigid endoscope

>
-~

-
- P -

o " Distal end : -

= o -

o o Rotation stage
Sheath
(a) (b) ;

Figure 4: (a) A rigid endoscope consists of an imaging channel and an illumination channel. (b) The Mueller
polarimetric endoscope consists of a stainless-steel sheath, a motorized rotation stage, a rigid endoscope, a
polarization state analyzer (PSA) and a CCD image sensor. The part that rotates during acquisition is represented in
red, and the stationary part is in purple. (c) A photo of the Mueller polarimetric endoscope (Qi et al,, 2016).

This system measures with detail the transformation of the polarization state of the
incident illumination as it is reflected off the imaged tissue. This transformation is quantified in

the form of a Mueller matrix, hence the device name, and from inafioon regarding the
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linear depolarization, circular depolarization, directional birefringence, optical rotation, and

diattenuation may be derived if so desired (Ghosh et al., 2008).

Here, the derived property of linear depolarization contains the séoneation as DPL,
effectively making this Mueller system DRLa p a b | e . Further, unlike Ja
designs, this one is capable of imaging in a wide field of view without the need to be in contact
with the tissue surface. There is one major sbontog however, in the form of the very long
collection time the device requires for each image it takes due to the methods associated with the

acquisition of a Mueller matrix:

To measure the complete Mueller matrix of some optically active sample (tissue in this
case), it must be first separately illuminated with four forms of polarized light. These forms
include linearly polarized light in the horizontal (O degrees), vertitabegrees), and diagonal
(45 degrees) directions, as well as circularly polarized light. Under each of these illuminations,
the polarization state of the detected reflectance from the sample is examined. Combining the
information from the reflectance potzation at each illumination, a Mueller matrix describing
the properties of the sample may be computed. The optical systems responsible for illumination
and detection in this case are referred to as the polarization state generator (PSG) and

polarizationstate analyzer (PSA) respectively.

Il n Qi and El sonds design, the PStGtheceonsi st s
rotating sheath (fig.l28l red) combined with a fixed linear polariZerset fig. 4, blue). To
provide the four forms of polarizeduiinination required to compute the Mueller matrix, the
retarding film must be oriented with respect to the linear polarizer at four separate angles

(specifically,-45, 0, 30, and 60 degrees where the polarizer is oriented at 90 degrees). Thus, for
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each Mudkr image, the retarding film must rotate through four angular positions for the system

to expose at four illuminations separately. This severely limits the frame rate of the image stream
due to the need for multiple exposures and the operational limgatigposed on the rotation

rate of the retarding film; currently the minimum time it takes to acquire a single image is 15
seconds. This limits the video frame rate of the device to far less than one frame per second, and
requires that the probe be hetil $or the duration of each 15 second exposure. These

limitations would make the screening of the peritoneum with this system quite onerous, as the
clinician would have to be aware of the timing of each exposure period and hold the probe steady
for its duration during the examination. In addition, if this device were to operate at its maximum
frame rate, there would be negligible downtime between exposures and the probe could not be
moved without affecting an exposure. Thus, the frame rate must be lamethis maximum if it

is intended to move the probe at all between exposure periods while streaming images. The
severely limited framerate and awkward operating requirements make this system impractical to

use in tle context of the clinical need.

Unfortunately, in each case these prior arts prove lacking in some aspect in the specific
context of screening for peritoneal metastasbss, in addition to our investigation of DPL as a
method of improving lesion visibility, we will also propose our own noystesn design for its

clinical implementation in Chapter 4.

Optical Description of DPL

Here hefundamentabpticalphenomenobehind DPL imagingxploited by these

biomedical imaging applications detailed.Jacques et al. provide an elegstioichastic
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descriptionto this endconsidera tissue sample is illuminated with light linearly polarized in one
direction,wherethe angular deviation of the reflectance polarization from the illumination

polarization may be described by the following Gausdiatribution:

Th e v a rfor ¢his distribulions equal to.. the diffusivity multiplied by the optical path
length Jacque®t al, 2000) Here, diffusivity (.) is related to the average amount the fight
angle of polarization changes with each scattering event, and the optical patt{(ledgttribes
the total number of scattering events encountered by the light as it ttaeeigh thesample.
Together, thes parameters influence the variance of the polarization angle of the sample
reflectanceAs .. or Uincreasethepolarization angle distribution of the signal spredds to the

larger number of scattering everdsd the depolarization of the sigmatreases

It can be expected that for some diffusivity, if the optical path is long enough, eventually
the polarization of the light will become completely randomized due to the large vaiiance
polarization angle resulting from largeFor biologicatissues, it was found that this complete
randomization of the incident polarization resulted from optical paths associated with tissue
depths greater than ~2@00 microns (Jacques et al., 2000). Thus, lghith penetrates to the
bulk volume of the saple beyond this distance the sample before exiting as reflectance
becomes depolarize@onversely, light that follow a shortéless than ~20800 microns),
undergoes fewer scattering evebefore exiting as reflectance amthins some degree of
polarization parallel to that when it was first incident on the sample. The general relationship

between optical path length areflectancepolarization is illustrated in the figure below:



14

A. B
Incident
illumination
A -
AXy
<O>
PVQ

Randomly polarized
reflectance from
bulk .

Parallel polarized
reflectance from
surface . |

N
& Ny D

& N
%0{\ 9
Figure 5: General behavior of the polarization of the reflectance from polarized illumination in bulk and surface
regimes.

Figure @ shows the scenario exhibited in DPL imaging where the sample is illuminated
with linearly polarized light (yellow), and the reflectance of this illuminatioecived from
both the surface (blue) atioe bulk (red) of the sample. Ploesents the polarization states of the
illumination, reflectance from the bulk, and reflectance from the surface. Reflectance originating
from deeper within the sample follows a dmn optical path and becomes randomly polarized.
This state of random polarization symbolized in 5las the two perpendicular black arrows of
equal length, indicating that the light is polarized equally in the directions parallel and
perpendicular to thpolarization of the incident illumination. In contrast, the surface reflectance
retains the direction of the incident polarization, and is still completely polarized parallel to the
illumination, as signified by the identical black arrows in both thenilhation and surface

reflectance signals.

Thedistinction between the polarization states of the surface and bulk signals is exploited

in differentially polarized light imagintp remove the bulk signal, leaving only the surface
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signal. To achieve this, the signal received from reflectance is examined through a linear
polarizer (henceforth referred to as the analyzer) in two configurations. In the first of these
configurations, the analyzer is oriented parallel to the illumingd@arization, passing the
surface signal, and half of the depolarized =iginal, as detailed in figurea6Next, the analyzer
is oriented perpendicular to tHeimination polarization (), blocking the surface signal, while

again passing half of thaulik signal.

bulk para

para surface bulk para perp bulk perp bulk para

bulk perp

Figure 6: Analyzing the polarization of the reflectance signal to separate the bulk and surface reflectance.

Thus, the total intensity of the paralj@larized reflectancepds is the sum of the
surface signal ahhalf of the bulk signal, whereas the perpendicular polarized signal is
composed only of half the bulk signal. With this, it is possible to separately image the sample in
both parallel and perpendicular analyzer configurations. The perpendicular imageeméag
arithmetically subtracted from the parallel image to produce a difference image limited to signal

received from the surface reflectance:

Ipara lsurface"' l)ulk para
Ipara lsurface"' lperp

Ipara' Iperp = kurface
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Additionally, to generate amage representative of conventional depolarized imaging
for comparison, the average of the parallel and perpendicular images may be taken to recover the

entire signal independent of polarization.
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CHAPTER 2: TESTING THE CONCEPT

Introduction

Given the theretical relevance of DPL imaging to surface feature examination, data was
sought to help verify this thearin this chapter, the potential for this imaging technique to
improve feature visibility is examad via a benchtop DPL system witarious optical

phantoms.

Benchtop DPL Laparoscope Setup

The following experimental setup was utilized to acquire proof of concept DPL images:

A
llurination _)QI;}

Polarizing Cap
m.\. ﬂ i Ny Sale
: —
/U | )

L

Laparoscope

Analyzer
Zoom Lens vz

Illumination Outputs Polapizing Film

Aperture
Figure 7: Experimental optical setup designed to implement DPL imaging.

Starting from the right, a specially designed polarizing cap (Eickhoff, 2014) is placed

over the tip of a laparoscope. The inset details the front face of this cap, which is composed of a
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crescent shaped polarizing film covering the illumination outpthefaparoscope, while
|l eaving the aperture below clear. This capos

illumination required for DPL imaging.

The laparoscope optic itself consists of a ~30cm long metal tube containing a fiber optic
and a grdient index (GRIN) lens. The fiber optic deligdight from the illumination source to
the sample at the dist@ight) end while the GRIN lens receives the reflectance image returned
from the sample and relays it to the proxirfieft) end At this poir, the signal passes a linear

analyzer before being focused by a zoom lens onto a camera CCD.

To ensure the analyzer and illumination polarizations are oriented appropriately, a mirror
image of the illumination is resolved by the system, and the anasym@ated while monitoring
the live intensity averageupplied by the imaging software. Once this intensity is minimized, the
analyzer orientation is noted as perpendictddhe illumination The parallel orientation is then
denoted as the perpendicutairentation plus 90 degrees. The resulting imageiseof
illumination at parallel (8a) and perpendiculab)&nalyzer orientations arepleted in the

following figure:

Figure 8: Mirror image of the laparoscope illumination at maximum intensityv(a) and minimum intensity (b
corresponding to parallel and perpendicular analyzer orientations respectively. The ratio of the perpendicular intensity
to the parallel intensity is displayed in c.
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In 8c, the ratio of the perpendicultd the parallel image is calculateldeally, this ratio
should be close to zero in themens of illumination seen iBa. For the most part, this is the
case, and the ratio is <5%. However, there is some amount of depolarized light leakage seen in
the bottomedges of the illumination iilb, which is confirmed by ratios in this region
approaching 1 in 16c¢. To quantify the amount of depolarized leakage relative to the polarized
illumination, the ratio othe average intensities 8 and8a was calculated, yiging a value of
9%. This indicates that 9% of the applied illumination is depolarized. The presence of
depolarized light in the illumination does not necessarily compromise the DPL 3igeal.
magnitude of the DPL signal is proportional to the magnitudeeopolarized light signal, and is
independent of any depolarized componeiitich will be removed in the image subtractidhe
problem would arise where the illumination is composed overwhelmingly of depolarized light
such that there is very low polaeiz illumination intensity. Here the detector would receive a
correspondingly low DPL sign#éhat may make visualizing the sample difficiortunately, in
this case, >90% of the illumination intensity is polarized, ensuring a significant amount of

polarized illumination is delivered for a given lamp power.

To acquire a DPL image, the analyzer is first oriented parallel to the illumination
polarization and an image is collected by the camera. Then, the analyzer is oriented
perpendicular to the illuminaticend a second image is collected. The signal of this second
image is subtracted from that of the first via MATLAB (Appendid Bto produce the DPL
image. For comparison, the conventional spatarized image is reconstructed by taking the

average of the pallel and perpendicular images.
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Imaging Results: Optical Phantoms

To verify thebasic level of functionality in this system, a phantom was devised which
possessed a feature and background that in theory should be very distinguishable in DPL
imaging. The feature of the phantom was created from a drop of Sum diameter polystyrene
microkead solution (concentration 0.3% solids) dried into a plaque on a glass coverslip. The
background upon which this coverslip was placed was a Spectralon white standard. Due to the
highly diffuse scattering of this background, it was expected that thetagibecfrom the
Spectralon would be randomly polarized, while the backscatter from the beads would retain more

of the incident polarization. The results may be seen below:

Bead Phantoms: Intensity Plot
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Figure 9: DPL imaging of a bead plaque-Spectralon phantom. Images for each polarization component (a parallel, b
perpendicular) as well as their average and normalized difference (c and d respectively). In e, intensity as a function
of position along the illustrated bisecting line is plotted, along with the raw DPL for comparison. Dashed lines indicate
the boundary of the feature. 1Imm scale.

To better understand the nature of the signals in imadetheir intensities as a function
of position along a slice (colored lines) was plotted in e. Directing attemtsbmaf the plots of
the parallel (blue) and perpendicular (red) image components in e, it is evident that the bead

plaque (flanked by dashed lines) retains some of the incident polarization in its reflectance,
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resulting in a greater parallel intensity quawned to perpendicular. This difference between the
two signals is expressed in the DPL signal (yellow). Conversely, the Spectralon background
(outside the dashed lines) presents virtually no difference in the parallel and perpendicular
signals, thus hasearly zero DPL signal, due to its depolarized reflectance. In this way, the DPL
image has its background brought to nearly zero while retaining signal from the feature. When
the feature intensity in the DPL image is normalized to that of the featureityxisbited in

the conventional image (c, purple plot of e), the visibility of the feature is significantly increased

due to the reduction in background intensity.

Given the promising results encountered in the bead phantom, it was decided to continue
towards more tissukke samples. The next phantom fabricated consisted of a porcine muscle
tissue (derived from the psoas majausclg background with implanted silk scaffold to serve as
the scattering feature. Fabrication involved the boring of four 3ewp tioles in the tissue with
a 1mm diameter biopsy punch (white arrows in figl®a-d). Of these holes, two had cylindrical
silk scaffold fragments 1mm in diameter and 2mm in height inserted (solid white arrows). These
silk scaffolds were fabricated vialsleaching protocol with 6% w/v silk solution as described
by Nazarov et al. (Nazarat al, 2004). The two remaining holes were left empty to act as

controls (dotted white arrows).
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Figure 10: Conventional and DPL imaging of silk scaffold implants (solid white arrows) and empty control holes
(dotted white arrows) in porcine muscle. (a) presents the conventional image, while b is DPL. Intensity plots around
both the silk feature (c) and empty hole (d) were created for the conventional and DPL modes. The bounds of each
feature are indicated by dashed lines. 1mm scale.

Once againthe visibility of the scattering feature (silk, solid white arrows) is improved
in the DPL (@0b) versus the conventional imade4), while the visibity of the empty control
holes (dashed white arrows) does not change apprecidtdge observations are confirmsd
the corresponding plots in ¢ and d which indicate that the silk feature (flanked by dashed lines)
exhibits increasedignal to backgrounoh DPL (green) compared to conventional (purple), while
this increase is not evident for the empty hole feature (also flanked in dashed lines) between DPL
(red) and conventional (bluelhe reduced width of the empty hole relative to the silk feature is
due to its partial collapse since it has no feature to hold it open. These results batigdsit
the presence of holes in the sample do not

increase the visibility of acattering feature againstiasue bakground.

To model a feature more physiologically similar to a cellular tissue, the next phantom
was designed with a cdblased feature instead of silk. In this case, a porcine muscle sample was
once again bored with a small hole (lk&d by dotted linem figure 11,b, d, and e) of the same
size aghose in the silk phantom. The sampleswlaen imaged in conventional @)land DPL

(d) modalities. Following this, a drop of highly concentrated (pelleted) lymphoma cancer cell
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suspension was pipetted irttee hole. The resulting phantom was imaged in conventidb) (

and DPL (e) modalities.

Pork+Lymphocytes Phantom: Conventi

05 —
1
1
04 \ N
~ | !
£ 03 1 '
& ! H
1 1
2 02 ' '
g T T rr L L
2 1 1
€ 01 ' f
1 1
oF 1 1
1 1
1 1
04 . . . . .
20 40 60 80 100 120 140 160
C. Position (pixel #)
Pork+Lymphocytes Phantom: DPL Normalized Intensity Plot
0.5 T T T T T
: M — No Lymphocytes
. 1 Lymphocytes Present
0.4 . =
= i 1
£ 03 Aty \ i\
o) "\ \
P Y LA M, A
£ 02[A v T ﬁ
2 A\ Moy 1\, Ay [~ A
8 il bl o [Ca ¥ v/ YAV
£ o1 A 1 \ [ W\ WY
1 nl W 1
L 1 y ! !
0 : :
1 1
01 . " . . | . .
f 20 40 60 80 100 120 140 160

- * Position (pixel #)

Figure 11: Conventional (a, b) and DPL (d, e) of porcine muscle with and without a lymphoma cell feature (circled in
white) added. Intensity plots intersecting the location of the feature are presented in conventional (c) and DPL (f). The
pl otds intersection with the feature boundary positions are

Studying the conventional imaging in figukt&a and b, te addition of the lymphoma
cells (circled in white) is virtually undetectable. However, in the case of the DPL imaging in d
and e, the lymphoma cells are visible as a cloudy feature surrounding the hole in the muscle. The
large feature size (~2mm diametdoud) compared to the hole (~1mm diameter) is due to the
poor confinement of the lymphoma sample to the hole; essentially the sample formed a droplet
that occupied the hole but also overflowed slightly onto the surrounding surface. Plots of the
intensityover the feature location are provided for conventional (c) and DPL (f), with the points
of intersection of the plot with the feature edge marked with dashed lines. From these data, it is
demonstrated how the application of DPL imaging can provide distinbetween the
lymphocytes (f, red plot) and their background (blgjle they arenigh-invisible in theplot for

the conventional modality (c).
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At this point, a strong case for the proof of concept for the application of DPL is
materializing Namelyi,its ability to improve the visibility of a scattering feature placed on a
background by measuring the polarized reflectance. This ability has been demonstrated in a
variety of phantoms of differing degrees of comparison to the clinical pathology. The next
logical step is to move towards a proof of principle which shows that DPL can maintain this

observed degree of performance imareclinically relevantmodel.
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CHAPTER 3: QUANTITATIVE VISUALIZATION OF CANCER LESIONS IN DPL

IMAGING

Introduction

As mentioned in the prior chapter, it is desired to examine a clinically relevant sample
with a DPL system to establish a proof of principle. This chapter outlines how this was

attempted, and the results encountered.

DPL Apparatus

IIIumin\aﬁtiun '(\Camera

--1"""'—-—-_Ar'|al'_-,-zer

Polarizer

Sample

I l

Figure 12: Schematic for the benchtop manual DPL imaging setup.

Figurel2 above depicts the simplified benchtop optical setup utilized for fwof
principle imaging. Once again, a polarizer is positioned in front of the illumination to linearly
polarize it, and an analyzer placed in front of the camera which may be oriergeddeular or
parallel to the illumination polarizer. This allows for the separate collection of the parallel and

perpendicular components of the reflectance.
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Image Processing

The camera employed in the current device design is a RGB camera, as epplosed
monochrome camera applied ih&pter 2. The CCD arrays used by these types of cameras are
covered by a great number of red, green, and blue color filters in an arrangement referred to as

Bayer tiling (Bayer, 1976):

Figure 13: The Bayettiled arrangement of RGB filters over the CCD array of a color camera

The basic tile elemems shown on the left in figure 18 is a mosaic of these tiles that
forms the sensor array of the camera, analogous to the array on the rigsigrietheead from
this array forms the raw Baytited image, which is then read by a color processing algorithm to
produce the final image. Depending on the algorithm applied, the resulting image may be in
RGB color or in monochrome. In the former case dvery pixel in the array, a red, green, and
blue intensity value is extrapolated from neighboring color pixels and the pixel itself, creating an
image with the same spatial resolution as the raw Bayer tile array, but where each pixel has a red,

green,ad bl ue value associated with it instead o
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a single intensity value is calculated for each pixel as the weighted average of tiuolibree

intensities in the local area.

In either case, the intensity vakifor each pixel are recorded as 12bit unsigned integers
by the camera. Following the collection of the parallel and perpendicular polarized images, each
of the intensity values in the perpendicular image is subtracted from its corresponding value in
theparallel image via MATLAB. This is straightforward for monochrome images, where
corresponding subtracted pixels share the same position, and only slightly more complicated for
RGB images. For RGB images, the raw Batjled image is recorded without anytbe
c a me r a {processinglalgarithms applied to avoid any potential artifacts they may introduce
when applied prior to subtraction (this mostly concerns automatically applied color correction
like white balance). The images are then subtracted framaoaother in the same manner as in
the monochrome case, after which MATLABOGs dem
color image from the Bayeiled difference image via a simple linear color processing algorithm

without correctionThis functionaity is also detailed in the MATLAB code of appendix1B

While not necessarily a vital feature of DPL imaging, the ability of the system to image
in RGB is not simply a novelty, it does provide additional practical information beyond what is
gleaned in moochrome. At the very least, it allows the system to meet the original capabilities
of a conventional nopolarizing laparoscopes, which image in RGB color. However, in addition
to this, it has been found that the low resolution specti@inmation provied by the threeolor

channels can prove useful when trying to resolve lesions more clearly.
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Imaging Results

In an ovarian cancer patient, a biopsy was taken of the peritoneum and of the bulk tumor.
In this case, there was no indication of metastas#iseoperitoneum. Thus, a metastasis model
was assembled by placing a ~1feRrcised portion of the tumor atop the peritoneum biopsy.
This model was then imaged in DPL and 1pmtarized modalities, after which the lesion feature
intensity in the DPL image wasrmalized to that in the ngpolarized image. Below aregh
collected RGB images (figure 44nd e) along with the separated presentation of each of their

color channels (o for DPL, tg for norpolarized):

Color Red ‘ ' Green - Blue

DPL

Conventional

C — D —

Figure 14: Imagingof a human ovarian tumor biopsy (circled in blue) placed atop a human peritoneum biopsy. 6a was taken in
conventional notpolarized RGB, while 6e was imaged in DPL mode. The corresponding individual red, green, and blue
channels are displayed alongside bamage. 1mm scale.

When transitioning frm conventional (fig. 1&-h) to DPL (ad) imaging it is immediately
apparent that there is some improvement to the visibility of the model lesion in all color
channels. Looking at the pairs of images associatedeaith channel, some qualitative

observations may be made. In each case, there appears to be some level of improvement in tumor
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visibility when transitioning from the conventional to the DPL modality, as mentioned earlier.
The improvement is most drastictime red channel, and subtler in the green and blue channels.
This observation is attributed to the fact that most the background signal is composed of red light
due to the hemoglobin in the vasculature of the peritoneum. Thus, when this background signal
is reduced via DPL imaging, the biggest effect is seen in the red channel. Another interesting
aspect contained in the color channel information is the improvement in tumor contrast that is
exhibited in conventional imaging depending on the sededteanne Whencomparing fig. 14

g, and e, it appears that the visibility of the tumor is improved simply by viewing it through the
blue or green channels without need for DPL imaging. Once again, this has to do with the
background signal being mostly red lightile the tumor is white (red, green, and blue.
Therefore, viewing the sample through the green or blue channels filters out the red signal from
the background, while the tumor remains in the image thanks to having blue and green

components to its signdh this way, the visibility of the tumor is improved.

This phenomenon is somewhat analogous to the narrow band imaging (NBI) modality
currently applied in endoscopy. NBI filters the illuminating light, limiting it its spectra to a
narrow bandwidth (usligt around 30nm) centered around blue (415nm) or green (540nm)
wavelengths. The high absorbance of these wavelengths by hemoglobin allows for the superior
visualization of blood vessels on the surfaces of tissues by increasing their negative contrast
agairst the background tissue from their absorbance of the illumination (Gono et al., 2003).
There are other useful features of NBI, but this is the one we see also exploited in our system. In
the same way that NBI illuminates with green and blue bands toed¢designal from blood

vessels and increase their contrast, we can do the same by instead examining the collection in
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only the green and blue bands provided by the color filters on our-Blgesensor. In our case,
reducing the signal from blood serwesdarken the background, while in NBI it darkens the
feature. In both cases this increases the contrast of the feature, only in NBI this is negative

contrast, while in our application it is positive contrast.

Imaging Analysis

DPL images appear to quatitgely improve the visualization of the tumor tissue, but it is
desired that some more quantitative data be acquired in support of these observations. Thus, a
parameter must be conceived which somehow captures the degree of visibility of the tumor
against he peritoneum. It was decided that this i
contrast of the feature (tumor) against its background (peritoneum). Contrast is defined here by
the formula for Weber contrast: (Signdackground)/Background (Peli990). To quantify this
contrast, the following approach was applied:

First, two regions of interest (ROIs) are drawn on the sample image, shown encircled in

orange and blue ithe image contained in figure bglow:

I oFL 1
[ Conventional

Color Red Channel  Green Channel  Blue Channel

Figure 15: Quantifying the level of contrast between a feature (tumor tissue, orange ROI) and background (healthy peritoneum,
blue ROI) fo the sample exhibited in fig. 1Values for contrast calculated on this basis are presented in the plot on the left for
conventional and DPL modes in color and each individual RGB channel.
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Here, one ROI defines the region the tumor biopsy occupies (orange), while the other
defines the region of the background peritoneum the biopsy rests on (blue). The average intensity
within the biopsy ROI serves as the value of the signal, while the average intensity within the
peritoneum ROI excluding the biopsy ROI is taken as the value of the background. Note that in
this case the ROIs are drawn to avoid glare spots, which would otherflase ihe average
value of each region regardless of the tissue composition; the glare signal is a function only of
the sample surface angle, and is not dependent on the presence or absence of tumor tissue. The
Weber contrast is then calculated for thegaa and background values, yielding an estimate
for the contrast of the biopsy against the peritoneum. The results for this value under various
conditions nay be seen in the plot in fig. 1B8lote that the error bars in this plot are derived not
from a sanple of several biopsies as may be expected by default. Rather, these error bars
represent the standard deviation of the contrast as propagated from the standard deviation from
the mean signal and background values. They represent an estimate of thal paténtce in

the contrast based on the variance of the pixel intensity values within each ROI.

This plot helps confirm the qualitative trexid contrast observed in fig. 1®nce again,
it may be seen that DPL provides a substantial improvement irasbover conventional
imaging, with the greatest difference in contrast exhibited in the red channel. As expected, it can
also be seen that the contrast in the conventional color image may be improved by examining the

green or blue channel separately.

With these results, it was decided that our case for DPL imaging would be furthered by
setting up a tumenegative control for comparison to the tumor model. This was intended to

ensure that the signal produced by the tumor in the prior images is dueltibetteance in tissue
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composition between tumor and peritoneum, not simply the physical presence of a tissue biopsy
regardless of its type. To examine this scenario, another {penboneum model was set up as
outlined previously, and following imaging f(green channel displayed for best tumor

visibility in fig 16a and b below), the tumor biopsy was removed and replaced with a biopsy of

the peritoneum of the same dimensions. This wasithaged as well (fig. 16and d):

Conveptional DPL

Tumor

Normal

Figure 16: Conventional and DPL imaging (green color channel) of both a tumor (a, b) and a normal peritoneum biopsy (c, d)
placed on a peritoneum background. For each of these four images, the contrast of the biopsy feature (bludeagainst t
background (orange) is measured in color and in each individual color channel. 1mm scale.

However, before extracting contrast data from these images, there are some problems that
must be addressed. First, glare is more prevalent, and more sophistiecatedes are needed
for removing its influence from the ROIs than simply drawing the ROIs around it. To address
this automated detection and masking of the glare was applied in the image prior to contrast

calculation. In this application, referencetomaig e @ ma s k 0 -dineefis®malsarray o a t

w
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of binary values (Booleans in our application, treated arithmetically as 0 and 1) with the same

spatial resolution of the image it is associated with. Eleiwe® multiplication of an image
withitsmaskrestils i n the fimaskedo i mage. This resul ti
original image at every pixel multiplied by a true value (1) in the mask. However, every pixel
multiplied by a false value (0) is set to zero. Thus, the creation of a mask allovesettie/e

suppression of a population of pixels in an image while leaving others alone. This may be

applied to remove glare: given a mask associated with the glare pixels of an image is created, the
image may be multiplied (hereafter referred to as madiethe inversion of this mask to set

glare pixels in the image to zero.

The generation of the glare mask is achieved by applying the Canny edge detection
algorithm in MATLAB to outline sharp intensity spikes in the image characteristic of glare. An

exanple of how distinct the difference between glare and tumor signal is detailed below:
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Figure 17: Comparison of glare signal versus tumor signal in the image from 8b. The signal intensity along the dotted green line
is plottedbelow the image, with the dashed red line demarcating a glare spot, while the dashed blue lines flank the tumor signal.
1mm scale.

As the Canny algorithm analyzes the image, it identifies these steep gradients
characteristic of glare (flaek by dashed relihes in fig. 13 and marks the edge of these
gradients. The process by which the Canny algorithm achieves this is as follows: first, a
smoothing filter (usually a Gaussian filter) is applied to smooth edges resulting from noise while

leaving larger nonradom features intact. Thel2 intensity gradient is then calculated for the























































































































































































