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Localized Mechanical Compression as a Technique for the Modification of Biological
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Alondra Izquierdo-Roman

Abstract

Tissue optical clearing aims to increase the penetration depth of near-collimated light in
biological tissue to enhance optical diagnostic, therapeutic, and cosmetic procedures. Previous
studies have shown the effects of chemical optical clearing on tissue optical properties.
Drawbacks associated with chemical clearing include the introduction of potentially toxic
exogenous chemicals into the tissue, poor site targeting, as well as slow transport of the
chemicals through tissue. Thus, alternative clearing methods have been investigated. Mechanical
compression is one such alternative tissue optical clearing technique. The mechanisms of action
of mechanical compression may be similar to those of chemical clearing, though they have yet to
be investigated systematically. This research describes the design and execution of a number of
procedures useful for the quantification of the tissue optical clearing effects of localized
mechanical compression. The first experimental chapter presents the effects of compression on
image resolution and contrast of a target imaged through ex vivo biological tissue. It was found
that mechanical optical clearing allowed recovery of smaller targets at higher contrast sensitivity
when compared to chemical clearing. Also, thickness-independent tissue clearing effects were
observed. In the second experimental chapter, dynamic changes in tissue optical properties,
namely scattering and absorption coefficients (Us’ and p,, respectively) were monitored during a
controlled compression protocol using different indentation geometries. A reduction in ps’ and pg
was evident for all indentation geometries, with greater changes occurring with smaller surface
area. Results indicate that localized mechanical compression may be harnessed as a minimally-

invasive tissue optical clearing technique.
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Chapter 1: Introduction & Overview of Research

11 Motivation for Current Work

The effectiveness of photothermal therapeutics, optical diagnostics, and light-based cosmetic
applications is limited by their lack of ability to deliver optical radiation deep into native
biological tissue. Some applications affected by this limitation include cancer ablation,
photodynamic therapy, tissue imaging, port wine stain treatment, tattoo removal, scar revisions,
laser hair removal, and many more. Near-collimated light is only able to penetrate a few
millimeters in biological tissue due to the highly scattering nature of this material. The optical
properties of biological tissue were once considered to be fixed. However, much research is
being performed in the area of “tissue optical clearing” in order to develop minimally-invasive,
reversible methods of altering tissue properties using a controlled and precise approach. This
introduction briefly covers the basics of tissue optics and the development of tissue optical
clearing strategies, including an overview of tissue optical properties, biological tissue structure,
tissue optical clearing methods and mechanisms of action, as well as a discussion of prototypical

devices that have been developed to achieve tissue optical clearing.

1.2 Tissue optics
1.2.1 Skin structure

Skin is the largest organ in the human body and is involved in many complex, protective
functions. Skin acts to protect the body from external physical trauma, infection, as well as
environmental hazards [1]. Though the mechanical attributes of skin vary depending on its
location in the body, its basic composition is similar. Skin is composed of three main layers: the
epidermis, dermis, and the subcutis. The epidermis is the topmost layer and is the first line of
protection against surroundings, serving mainly to prevent the body from excessive water loss to
the environment. The main constituents of the epidermis are melanin granules, keratinocytes, and
melanocytes, allotting this tissue a thickness of about 0.07 mm to 0.12 mm [2]. The second main
layer, the dermis, may be divided into two main layers: the papillary dermis and the reticular
dermis. All in all, the dermis contains sweat and sebaceous glands, hair follicles,
microvasculature, nervous tissue, and extracellular matrix. The extracellular matrix confers skin
its structural integrity, consisting of collagen, elastin, water, and complex sugars. Although both
sublayers of the dermis contain collagen fibers, the collagen in the papillary dermis is very
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loosely packed and unstructured while the collagen fibers in the reticular dermis are thicker and
tightly packed. Average total dermal thickness varies between 0.3 mm and 3.0 mm. Finally, the
subcutis is composed mainly of fat, providing the body with necessary insulation against the
elements. Although skin’s complex composition is successful in acting as a protective barrier, it
hinders the success of light-based diagnostic, therapeutic, and cosmetic procedures by limiting
the penetration depth of light. Much research has been devoted to overcoming these limitations

by altering tissue optical properties.

1.2.2 Tissue Turbidity
The numerous and complex structures composing biological tissue contribute to the problem

of tissue turbidity. Tissue turbidity, in turn, leads to the attenuation of light and limited
penetration depth in tissue. Light attenuation occurs due to numerous photon scattering and
absorption events. Light scattering is the dominant attenuation mechanism in skin; there are
approximately twenty more scattering events occurring per unit length in skin compared to
absorption events [3]. Thus, skin is a highly turbid medium in the visible to near-infrared
wavelength range. Scattering events in tissue are due to differences in the optical index of
refraction, n, of the individual constituents. All the different constituents of skin, mentioned in
the previous section, have slightly different indices of refraction. The main contributor to light
scattering in tissue is water due to the high index of refraction mismatch (4n) between it and the
rest of the proteinaceous constituents. Water accounts for ~70% of the total weight of skin while
collagen accounts for ~75% of the dry weight of skin [4]. Their respective indices of refraction
are n = 1.33 for water and n = 1.43-1.53 for collagen [5]. The direction and intensity of scattered
light is a function of the shape and size of the scattering particles, giving rise to both Rayleigh
and Mie scattering [6, 7].

1.2.3 Optical properties
Absorption, scattering, specular reflection, and diffuse reflection are all different types of

light-tissue interactions that are affected by tissue optical properties. These light-tissue

interactions are illustrated in Figure 1-1.
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Figure 1-1: Schematic representation of light-tissue interactions.

Tissue optical properties also affect the penetration depth of light in tissue. These include:
refractive index, scattering and absorption coefficients, and direction of scattering. Penetration
depth, 9, is inversely proportional to the scattering and absorption coefficients (i, and £, ), seen
in Equation  (1.1) below.

1
a =
e T p,

1.1

Refractive index is a measure of how much a medium slows down the speed of a photon when it

comes into contact with the medium, seen in Equation  (1.2) below,

c
n=—

Uy

(1.2)

where c represents the speed of light through a vacuum and v, represents the phase velocity of a
particular wavelength of light in a medium. Due to the numerous constituents with dissimilar
indices of refraction in tissue, the velocity of a photon traveling through tissue will change

amplitude at all interfaces. It is this variation in refractive index that impels a scattering event.

Since the differences in refractive index between water and other tissue constituents gives
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rise to scattering and absorption events, it may follow naturally that modifying the water
concentration in tissue will alter the optical properties locally. Altering optical properties will
affect the local fluence in tissue when a light is incident on the tissue. Fluence refers to the
amount of energy delivered per unit area and is defined by Equation  (1.3) below,

$(z) = D e Hefr=
(1.3)
where @ is the irradiance on the tissue surface, z is the penetration depth of light into the tissue,

and p_.. is the effective attenuation coefficient. As described previously, light attenuation is

influenced by both the scattering and absorption events occurring in the tissue. The effective

attenuation coefficient is defined in Equation  (1.4) below,

Hepr = 1~n"IIE-I['tu E-I“u T -Iusj
(1.4)

where u_ is the reduced scattering coefficient and ., is the absorption coefficient.

1.2.4 Tissue Optical Clearing
Tissue optical clearing is a technique used to reversibly modify the optical properties of

biological tissue in a controlled, precise manner, allowing the delivery of focused light deeper
into tissue. In terms of therapeutics, this may allow more precise targeting of tumor tissue, for
example, during photothermal treatment without damaging adjacent healthy tissue. In terms of
imaging and diagnostics, tissue optical clearing may increase the imaging depth and resolution of
optical coherence tomography (OCT), confocal endoscopy, and bioluminescence tomography [8-
11].

1.2.4.1 Chemical Tissue Optical Clearing
Current research investigating tissue optical clearing centers on the delivery of exogenous

chemicals, hyperosmotic agents, to increase optical clarity and reduce scattering [12-20].
Researchers have proposed three mechanisms governing the reduction in light scattering due to
the introduction of hyperosmotic agents: first, dehydration of the tissue; second, replacement of



water with the hyperosmotic agents, which better match the refractive index of proteins; and
finally, the dissociation of collagen fibers. These, and other potential mechanisms, may explain
the clearing of tissue with observed differences based on the tissue type, chemical used, and
application method. There are, however some drawbacks to chemical tissue optical clearing
methods. Chemical clearing is a slow process requiring the transport of the agent through the
tissue. Additionally, this method has the potential for toxicity, as an exogenous agent is
introduced into the body. Chemical clearing is an invasive procedure, which interferes with the
stratum corneum’s protective barrier function. Finally, chemical clearing does not allow specific

targeting or selectivity.

1.2.4.2 Mechanical Tissue Optical Clearing

Since dehydration has been identified as a possible mechanism of action of tissue optical
clearing, research groups hypothesized that tissue dehydration using non-chemical techniques
may afford the same optical clearing benefits as chemical clearing techniques, but with fewer
drawbacks [21]. A non-chemical alternative would be less invasive and potentially safer,
providing faster, localized, more repeatable optical clearing results. Localized mechanical
compression has been identified as one such method for non-chemical tissue optical clearing.
Localized mechanical compression is thought to induce local dehydration through water removal
from tissue. The application of a mechanical force on tissue is believed to result in the lateral
expulsion of water out of the zone of compression. This modification in water content, as well as
the change in tissue thickness at the site, is believed to alter optical properties of the tissue at the
compressed region. Figure 1-2 portrays the proposed mechanisms occurring due to the

introduction of a mechanical force on tissue.
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Figure 1-2: Hypothesized mechanisms of action of mechanical optical clearing [22].

Localized mechanical compression results in a cascade of coupled effects across mechanical,
chemical, optical, and thermal domains. A mechanical stimulus, in this case localized mechanical
compression, alters the skin structure, which leads to a change in the local blood perfusion as
well as the water transport within the tissue. These last two effects result in modification of the

tissue’s thermophysical and optical properties.

1.2.4.3 Tissue Optical Clearing Devices
Tissue optical clearing devices, seen in Figure 1-3, are an embodiment of this mechanical

tissue optical clearing technique. Rylander, et al., and Drew, et al., have designed and tested
several device prototypes consisting of an array of hemispherical pins with a circumscribing
brim [21, 23]. The devices deliver localized compression using a 750 mm Hg vacuum pressure
source. These devices interface with the skin surface and form a relatively airtight seal when a
vacuum is actuated. This causes the skin to be drawn up in between the pins, resulting in a

reactive downwards force with the pins compressing the tissue underneath.
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Figure 1-3: Schematic of prototypical tissue optical clearing device.

In vivo application of these tissue optical clearing device prototypes resulted in reddening in the
regions in between the pins and in darkening directly underneath the pins, Figure 1-4a. The
reddening was hypothesized to be due to the pooling of blood that had been displaced out of
regions beneath the pins while the darkening under the pins potentially indicated the
modification of optical properties. After the device was removed from the tissue, the skin
rebounded to normal thickness and the areas of discoloration disappeared. Light transmission
experiments through ex vivo porcine skin were also performed, using white light photography.
Ex vivo porcine skin specimens, ~3 mm thick, were compressed using the tissue optical clearing
device prototypes. After compression, epidermal and dermal pictures of the skin revealed

increased light transmission through regions that had been compressed, seen in Figure 1-4b [21].



Figure 1-4: (a) TOCD on human skin, (b) Transilluminated porcine skin after TOCD application
[21].

1.3  Problem Statement and Scope of Thesis

The applications and mechanisms of action of localized compression as a tissue optical
clearing technique have not been fully explored. This thesis describes the effects of localized
mechanical compression related to the modification of tissue optical properties. Three specific
objectives are addressed in this thesis. The first objective, as described in Chapter 2, is the
demonstration of enhanced image recovery through biological tissue using a minimally-invasive
localized mechanical compression technique. The second objective, also addressed in Chapter 2,
is a demonstration that optical clearing occurring due to mechanical compression is not solely the
result of tissue thickness reduction. The final objective, addressed in Chapter 3, is to provide a
quantitative assessment of the changes in tissue optical properties occurring as a result of this
mechanical compression procedure. Finally, Chapter 4 summarizes the research presented in this
thesis, suggests future work to be performed, and discusses potential applications of the optical
clearing technique described. Implementation of this tissue clearing strategy has the potential to
enhance existing optical diagnostic, therapeutic, and cosmetic procedures, as well as imaging

modalities to be used at the patient’s bedside and in research environments.



Chapter 2: Mechanical Tissue Optical Clearing Technique Increases Imaging Resolution
and Contrast through Ex Vivo Porcine Skin

Alondra lzquierdo-Roman*, William C. Vogt', Leeanna Hyacinth? and Christopher G.
Rylander Ph.D*?

!School of Biomedical Engineering and Sciences
Virginia Polytechnic Institute and State University, Blacksburg, VA 24060
Department of Biomedical Engineering
Columbia University, New York, NY 10027
Department of Mechanical Engineering
Virginia Polytechnic Institute and State University, Blacksburg, VA 24060

Background and Objectives: Mechanical tissue optical clearing permits light delivery deeper
into turbid tissue, which may improve current optical diagnostics and laser-based therapeutic
techniques. We investigated the effects of localized compression on brightfield imaging through
ex vivo porcine skin by evaluating resolution and contrast of a target positioned beneath native,
mechanically compressed, or chemically cleared specimens. We also evaluated the effects of
indentation on dynamic tissue thickness and light transmission.

Study Design/Methods: A 5 mm diameter, hemispherically-tipped, manual load transducer was
used to compress specimens using 2-44 N for 60 seconds. Chemically cleared specimens were
immersed for 1 hour in glycerol or dimethyl sulfoxide. A USAF 1951 resolution target was
positioned beneath specimens and imaged using brightfield microscopy. Resolution and contrast
of target features were analyzed using Rayleigh’s resolution criterion and Michelson’s contrast
definition. In separate experiments, a mechanical test instrument was used to compress and hold
specimens at a final thickness while measuring applied load and light transmission.

Results: Image intensity profiles showed that while uncompressed skin did not allow resolution
of any target, localized compression allowed maximum resolution (least line width) of 173 + 21
um. Mechanical clearing achieved up to 4 times higher maximum resolution and 2-3 times
higher contrast sensitivity than chemical immersion. Resolving capability was highly correlated
with compressive tissue strain. Light transmission increased during tissue compression, but also
increased while holding final thickness constant.

Conclusion: Localized compression is an effective technique for increasing resolution and

contrast of target features through tissue and may improve light-based diagnostics. Thickness
reduction and other mechanisms appear to contribute to this effect.

Key words: compression; USAF target; indentation; load; glycerol; thickness; brightfield



2.1 Introduction and Background
The inhomogeneous microstructure of native biological tissue is responsible for the multiple

scattering of incident light. This natural tissue-light interaction hinders the effectiveness of
diagnostic and therapeutic procedures, limiting the amount of energy delivered to a specific
target, and even possibly damaging areas of non-targeted healthy tissue [18, 19, 24, 25]. Tissue
optical clearing techniques attempt to control the optical properties of biological tissue in order
to improve diagnostic and treatment protocols. Tissue optical clearing permits the delivery of
near-collimated light deeper into biological tissue, which can potentially improve optical
diagnostic techniques such as in situ confocal microscopy, optical coherence tomography (OCT),
and reflectance spectroscopy [18, 23, 25, 26]. Tissue optical clearing may also improve optical
therapeutic techniques such as photodynamic therapy (PDT) and laser-based cosmetic
applications including hair and tattoo removal [14, 15, 21, 23].

Previous studies have investigated tissue optical clearing by delivery of hyperosmotic
chemical agents, such as glucose, dimethyl sulfoxide (DMSO), and glycerol [19, 26]. Findings
indicate that the success of these chemical techniques could be attributed to factors such as
dehydration, refractive index matching, or the structural modification of collagen fibers [12, 14,
15, 18, 21]. Water and protein, two of the main constituents of biological tissue, contribute to
light scattering due to intrinsic differences in their refractive indices. Hyperosmotic agents used
in chemical-based tissue clearing may allow for increased refractive index matching between
tissue constituents, reducing the amount of light scattering within tissue and increasing the
amount of focused or near-collimated light delivered to a target region. A recent study suggests
that chemical-based tissue clearing may be attributed to an increase in the anisotropy of
scattering in addition to a decrease in scattering coefficient due to enhanced refractive index
matching [16].

The displacement or removal of water in ex vivo skin by air dehydration (without the
introduction of exogenous chemicals) has been previously shown to lead to scattering reduction
[15]. Optical clearing of skin has also been achieved using localized mechanical compression,
which is thought to be the result of local interstitial water displacement [15, 21, 23]. As water is
displaced from local regions of high compressive mechanical stress, the concentrations of sugars
and/or proteins (i.e., proteoglycans) within the ground substance may increase, causing a

decrease in the refractive index mismatch between aqueous ground substance and collagen
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matrix. Mechanical optical clearing techniques are potentially less invasive than chemical
methods since the integrity of the stratum corneum barrier is maintained and no exogenous
chemicals are introduced into the tissue [14, 21].

In this study, we investigate the effects of localized mechanical compression on the delivery
of light through ex vivo porcine skin. Resolution and contrast of a USAF 1951 transmission
resolution target positioned beneath native or compressed porcine skin specimens were assessed
using established imaging techniques. We also perform these experiments for skin specimens
immersed in optical clearing agents, specifically glycerol and DMSO. Finally, we evaluate the
dynamic effects of localized compression on light transmission through skin specimens. Tissue
thickness, load, and light transmission were simultaneously measured during displacement-
controlled compression. We hypothesize that localized compression will induce an increase in
resolution and contrast sensitivity, as well as an increase in light transmission through the tissue.
The light transmission experiment is designed to indicate whether reduced tissue thickness is the
only mechanism of action, or if there are additional contributing factors such as modified optical

properties.

2.2  Materials and Methods
2.2.1 Imaging Resolution and Contrast Study
2.2.1.1 Skin Specimen Preparation

Ex vivo porcine abdominal skin was obtained for experimentation from a young female pig
and used within 48 hours postmortem. Porcine skin specimens were prepared by removing the
adipose layer through excision, leaving only the dermal and epidermal layers of the tissue. The
resulting specimens were approximately 1.96 + 0.15 mm thick, with a thickness range between
1.60 mm and 2.22 mm. Specimens were trimmed to 2 cm X 2 cm squares to maintain consistency
between experimental trials and stored at 4°C in a phosphate buffered saline (PBS) moistened
container prior to experimentation. The specimens were allowed to equilibrate to room
temperature prior to compression. Before compression, each porcine skin specimen was placed
between two glass slides and three thickness measurements were taken along the specimen with

calipers, permitting calculation of an average thickness for each specimen.
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2.2.1.2 Load Selection

The loads chosen in imaging experiments (2 N, 4, N, 22 N, and 44 N) correspond to
pressures ranging between ~0.1 to ~2 MPa. Pain studies using indenters on the skin of human
test subjects have reported pain tolerance values in the range of ~0.5 to ~1.1 MPa [27-30],
depending on the anatomical location of the indenter. The lower end of our load range is well
within the tolerable ranges presented in literature, making these loads feasible for potential
clinical use. Furthermore, prototypical tissue optical clearing devices have been shown to deliver
~0.13 MPa of pressure [21], while still allowing the enhancement of light transmission through

biological tissue.

2.2.1.3Mechanical Compression

Skin specimens were compressed using a 5 mm diameter hemispherically-tipped glass rod.
Load was manually applied at a constant level (2 N, 4 N, 22 N, or 44 N) for a period of 1 minute
using a calibrated spring-loaded scale (Field & Stream, Minneapolis, MN). Five specimens were
tested for each load condition. Specimen thickness in the center of the compressed region was
determined immediately following compression using c-shaped calipers. Compressed specimens
were placed above a glass slide to facilitate the thickness measurement procedure and minimize
error. We define an “effective compressive tissue strain”, e, which captures the relative

deformation of the compressed regions of tissue specimens as

=Ty

T (2.1)

where T, is initial tissue thickness and T is deformed thickness.

2.2.1.4 Chemical Immersion

Skin specimens prepared as described previously were immersed in 15 mL of anhydrous
glycerol (13 M) or anhydrous DMSO (14 M) for 60 minutes. Prior to imaging, each specimen
was removed from the immersion agent and gently patted with a cotton swab to remove all agent
from the specimen surface. For each chemical agent, five specimens were tested. Effective tissue

strain due to chemical immersion was calculated in the same manner as described previously for
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mechanical compression.

2.2.1.5 Imaging Technique

USAF 1951 fused silica targets are designed for the calibration of imaging systems [31]. The
resolution target consists of multiple groups, each containing several elements. An element is an
individual grouping of three bars of equal width, with spacing also equal to this width. In this
study, a USAF 1951 3-bar transmission resolution target (Max Levy Autograph Inc.,
Philadelphia, PA) was placed beneath native, mechanically compressed, and chemically
immersed skin specimens. USAF transmission targets allow white light to be transmitted through
the translucent bars, as seen in Figure 2-1, allowing the assessment of resolution and contrast

through the tissue.

(a) (b)
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Figure 2-1: (a) Image of the USAF 1951 resolution target (3” x 3”’) denoting group and element
numbering schemes (b) Schematic cross-sectional view of light transmission through the USAF
1951 resolution target element.

Element
number

Prior to mechanical compression or chemical immersion, each specimen was placed between
a glass slide and the resolution target. The glass slide, skin specimen, and target were positioned
on a microscope stage permitting acquisition of a brightfield transmission image of the target at
location Group -2, Element 2 (2,000 pum line width). This native (control) transmission image of
the target through the skin was acquired with a Leica DM IL LED inverted microscope (Leica®
Microsystems Inc., Bannockburn, IL). Light from the LED source of the microscope passed
through the translucent bars of the USAF target. The unmasked white light was further

transmitted through the porcine skin specimen and underlying glass slide, and collected by the
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microscope objective (Figure 2-2). Following mechanical compression or chemical immersion,
specimens were placed over the glass slide, and images of the resolution target element bars
could were acquired. This process was repeated for target groups/elements of decreasing size, by
moving the target relative to the stationary skin region. The image acquisition procedure was
short (~4 minutes) and specimens did not undergo significant elastic recovery (thickness

increase) during this timeframe.

LED light
// source

l” USAF target
/ Skin sample

— 1 LT Glassslide

[ |« Objective

Figure 2-2: Schematic of inverted microscope setup.

2.2.1.6 Image Analysis

Brightfield transmission images were analyzed to permit comparison of the imaging
resolution and contrast through native, compressed, and chemically immersed tissue specimens.
Image analysis was performed using Matlab (Mathworks, Natick, MA). In order to quantitatively
analyze the images, the raw color images were converted to grayscale to obtain an 8-bit intensity
value (0-255) at each pixel.

A rectangular region of interest (ROI) was selected in each image using two different
methods. In method 1, the ROI was selected above the entire resolution target element
(containing all three bars), as shown in Figure 2-3a. In method 2, multiple ROIs were centered

above single bar-space interfaces. With either method, pixel intensity values were averaged
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along the length of each target bar within the selected rectangular ROI (e.g., vertically along
Figure 2-3a or Figure 2-3c). This yielded an averaged intensity profile across the ROI (as shown
in Figure 2-3b or Figure 2-3d). Whenever possible, ROl method 1 was preferred because it
captured all the target element edge data available for analysis, making it a more robust method.
However, ROl method 2 was implemented for two special circumstances: first, when the area of
compressed tissue was smaller than the element size (obscuring a portion of the target element
bars), and second, following chemical immersion which structurally modified the specimen
surface.

Resolution is the ability to visually differentiate between two adjacent objects in an image.
To determine the maximum imaging resolution of the target bars beneath each skin specimen,
the average intensity profile across each ROl was analyzed. Resolution was quantified by
identifying the smallest bar spacing in which intensity peaks and valleys, corresponding to target
bars and spaces, could be distinguished according to Rayleigh’s criterion [32]. Rayleigh’s
criterion dictates that if the intensity of the valley region, Inin, is less than or equal to 8/n* (~0.81)
times the maximum intensity of the peaks, Inax, then the bars are resolved [33]. In the example
shown in Figure 2-3b and Figure 2-3d, the bars are resolvable since Iy, is less than the value at
the red dashed line, which represents (8/°)+Imax. If ROI Method 2 was used, multiple regions
within the image that appeared to show intensity peak/valley behavior (corresponding to a bar
edge) were selected and submitted to Rayleigh’s resolution criterion. If at least three ROIs within

the entire image were resolvable, the target was said to be resolved.
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Figure 2-3: (a) Image of USAF 1951 Target, Group 0, Elements 4-6. The ROI selected in the
image (red box, method 1) was used to generate the intensity profile plot. (b) Intensity profile
plot. Peaks correspond to the white bars of the target ROl in (a). Valleys represent the dark
spaces between the target bars. The red line denotes Rayleigh’s criterion for determining
resolution. (c) ROI selection method 2. (d) Intensity profile plots corresponding to the ROI’s
shown in (c).

Contrast sensitivity was evaluated for resolvable target bars beneath tissue specimens.
Contrast sensitivity is related to the relative intensity difference between evenly spaced adjacent

light and dark areas. Contrast sensitivity, C, is defined by Michelson as
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where Iyax represents the maximum intensity and Inyin represents the minimum intensity [34, 35].
The features leading to these two intensity extrema must be adjacent in order for this relationship
to be valid. For our study, Inax and Inin were determined based on the average intensity profile

across each ROI as described previously.

2.2.2 Light Transmission Study
2.2.2.1 Skin Specimen Preparation

Ex vivo porcine abdominal skin was obtained and prepared as described previously for
imaging experiments. The resulting specimens (N=10) were 1.44 + 0.34 mm thick, with a
thickness range between 0.85 mm and 2.00 mm. Handling, storage, and usage followed the same
process detailed previously. Porcine skin specimen thickness was calculated dynamically during

mechanical compression.

2.2.2.2 Experimental Setup
Using a BOSE® ElectroForce® 3100 mechanical testing instrument, tissue displacement,

load, and light transmission were measured simultaneously. This instrument has a displacement
resolution of 1.5 pum and a loading resolution of 6 mN with a 22 N load cell, which provides
satisfactory displacement and load resolution for this study. As shown in Figure 2-4, ex vivo
porcine skin samples were locally indented by a hemispherically-tipped transparent sapphire rod
with a diameter of 3 mm. The rod was epoxy bonded to a polycarbonate housing fastened to the
electromagnetic displacement cell of the ElectroForce instrument. A 670 nm laser source and a
collimator delivered light to the transparent rod and the underlying tissue.

Tissue samples were placed beneath the rod on a glass sheet attached to a piece of aluminum
square tubing. A 12.5 mm diameter hole in the tubing beneath the glass sheet allowed light to be
transmitted through the tissue to a large-area photodetector (1 cm x 1 cm), which generated an
electrical signal proportional to the light transmitted through the sample (Newport detector #818
and optical power meter #1931-C). During compression, the instantaneous optical power

transmitted through the sample was recorded, allowing simultaneous dynamic measurement of
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tissue thickness, load, and light transmission.

670nm Dlsplg:lelment
Multimode
Laser
Polycarbonate
Adapter
Sapphire Rod
Photodetector Skin
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Glass Slide
Load Cell e—
Tubing
Adapter

Figure 2-4: Compression experimental components. Optical power transmitted through porcine
skin, applied load, and tissue thickness were recorded simultaneously.

2.2.2.3 Mechanical Compression

Transient measurement of optical power transmission through tissue during localized
compression provides insight into the correlation between the effects of load and tissue thickness
change on light transmission. A compression protocol was developed to evaluate light
transmission during two separate compression stages: 1) displacement-controlled compression to
a final tissue thickness of 0.5 mm at a displacement rate of 0.02 mm/sec (strain rate of ~10 /sec)
and 2) dwell at constant tissue thickness of 0.5 mm for 120 seconds. Displacement, load, and

optical power transmission were recorded with the same software at a rate of 50 Hz.
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Both initial and dynamic tissue thickness were critical parameters in this mechanical
compression experiment. The indenter was first brought into contact with the glass sheet and this
position, X4, was recorded. Contact was defined as the position at which the load magnitude
exceeded 0.01 N. After placing the sample on the glass slide, the compression protocol was
executed. The contact position of the top surface of the sample, x., was calculated in post-
processing using the same load threshold definition, and the dynamic tissue thickness, T(t), was

calculated as

T(t) = (x, — x,) —x(t) (2.3)

where x(t) is the measured displacement signal at time t. Displacement-controlled deformation
was chosen over load-controlled deformation in order to correlate results at the same final
thickness. Given two tissue samples of different initial thicknesses, if both samples were
compressed to the same final thickness, one would have a higher relative compressive strain than
the other. If mechanical compression only increases light transmission by reducing tissue
thickness, both samples would have the same light transmission at the same final thickness.
However, if our hypothesis is correct and compression causes additional modification of optical
properties, we would expect the sample that underwent more strain (and stress) to allow greater
light transmission at the same final thickness.

2.3 Results

2.3.1 Imaging Resolution and Contrast Study
2.3.1.1 Mechanical Compression

Imaging through native skin specimens (i.e., control, uncompressed, and unimmersed) did
not allow resolution of the target bars as seen in Figure 2-5a. The image intensity profile of the
target viewed through uncompressed tissue did not allow the recovery of the peaks associated
with the target bars (Figure 2-5b). Figure 2-6a-b shows raw images and intensity profiles for
representative resolvable target elements for selected load cases. These profiles indicate that at

least one bar may be resolved according to Rayleigh’s criterion. These images also demonstrate
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transmission through the compressed region relative to the natural turbidity of the surrounding

uncompressed tissue.
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Figure 2-5: (a) Uncompressed skin specimen over target in Group 0, Element 2, corresponding to
a line width of 445 um. The dashed box represents the ROl selected for analysis. (b) Intensity
plot of target under native (uncompressed) skin.
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Figure 2-6: Representative images (ROI outlined in dashed boxes) and intensity plots for (a)
Group 1, Element 2 following 22 N compression using ROl Method 1, (b) Group -1, Element 1
following 22 N compression using ROI Method 2, and (c) Group -1, Element 2 following
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glycerol immersion using ROl Method 1, (d) Group -2, Element 2 following glycerol immersion
using ROI Method 2.

The maximum resolution achieved with 2 N compression was a line width of 198 um (Group
1, Element 3), with an associated thickness reduction equivalent to -69% strain. The maximum
resolution achieved with 4 N compression was a line width of 281 um (Group 0, Element 6),
with an associated thickness reduction equivalent to -43% strain. The 22 N trials allowed
resolution of a line width of 157 um (Group 1, Element 5), with an associated thickness
reduction equivalent to -75% strain. The maximum resolution achieved with 44 N compression
was 250 um (Group 1, Element 1), with an associated thickness reduction equivalent to -50%
strain. Figure 2-7 shows contrast sensitivity as a function of line width for all the mechanical
compression loads investigated in this study. At the highest resolution (smallest line width,
~150-250 pum), the contrast sensitivity varied between 15-25%. For line widths approaching 1.8

mm, contrast sensitivity increased to ~45-58%.

2.3.1.2 Chemical Immersion

Figure 2-6¢-d shows resulting images and intensity profiles for representative resolvable
target elements imaged through glycerol-immersed skin. The maximum resolution achieved with
one hour of DMSO immersion was a line width of 1122 um (Group -2, Element 6), with an
associated thickness reduction equivalent to -4% strain. The maximum resolution achieved with
one hour of glycerol immersion was a line width of 794 um (Group -1, Element 3), with an
associated thickness reduction equivalent to -2% strain. Figure 2-7 shows contrast sensitivity as a
function of line width for both glycerol and DMSO immersed specimens. At the highest
resolution, the contrast sensitivity ranged from ~10 to 15%. For greater line widths, those
approaching 1.8 mm, contrast sensitivity increased to ~15-23%. Standard error was ~20-35% of

the mean contrast sensitivity for all clearing techniques.
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Figure 2-7: Contrast sensitivity as a function of line width for all clearing techniques. Standard
error was ~20-35% of the mean contrast sensitivity, therefore there was no statistically
significant difference between loading conditions. Error bars omitted for clarity.

2.3.2 Light Transmission Study

Results of simultaneous tissue thickness, load, and optical power transmission through three
representative compressed skin specimens are shown in Figure 2-8. As seen in Figure 2-8a, the
specimens had initial thicknesses of ~1.80 mm (red), ~1.10 mm (blue), and ~0.85 mm (green).
The specimens were compressed at a rate of 0.02 mm/sec (approximate strain rate of ~107%/sec)
until they each reached a final thickness of 0.5 mm. The load applied to each of the specimens
(Figure 2-8b) as well as the strain experienced by each specimen was different due to their
varying initial tissue thicknesses (i.e., thinner specimens underwent lower strain and required a
lower load to reach the final tissue thickness, while thicker samples were strained more and

required a higher load to achieve the same final tissue thickness).

23



Tissue Thickness

Light Transmission

[uW]

N N
o

&)

—
o

—"

------- Thick Sample
------- Medium Sample
Thin Sample
L L
100 150
Time
[s]

200

Figure 2-8: Dynamic plots of (a) Tissue thickness, (b) Compressive load, and (c) Light

Figure 2-8c shows that a sample with lower initial tissue thickness (green) allowed higher light
transmission in the uncompressed state (t = 0). Conversely, a sample with higher initial tissue
thickness (red) allowed less light transmission at t = 0. Immediately after each sample was
compressed to a final thickness of 0.5 mm (shown by vertical dashed lines), power transmission
through all three samples was close to 22 pW. However, after the tissue thickness was held
constant at 0.5 mm for two minutes, the power transmitted through the tissue samples continued
to increase, but by different amounts depending on initial thickness. Final power transmission for
the 0.85 mm, 1.15 mm, and 1.80 mm initial tissue thickness samples was 25 pW, 30 uW, and 35
uW, respectively. The thinnest samples, which initially allowed the highest absolute power
transmission, resulted in the lowest absolute power transmission after the constant thickness
dwell. The thickest samples, which initially allowed the lowest absolute power transmission,

allowed the highest absolute power transmission after the constant thickness dwell.

transmission through representative localized compression specimens.
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2.4  Discussion
2.4.1 Mechanical vs. Chemical Tissue Clearing

Resolution of targets through ex vivo porcine skin was assessed to determine the efficacy of
localized mechanical compression at different applied loads as a technique to increase image
resolution. For comparison to more conventional “chemical clearing techniques”, we also
performed imaging experiments for tissue specimens immersed in anhydrous glycerol or
anhydrous DMSO. We observed significantly higher contrast sensitivity and maximum
resolution in all “mechanically cleared” specimens compared to chemically cleared specimens.
Figure 2-7 shows that mechanical optical clearing achieved up to ~4 times higher maximum
resolution and 2 to 3 times higher contrast sensitivity than immersion in glycerol or DMSO.
Standard error was less than ~30% of the mean contrast sensitivity, however there was no
statistically significant difference between any of the loads considered. Maximum image
resolution was found to correlate inversely with effective tissue strain, as shown in Figure 2-9.

These results indicate that mechanical optical clearing could enhance a myriad of different
diagnostic sensing or imaging techniques. Confocal fluorescence microscopy, which is being
investigated for the diagnosis of epithelial precancerous lesions, is limited to a maximum
imaging depth of close to 500 um [25, 36-38]. We have shown that our mechanical optical
clearing technique allows brightfield imaging through the full epithelial thickness of skin (~2
mm). We believe that mechanical clearing may increase the imaging depth of in vivo confocal
microscopy, enabling the detection of deeper precancerous lesions thereby resulting in a

significant enhancement to real-time in vivo diagnostics.

2.4.2 Importance of Tissue Thickness Reduction
In both mechanically compressed and chemically immersed specimens, a reduction in tissue

thickness was observed, either in the local compression region in the case of mechanical clearing
or over the entire specimen in the case of chemical clearing. Figure 2-9 shows maximum
resolvable line width and effective compressive tissue strain for each clearing technique. The
specimens used in the 2 N and 22 N cases experienced, on average, a greater compressive strain

than the 4 N and 44 N loading cases. This may explain why the 2 N and 22 N compression cases
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resulted in higher contrast sensitivity and maximum resolution than the other mechanical loading
cases. This data suggests that mechanical clearing may be a function of relative tissue thickness
reduction (strain), and not simply the absolute tissue thickness reduction due to the load applied.
Figure 2-9 shows the inverse correlation between maximum resolvable line width and effective

tissue strain for multiple mechanical loads and chemicals tested.
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Figure 2-9: Maximum resolvable line width and effective compressive tissue strain for each
clearing technique.

Results indicate that mechanical compression achieved a greater increase in resolution and
contrast than chemical immersion for the specific methods used in this study. Tissue thickness
reduction may be the most important factor influencing this increase in resolution and contrast.
Tissue samples experiencing a higher effective compressive tissue strain allowed imaging of
smaller target elements and resulted in greater contrast sensitivity than tissue samples
experiencing less compressive tissue strain. Chemically cleared specimens had significantly less
thickness reduction, but this may be because specimens were only immersed in optical clearing

agents for 1 hour.
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Figure 2-10: Differing morphologies of (a) chemically cleared and (b) mechanically cleared
tissue specimens. White arrows indicate areas where structural modification is evident.

2.4.3 Tissue Morphology
We observed that chemically immersed tissue specimens had a different morphology than

both mechanically cleared specimens and native tissue. As shown in Figure 2-10a, chemically
cleared tissue specimens presented larger ridge-like wrinkle structures not seen in native or
mechanically cleared tissue. These features severely impeded visualization of the target bars
because they create dark artifacts that make definition of a contrast boundary difficult during
image analysis. The presence of these features in chemically immersed specimens prompted the
development of the alternate ROI selection technique, described previously, to avoid analyzing
regions that would bias the results (such as an apparent high contrast ratio due to the presence of
a dark ridge over an element bar, as shown in Figure 2-10a. Analysis using ROl method 1 would
not yield any resolvable bars when imaging higher resolution elements through chemically
cleared samples. Mechanically compressed specimens were analyzed using both ROl methods 1
and 2, resulting in identical results. We observed that all mechanically compressed tissues were
comprised of a central cleared region surrounded by a ring of tissue more turbid (scattering) than
the native uncompressed tissue, as shown in Figure 2-10b. This increase in turbidity may be
caused by water accumulation. As water is displaced laterally from the compression region under
the glass rod, the water content must increase in the area adjacent to the compression region.
Mechanically compressed specimens exhibited a smooth surface, which may provide additional
advantages for light-based diagnostics.
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2.4.4 Mechanisms of Mechanical Optical Clearing
Tissue dehydration and water displacement have been previously identified in chemical

clearing studies as potential mechanisms for tissue optical clearing [13, 15, 17, 19, 20, 39].
Based on our understanding of this mechanism, we have investigated a mechanical technique for
inducing water displacement and modifying optical properties in tissue. Tissue thinning should
contribute greatly to the increase in light transmission through tissue when employing localized
mechanical compression because the optical pathlength is shortened. Our previous modeling
study [40] has suggested that while tissue compressive strain significantly contributes to the total
mechanical optical clearing effect, this contribution is not enough to match experimentally
determined light transmission increases during localized mechanical compression. During
displacement-controlled loading experiments, we observed that light transmission through the
tissue continued to increase even though the tissue thickness was held constant. This suggests
that the mechanisms of mechanical optical clearing must include more effects than simple
thickness reduction. One candidate for such a mechanism is local tissue dehydration through the
lateral expulsion of water out of the compressed region, although more work remains to be done
to concretely identify the mechanism of mechanical optical clearing.

Previous studies have investigated effects of mechanical compression on tissue optical
properties and light transmission with mixed results [14, 18, 21]. Some researchers have shown
increased scattering coefficients due to compressive loading, leading to diminished light
transmission through biological tissue [24]. An increase in scattering coefficient reduces the
ability to resolve a target through biological tissue. These results disagree with our hypothesis of
increased light transmission and higher resolution and contrast sensitivity obtained through
mechanical loading. It is important to note, however, that these previous studies delivered a
uniform pressure across a large tissue sample (~400 mm?) sandwiched between glass slides. In
this study, however, we applied localized compression over a smaller area (7 or 19 mm?). This
localized loading may enable increased lateral expulsion of water and other light scattering tissue
constituents from the compressed region, increasing resolution of a target through the tissue as

well as light transmission, which is consistent with our results.
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25 Conclusion

To the best of our knowledge, we have provided the first demonstration of enhanced target
image resolution and contrast through biological tissue using a non-invasive localized
mechanical compression technique. We have demonstrated that employing this technique on ex
vivo porcine skin causes a marked increase in the ability to resolve a target image. With higher
tissue strain, resolution and contrast sensitivity of the resolved image is improved. We have also
presented evidence supporting the hypothesis that mechanical tissue optical clearing effects are
due to both tissue thinning and an additional mechanism, which may be local tissue dehydration
through lateral water expulsion.

Optical clearing techniques and devices based on mechanical compression could provide
major improvements to optical imaging modalities. Compared to chemical tissue clearing (by
delivery to the epithelium surface), mechanical compression could allow visualization of targets
that are up to ~4 times smaller with 2 to 3 times higher contrast sensitivity. Localized mechanical
compression induces tissue optical clearing in a non-invasive manner without use of exogenous
chemicals, but the mechanisms that cause increased resolution and contrast are not fully
understood. In the future, we will investigate these mechanisms in more detail. This
understanding will enable us to further develop and improve translatable diagnostic or

therapeutic devices utilizing this mechanical optical clearing technique.
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Background and Obijectives: Localized mechanical compression has been shown to increase
light transmission through turbid tissue. In this study, we investigated the effects of localized
compression and indentation geometry on the optical properties of ex vivo porcine skin
specimens by dynamically monitoring diffuse reflectance spectra and load while controlling
tissue thickness.

Study Design/Methods: A custom-built Diffuse Reflectance Spectroscopy (DRS) system was
used to monitor the diffuse reflectance spectra from ex vivo porcine skin specimens undergoing
localized compression. A custom DRS probe was designed which performs both optical sensing
and mechanical indentation. Probe tip geometry was varied by bonding 3-6 mm diameter spheres
to the DRS probe. A mechanical load frame was used to control probe displacement and resultant
specimen thickness change. Diffuse reflectance spectra were recorded during “ramp-and-hold”
indentation tests where tissue specimens were displaced to and held at progressively smaller
thicknesses. Dynamic thickness, load, and light transmission were simultaneously recorded
during the compression protocol. Tissue optical properties were extracted using a previously
established look-up table (LUT) approach.

Results: Ex vivo compression resulted in a transient increase in light transmission during holds at
constant tissue thickness. Reflectance decreased at shorter wavelengths and increased at longer
wavelengths with decreasing thickness. The magnitude of change in reflectance correlated with
the indenter geometry, with smaller area compression resulting in greater change. Average
absorption and reduced scattering coefficients decreased while the tissue was held at 1 mm and
0.5 mm, but increased when the tissue was held at 0.25 mm.

Conclusion: Localized mechanical compression of ex vivo porcine skin specimens resulted in
thickness-independent, transient changes in light transmission, diffuse reflectance, and optical
properties. This suggests there are complementary effects which contribute to changes in optical
properties, aside from tissue thinning. With appropriate indentation geometry, localized
mechanical compression may be harnessed to controllably modify tissue optical properties and
enhance various light-based diagnostic and therapeutic applications.

Key words: spectroscopy; compression; optical clearing; scattering coefficient; inverse model;
look-up table;
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3.1  Background and Objectives

Light-based diagnostic and therapeutic procedures are severely limited by the penetration
depth of light in tissue. The various constituents that make up this heterogeneous structure
induce multiple scattering of incident light, reducing the energy delivered to a particular target
[18, 19, 24, 25]. A significant amount of research has been devoted to the development of “tissue
optical clearing” techniques that aim to overcome the limitations caused by this natural tissue-
light interaction. “Tissue optical clearing” refers to the modification of optical properties in
biological tissue so as to allow the delivery of near-collimated light deeper into the tissue. Tissue
optical clearing could potentially improve numerous optical diagnostic and therapeutic
techniques, including optical coherence tomography (OCT), in situ confocal microscopy,
reflectance spectroscopy, photodynamic therapy (PDT), and other light-based cosmetic
procedures [14, 15, 21, 23-26].

Past research has investigated the tissue optical clearing effects of two different methods:
chemically-based optical clearing and mechanically-based optical clearing. Chemical optical
clearing is achieved by the delivery (topical or injected) of hyperosmotic chemical agents, such
as dimethyl sulfoxide (DSMO), glycerol, and glucose [15, 18, 19]. The hypothesized
mechanisms of action for chemical clearing include tissue dehydration, refractive index
matching, and/or the structural modification or dissociation of collagen fibers [12, 14, 15, 18,
19]. These three mechanisms may work synergistically to modify the optical properties of
biological tissue, reduce light scattering, and increase the delivery of near-collimated light deeper
into the tissue. Mechanical optical clearing is achieved by locally compressing tissue, and is
thought to result from interstitial water and blood displacement leading to local tissue
dehydration [15, 21, 23, 40]. As tissue is compressed, water and blood are displaced laterally
from regions undergoing high compressive stress. This causes the local ratio of water to proteins
and sugar to decrease, resulting in an overall reduction of the refractive index mismatch between
constituents and lower scattering and absorption. Although these two tissue optical clearing
methods have similar mechanisms of action, mechanical optical clearing techniques seems
advantageous due to the preservation of the stratum corneum integrity and fast, localized effects
[14, 26].
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Although much of the research work has been devoted to the development and assessment of
tissue optical clearing procedures, existing spectroscopic techniques have not been employed to
systematically evaluate the optical clearing effects induced by the use of these procedures.
Quantifying the changes in optical properties using diffuse reflectance spectroscopy would add
to our understanding of the effects induced by tissue optical clearing techniques. Diffuse
reflectance spectroscopy (DRS) is a well-established, minimally-invasive technique that allows
the optical detection of physiological changes in biological tissue [36, 41]. DRS enables the
analysis of tissue structure and physiological activity by providing wavelength-dependent
measurements of backreflected light. DRS measurements in combination with appropriate
computational models or look-up-tables have been used to extract quantitative values of tissue
optical properties [42-47]. These properties include absorption and reduced scattering
coefficients, which allow estimation of numerous physiological parameters such as blood volume
fraction, oxygen saturation, melanin content, and blood vessel diameter [42, 43]. The ability to
analyze biological tissue quickly in a minimally invasive and non-destructive manner makes
DRS an attractive tool for the rapid diagnosis of tissue disease state in vivo and the assessment of
treatment response of cancers [48, 49]. This optical technique and tool has been used to obtain
diagnostic information in vivo from skin, colon, gastrointestinal tract, cervix, and other epithelial
tissues [47, 50-55].

Clinical and experimental fiber optic DRS measurements are obtained by illuminating the
tissue of interest with a light source through an emitting optical fiber contained in a probe in
contact with the tissue. Light remitted from the tissue surface is then collected by an adjacent
collecting fiber (multiple fibers may also be used) and analyzed by a spectrometer to generate a
diffuse reflectance spectrum. Fiber probe contact with the interrogated tissue is necessary to
eliminate unwanted specular reflection [56]. Probe pressure variations due to user variability
have been documented by clinicians studying spectral diagnosis techniques [36, 57, 58]. Pressure
induced by fiber probe contact may alter the structure and function of tissue in the compressed
region, which could likely modify tissue spectral response. This poses a major concern for
researchers and clinicians, as pressure effects could distort the true diffuse reflectance signature
of the tissue and increase the potential for wrong diagnoses. Thus, scientists are currently
investigating probe pressure effects on DRS spectra to understand the potential introduction of

error into clinical measurements [36, 37, 42, 53, 56-59].
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Various groups have reported the effects of probe pressure on in vivo diffuse reflectance
spectra. Lim, et al., concluded that errors due to short-term light probe pressure effects (<9 kPa)
on human skin were within £10% for extracted physiological properties and less than +5% for
parameters that were critical for disease diagnosis. Absorption decreased due to the lateral
expulsion of blood from the compressed region, though changes in reduced scattering coefficient
were site-specific [42]. Chen, et al., studied changes in diffuse reflectance of in vivo human skin
in the near-infrared region and reported that contact pressure may cause a distortion of the
internal tissue structure and alter the distribution of constituents, leading to disturbances in
diffuse reflectance spectra measurements [56]. They concluded that diffuse reflectance intensity
decreases with increasing contact pressure for their particular probe geometry and wavelength
range studied [60]. In vivo human skin results presented by Delgado-Atencio, et al., supported
Chen’s conclusion, but added that reflectance decreases with increasing pressure at longer
wavelengths (>600 nm) and increases with increasing pressure at wavelengths less than 600 nm
[36]. The probe geometry used in Delgado-Atencio’s study consisted of a central source fiber
surrounded by a peripheral detector fiber bundle with a source-detector separation of 600 pum. Ti,
et al., studied the changes in diffuse reflectance spectra of rat heart and liver tissue in vivo and
reported a decreasing trend in diffuse reflectance spectra intensity acquired over a period of two
minutes for higher probe pressures (~50 mN/mm?). Lower pressures were not able to replicate
this trend. Furthermore, changes in spectral intensity were found to be site specific, with level of
vascularization playing a significant role in spectral intensity modification [37]. Various other
groups have reported effects due to fiber probe pressure, angle, and duration of contact, with

similar results depending on tissue morphology and site tested [53, 58, 59].

The goal of the current study was to investigate the effects of localized mechanical
compression and indenter geometry on the optical properties of ex vivo porcine skin. Our
previous work has shown increases in light transmission, resolution, and contrast sensitivity
through ex vivo porcine skin as a result of localized mechanical compression [22, 61, 62]. One of
these studies highlighted the thickness-independent optical clearing effect of localized
compression on ex vivo porcine skin specimens [62]. Increased light transmission was found to
correlate with tissue strain, with greater strain resulting in greater absolute light transmission
increase during localized compression. More importantly, light transmission continued to

increase while holding the tissue in compression at constant thickness, indicating that

33



mechanisms other than tissue thinning affected light transmission increase through the tissue.
These experiments, however, did not monitor intrinsic optical property changes during
compression. Additionally, the effects of probe geometry on tissue optical property changes
during compression have not been investigated. We have seen the effects of indentation
geometry in vivo (Figure 3-1) after indenting the volar forearm skin of volunteers with two

different indenter geometries.

3 mm 3 mm

Figure 3-1: In vivo human volar forearm skin indentation. (a) Volar forearm after thirty seconds
of compression with a 3 mm diameter hemispherical indenter. (b) Volar forearm after 30 seconds
of compression with a 3 mm diameter flat indenter.

Figure 3-1a shows a centrally compressed skin region, appearing darker, following compression
with a 3 mm diameter hemispherical indenter. Figure 3-1b shows the stress concentration region
resulting from compression with a 3 mm flat tip indenter and the lighter center of this
compressed region. The difference in darkness between the centers of both compression regions
suggests that the optical properties in these areas are not the same. This may be an effect of stress
concentrations in the tissue due to the indenter geometry. Given our observations and past light
transmission study results, our current study explored the dynamic effects of different pressures
and probe tip geometries on tissue optical properties during localized compression. Diffuse
reflectance spectra of ex vivo porcine skin specimens were obtained during a displacement-
controlled compression protocol using three different probe tip geometries: a flat tip and two
hemispherical tips of different diameters. Tissue thickness, load, light transmission, and diffuse
reflectance spectra were simultaneously recorded during the compression protocol and tissue
optical properties were extracted from the diffuse reflectance spectra using a previously
described inverse look-up table model [43, 44]. We hypothesize that localized compression will

induce local optical clearing effects in the tissue, resulting in a reduction of the absorption and
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reduced scattering coefficients. We anticipate greater changes in optical properties when
compressing the tissue with hemispherical indenters, with greater effects occurring with the

smaller surface area probe tips.

3.2  Materials and Methods
3.2.1 Skin Specimen Preparation

Ex vivo porcine skin specimens were obtained for experimentation, immediately chilled, and
then used within 48 hours of harvesting. The skin specimens were prepared by removing the
adipose layer with sharp dissection, using a razor blade. Resulting specimens, consisting of the
dermal and epidermal layers of the skin, were approximately 1.01 + 0.23 mm thick, with a
thickness range between 0.72 mm and 1.58 mm. After being trimmed to 2 cm x 2 cm squares,
they were stored for no more than 2 days at 4 °C in a phosphate buffered saline (PBS) moistened
container prior to experimentation. Specimens were allowed to equilibrate to room temperature
for 30 minutes prior to compression. Initial thickness was determined using the BOSE®

ElectroForce® mechanical load frame during experimentation.

3.2.2 DRS System
A custom-built diffuse reflectance spectrometry system (Figure 3-2) was used to collect

white light diffuse reflectance spectra from ex vivo porcine skin specimens during dynamic
compression tests. Broadband light from a tungsten lamp (Ocean Optics LS 1; Dunedin, Florida)
was delivered to the tissue via an emitting optical fiber within the custom probe. A collecting
fiber adjacent to the emitting fiber collected remitted light and delivered it to a UV-VIS
spectrometer for digitization (Ocean Optics USB 2000+ UV-VIS, Dunedin, Florida).
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Figure 3-2: DRS system schematic.

3.2.3 DRS Probe
The custom DRS probe built for this study served dual functions: 1) to illuminate the tissue

and collect remitted light for reflectance spectra measurements, and 2) to induce mechanical
compression on tissue specimens at the distal end of the probe. The fiber probe consisted of two
adjacent multimode silica fibers (Thorlabs BFH-22-200, NA = 0.22, 200 um core diameter, 400
um cladding diameter, Figure 3-3a placed within a flat-tipped 18 gauge hypodermic needle
(0.838 mm inner diameter, 1.27 mm outer diameter)). The fibers were epoxy-bonded within the
hypodermic needle and syringe using EPO-MED 030, resulting in a center-to-center source-
detection separation of ~400 pum. Previous Monte Carlo modeling studies have shown that this

a b

Hypodermic needle Probe

Bio-compatible  gptical

(18 gauge) grade epoxy Fibers Body
Fiber core . "
_ Fiber cladding
(200 pm, NA = 0.22) (400 pm)
Metal Metal
Flat Tip — Sphere — Sphere —
(3 mm) (6 mm)

Figure 3-3: (a) Probe tip schematic. (b) Attachments for different probe tip geometries.
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source-detector separation results in a depth of interrogation in native tissue between 300 um and
400 pm [63], which would allow sampling the superficial dermal layer of the tissue. The fibers
and hypodermic needle were polished flat at the tip and connectorized with SMA connectors at
the proximal end.

The distal end of the fiber probe had a flat, circular surface area of 1.27 mm?. With simple
modification, two additional tip indentation geometries were achieved: a 3 mm hemispherical
indentation geometry and a 6 mm hemispherical indentation geometry. These were obtained by
gluing a metal sphere (1.3 mm diameter bore through hole) to the hypodermic needle tip (Figure
3-3b). When fit with the 3 mm and 6 mm metal beads, the probe tip maximum cross-sectional
area was 7.07 mm? and 28.27 mm?, respectively. The 1.27 mm? flat tip area was small relative to
the area resulting from the addition of the metal spheres to the tip, making the overall effect on
the tissue a hemispherical indentation rather than a flat indentation when the spheres were
affixed to the tip.

3.2.4 BOSE-DRS System Integration
The custom DRS probe was designed to interface with a BOSE® ElectroForce® 3100

mechanical load frame. This load frame has a displacement resolution of 1.5 microns over a 5
mm stroke and a force resolution of 6 mN with a 22 N capacity load cell, which provides
satisfactory displacement, load resolution, and range for this study. The BOSE-DRS integrated
system, shown in Figure 3-4 was used to indent ex vivo porcine skin specimens. Displacement-
controlled localized compression (resulting in pressures between 0.015 to 10 MPa) was applied
to ~1 mm thick porcine skin specimens. During compression, instantaneous diffuse reflectance
spectra of the epidermal surface of the specimen were recorded using the DRS probe and system.
The custom DRS reflectance probe was housed within a polycarbonate housing connected to the
displacement cell of the ElectroForce®. Light was delivered from the tungsten-halogen light
source to the specimens while the polycarbonate housing and probe tip moved with the actuated
displacement cell downwards, compressing the tissue. Only the probe tip made contact with the
skin.

Porcine skin specimens were placed beneath the probe tip on a glass slide which was rigidly
fastened above a load cell via an aluminum adapter. A 12.5 mm diameter hole in the aluminum
adapter beneath the glass sheet allowed light to be transmitted through the tissue to a large-area

photodetector (1 cm x 1 cm), which generated an electrical signal proportional to the light
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transmitted through the skin specimens (Newport Detector #818-ST and Optical Power Meter
#1931-C). During compression, instantaneous tissue thickness, load, light transmission, and

diffuse reflectance spectra were recorded.

Fiber, connected \l

to DRS system

<4— Housing, connected
to displacement cell

e Probe Tip
Tissue

Specimen_b <« Class
Slide
Aluminum Adapter,
with opening for '
power meter sensor - ¢ | 0ad Cell

Figure 3-4: Compression experimental components. Diffuse reflectance spectra of ex vivo
porcine skin, as well as the force and dynamic tissue thickness, were recorded simultaneously.

3.2.5 Mechanical Compression-Diffuse Reflectance Acquisition Procedure
A compression protocol was developed to study the change in diffuse reflectance spectra

(and optical properties) during tissue compression as a function of probe tip shape and diameter
(both affecting local stress in the tissue). The protocol consisted of stepped displacement-
controlled compression to a maximum of three decreasing thickness levels (depending on
specimen initial thickness) with a dwell at each thickness to evaluate thickness-independent as
well as transient effects of compression on optical properties. Collection of diffuse reflectance
spectra during the loading routine was continuous. This compression protocol was implemented
for 33 trials: ten replicates for the 3 mm and 6 mm tip condition each and thirteen replicates for

the flat tip condition. The compression protocol consisted of seven separate commands:

1) Ramp displacement to compress the skin specimen to 1.00 mm thick at a

displacement rate of 0.02 mm/sec (strain rate of ~107 /sec);
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2) Dwell at 1.00 mm thickness for 180 seconds;

3) Ramp displacement to compress the skin specimen to 0.50 mm thick at a
displacement rate of 0.02 mm/sec (strain rate of ~107 /sec);

4) Dwell at 0.50 mm for 180 seconds;

5) Ramp displacement to compress the skin specimen to 0.25 mm thick at thick at a
displacement rate of 0.02 mm/sec (strain rate of ~107 /sec);

6) Dwell at 0.25 mm for 180 seconds;

7) Unload tissue.

Both initial and dynamic tissue thickness were important parameters in this study. Before
each trial, the position of the glass slide was determined by displacing the fiber probe tip
downwards until it made contact with the glass slide, and this position, Xy, was recorded. Contact
was defined as the position at which the load magnitude exceeded 0.01 N. After the probe tip
was returned to its original position, a tissue specimen was placed on the glass slide and the
compression protocol was executed. The contact position of the top surface of the specimen, X,
was calculated in post-processing following the same load threshold definition. Tissue thickness,

T(t), was then calculated as

T(6) = (x.— xg) — x(t) (3.1)

where x(t) is the measured displacement signal at time t. We also define a compressive tissue

strain, e, which is the relative deformation of the compression tissue specimen region as

e — |T - Tﬂl
Ty
(3.2)
where Ty is the initial tissue thickness and T(t) is the compressed tissue thickness. Displacement,
load, light transmission, and diffuse reflectance spectra were recorded for the entirety of the
compression protocol at a rate of 10 Hz. Applied force, displacement, and light transmission
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were recorded instantaneously during skin compression using WinTest®, the integrated BOSE®
control data acquisition software (BOSE; Eden Prairie, Minnesota). Spectral data were acquired
using an integration time of 100 ms. Dynamic reflectance spectra were recorded using
SpectraSuite® Spectroscopy Platform, the data acquisition software for the Ocean Optics
USB2000+ Spectrometer.

3.2.6 DRS Data Analysis
Specimen optical properties were obtained by fitting diffuse reflectance spectra to a lookup

table-based (LUT) inverse model, discussed in detail elsewhere [43, 44]. Data calibration is
crucial in the LUT inverse model fitting procedure, as described by Rajaram, et al. Briefly,
differences in daily measurements due to source intensity and system response were accounted
for by regular calibration measurement of a standard solution of 1 pum diameter polystyrene

microspheres (0.12%; Polysciences, Warrington, Pennsylvania) in water (R, ..4- (4)).Performing

this calibration ensured that the measured changes in diffuse reflectance were due only to
changes in tissue optical properties and tissue morphology. Diffuse reflectance was calculated by

using the equation

'{sam;:!s ("1:" — Ibuckg:l'o:.'nd (‘A’j
['{srundm'u‘ E"U - Ibuckground ("D]

Rd:'ff:.'sa E":l’jl = ¥ 100

3.3)

where I_,..... (4) is the white light intensity measured from the ex vivo porcine skin specimen,
Iy ackgrouna (4) is @ background spectrum measurement recorded with the light sources turned

off, and I...naqra (4) is recorded from a calibrated reflectance standard (Spectralon SRS-99-020,

Labsphere, Inc.; North Sutton, New Hampshire). The background spectrum subtraction
eliminates the effects of CCD dark current and ambient light. Wavelength-dependent system
response is eliminated by dividing the background corrected intensity measurement by the
calibrated reflectance standard measurement. The diffuse reflectance spectra for each

measurement was then calculated as
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(3.4)

where Ry, qa. 1oy (4) was recorded from a solution of polystyrene beads on the same day of the

creation of the LUT. Following this procedure, all reflectance measurements were calibrated to

the LUT model for extraction of optical properties.

3.3  Results
3.3.1 Light Transmission Results

As described earlier, the compression protocol consisted of compressing ex vivo porcine skin
specimens to a specific thickness and holding the thickness constant for three minutes while
recording the parameters of interest. Three thickness levels were selected for the compression
protocol: 1.00 mm, 0.5 mm, and 0.25 mm. Due to differences in initial tissue thickness (some
specimens were thinner than 1.00 mm initially), not all trials could satisfy the compression
condition to 1.00 mm thickness because required load exceeded system capability. For this
reason, specimens of greater initial thickness could not always be compressed to the high
load/strain condition of the 0.25 mm final thickness. After completing the compression protocol
for the three tip geometry conditions, the data were further examined for any obvious outliers,
caused by either acquisition error or poor contact of the fiber optic probe. Twenty-eight trials
were chosen for subsequent analysis. Table 3-1 summarizes the total specimen test group size
(N) that met each specific thickness condition.

Condition 3 mm Hemi Tip 6 mm Hemi Tip Flat Tip

Contact N=8 N=9 N=11
1 mm N=5 N=6 N=4
0.5mm N=7 N=9 N=11
0.25mm N=4 N =4 N=38
Table 3-1: Thickness conditions met by probe tip group. “N” denotes total specimen test group
Slze.
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Simultaneous tissue thickness, load, and percent light transmission increase through a
representative skin specimen compressed with the flat probe tip are shown in Figure 3-5a-c.
Three individual dwell periods at constant thickness can be identified in Figure 3-5b, where
tissue thickness is held constant at 1.00 mm, 0.5 mm, and 0.25 mm for a period of three minutes
each. Figure 3-5c shows the typical non-linear response occurring in light transmission during
these dwell periods. Light transmission continues to increase during the hold at constant
thickness at the higher strain conditions, i.e. when the specimen is held at 0.5 mm and 0.25 mm.
Moreover, at higher strain there is more rapid light transmission increase throughout the dwell
period. Light transmission while the tissue thickness was held constant at 0.5 mm and 0.25 mm
did not plateau during the dwell period. It is interesting to note a brief decrease in light
transmission occurring during the compressive ramp to reach the 0.25 mm thickness condition.
This dip in light transmission was typical of all trials during the compression ramp to reach
higher strain conditions. The plots shown in Figure 3-5 represent the overall trend seen in all
compression trials for the three tip conditions. Naturally, the maximum pressure delivered by
each tip varied with indenter geometry (Table 3-1). The average relative percent increase in light
transmission during each dwell condition (before and after dwell at constant thickness) for
different probe tip geometries is shown in Figure 3-6. We define a relative percent increase in

light transmission as

I:'Eufrs:l' dwell ~ Ibafm's dws!!} =100

Relative Percent Increase =
Ibsfm's dweall

(3.5)

Where I, ¢o,e awer 1S the amount of light transmitted through the specimen when tissue thickness
initially reached the specific thickness condition (1.00 mm, 0.5 mm, or 0.25 mm) and I, +,... gyen

is the amount of light transmitted after the three minute hold at constant thickness. During the
dwell at 1.00 mm, 0.5 mm, and 0.25 mm, light transmission increased approximately 4%, 31%,
and 32%, respectively, for the flat probe tip. During the dwell at 1.00 mm, 0.5 mm, and 0.25
mm, light transmission increased approximately 12%, 30%, and 32%, respectively, for the 3 mm
hemispherical probe tip. Finally, during the dwell at 1.00 mm, 0.5 mm, and 0.25 mm, light
transmission increased approximately 17%, 37%, and 30%, respectively, for the 6 mm

hemispherical probe tip.
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Figure 3-5: Example of the dynamic a) load, b) tissue thickness, and c) percent light transmission

increase through a representative tissue specimen. Flat tip geometry.
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Figure 3-6: Average relative increase in light transmission during each dwell condition for
different probe tip geometries.

3.3.2 Reflectance Spectra Results

The average reflectance for specimens compressed with the 3 mm hemispherical indenter,
the 6 mm hemispherical indenter, and the flat indenter are seen in Figure 3-7, Figure 3-8, and
Figure 3-9, respectively. The plots show the mean reflectance spectra at each compression
condition for the different probe tip indenter geometries. These successive plots show the effects
of compression on tissue diffuse reflectance during two important stages: (1) immediately after
being compressed to a specific thickness (solid blue line) and (2) after the 3 minute dwell period

during which tissue thickness was held constant (red dotted line).
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Figure 3-7: Average reflectance spectra for 3 mm hemispherical tip. (a) Reflectance during probe
tip contact with skin. (b) Reflectance before and after dwell at 1 mm tissue thickness. (c)
Reflectance before and after dwell at 0.5 mm tissue thickness. (d) Reflectance before and after
dwell at 0.25 mm tissue thickness.
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Figure 3-8: Average reflectance spectra for 6 mm hemispherical tip. (a) Reflectance during probe
tip contact with skin. (b) Reflectance before and after dwell at 1 mm tissue thickness. (c)
Reflectance before and after dwell at 0.5 mm tissue thickness. (d) Reflectance before and after
dwell at 0.25 mm tissue thickness.
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Figure 3-9: Average reflectance spectra for flat tip. (a) Reflectance during probe tip contact with

skin. (b) Reflectance before and after dwell at 1 mm tissue thickness. (c) Reflectance before and

after dwell at 0.5 mm tissue thickness. (d) Reflectance before and after dwell at 0.25 mm tissue
thickness.

Figure 3-7a-d shows the dynamic change in reflectance during the compression protocol with the
3 mm hemispherical tip. When the probe tip was in contact with the tissue, reflectance in the
shorter wavelengths was ~9% compared to less than 6% in the longer wavelengths (Figure 3-7a).
This was also the case for the 1.00 mm condition before and after the 3 minute dwell at constant
thickness (Figure 3-7b). Due to the average initial thickness of the specimens (~1 mm), this first
thickness condition resulted in very low strain (14 £0.09%), which would account for the almost
negligible decrease in reflectance after the dwell (Figure 3-7b, dotted red curve). Compression
during the ramp to reach the 0.5 mm thickness condition (Figure 3-7c, solid blue curve) resulted
in a slight decrease in reflectance to about 6% at shorter wavelengths with an associated average
strain of 47 + 0.12%. During the dwell at 0.5 mm, reflectance at the shorter wavelengths
continued to decrease, reaching 5%, while reflectance at the longer wavelengths continued to
increase, reaching close to 6% (Figure 3-7c, dotted red curve). The same trend was seen
immediately after compressing the tissue to 0.25mm (Figure 3-7d, solid blue curve), although
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after the dwell at this thickness condition (Figure 3-7d, dotted red curve), the reflectance at
longer wavelengths increased drastically to close to 25%. Average tissue strain at 0.25 mm
tissue thickness was 71 £0.05%. The same overall trends were seen in the diffuse reflectance
spectra of specimens that were compressed with the 6 mm hemispherical indenter (Figure 3-8a-
d). This tip geometry, however, resulted in a lower average reflectance after the dwell at the final
thickness condition of 0.25 mm. For this probe tip, reflectance in the longer wavelengths was
close to 20% (Figure 3-8d). Finally, the flat tip geometry also yielded very similar results (Figure
3-9a-d), with higher reflectance occurring after the dwell at the 0.25 mm condition (Figure 3-9d)

than with the 3 mm and 6 mm hemispherical indenters.

3.3.3 Extraction of Optical Properties
The average absorption and reduced scattering coefficients (at 630 nm) for specimens

compressed with the three different indenter geometries are seen in Figure 3-10 and Figure 3-11,
respectively. Absorption in all specimens was very low, and a decreasing trend in u, was
observed with decreasing tissue thickness (Figure 3-10a-c). Additionally, u, decreased transiently
while the tissue was held at a fixed position during the three minute dwell periods. The last data
point in all trials exhibited a peculiar trend. At this strain condition, three minutes after the tissue
had been held at a fixed 0.25 mm of thickness, the absorption coefficient had increased
considerably for all probe tip geometries. Without taking into account this last datum, ua
decreased 89% for the flat tip, 48% for the 3 mm hemispherical tip, and 89% for the 6 mm
hemispherical tip between the contact condition (tissue’s initial thickness) and the 0.25 mm
condition. Transient changes in u,, those changes evident while the tissue specimens were held at
a fixed thickness, were also evident and are summarized in Table 3-2. Scattering in all
specimens was relatively low, and kept decreasing with decreasing tissue thickness, seen in
Figure 3-11. A transient decrease in us’ also occurred while the tissue thickness was held fixed.
Again, the last datum in all trials exhibited a peculiar trend, similar to what was seen for pu,. At
this strain condition, three minutes after the tissue had been held at a thickness of 0.25 mm, the
absorption coefficient had increased drastically for all probe tip geometries. Without taking into
account this last datum, w5’ decreased 40% for the flat tip, 37% for the 3 mm hemispherical tip,
and 37% for the 6 mm hemispherical tip between the contact condition (at initial tissue
thickness) and the 0.25 mm condition. Transient changes in us’ occurring during the dwell at

constant thickness, are summarized in Table 3-2.
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Figure 3-10: Average absorption coefficient at different tissue specimen thickness conditions. (a)
Flat tip indenter. (b) 3 mm hemispherical indenter. (¢) 6 mm hemispherical indenter.
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Figure 3-11: Average reduced scattering coefficient at different tissue specimen thickness
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Flat Tip 3 mm Hemi. Tip 6 mm Hemi. Tip

Relative Relative Relative Relative Relative Relative
Condition Changein  Changein  Changein  Changein Changein  Changein
U, (%] u’ (%] Kq [%] Uy’ (%] U, (%] u’ (%]
Contact to -1 5 -1 -10 1 2
1. mm
1.mm to 1 -6 -3 18 -4 8 -7
mm + Dwell
1 mm + -33 -33 -6 -9 -34 -22
Dwell fo 0.5
mm
0.5 mm to -70 0.1 -32 =5 4 -4
0.5 mm +
Dwell
0.5 mm + -33 -11 -31 -14 -84 -11
well to
0.25 mm
0.25 mm to 2028 366 513 220 2578 246
0.25 mm +
Dwell

Table 3-2: Average relative change in optical properties between tissue thickness conditions.

3.4 Discussion

In this study, we investigated the effects induced by localized mechanical compression on the
optical properties of ex vivo porcine skin. We compressed and held tissue specimens at three
different thickness conditions, resulting in various levels of compressive strain. Three different
probe tip shapes/diameters were tested to induce different applied pressures and local stress
states in the skin specimens. During the compression procedure, we simultaneously monitored
light transmission, load, dynamic tissue thickness, and diffuse reflectance spectra. We utilized a
novel, robust procedure to elucidate the optical clearing effects of localized mechanical
compression. Time-dependent measurement of the diffuse reflectance spectra of ex vivo porcine
skin specimens during the application of localized compression provides insight into the
correlation between tissue compression and corresponding changes in optical properties.

Previous work by our group has demonstrated that mechanical optical clearing is a transient,

strain-dependent response [62]. Our current study utilized displacement-controlled compression

51



instead of load-controlled compression as has been previously studied by other groups. With
load-controlled compression, changes in optical properties are not easily decoupled from
dynamic changes in tissue thickness and constituent geometry. Thus, we aimed to replicate the
displacement-controlled compression procedure to reveal thickness independent optical property
changes due to transient effects of localized mechanical compression. While our results indicate
that there is a change in optical properties during the loading phase of our procedure (due in part
to thickness change), transient changes during the constant thickness portion of the procedure
were also evident, supporting our hypothesis that changes in tissue optical properties are due to
more than just a change in tissue thickness.

Diffuse reflectance decreased with decreasing tissue thickness and associated increase in
pressure in the shorter wavelengths and increased at longer wavelengths. The absorption of light
by water is higher at the longer wavelengths we studied (~700 nm). Local removal of water
induced by compression would cause a reduction in light absorption by water, possibly resulting
in an increase in reflectance. This was evident in our results when the tissue was compressed to
0.5 mm, which may have been a result of the efflux of water from the compressed tissue region.

Pressures in our study were significantly higher than those used in studies by other
researchers. As pressure is directly related to the surface area of the indenter with which we are
compressing, our compression procedure resulted in pressures between 0.015MPa and 10 MPa,
depending on the probe tip geometry used. Table 3 summarizes the maximum pressures applied
by the different probe tips to the skin specimens for each tissue thickness condition.

3 mm 6mm
Flat Tip Hemispherical Tip Hemispherical Tip
Thickness 1 0.5 0.25 1 0.5 0.25 1 05 0.25
Condition  mm mm mm mm mm mm mm mm mm
Max
Pressure  0.018 1.11 9.78 0.038 0.788 1.621 0.015 0.388 0.444
[MPa]

Table 3-3: Maximum pressures induced by different probe tip geometries at tissue thickness
conditions.
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The smaller probe tip diameter of the flat tip resulted in higher pressures when compared to the
larger tip diameters of the 3 mm and 6 mm hemispherical indenters. The high pressure was
induced rapidly and decreased quickly as the tissue relaxed after the initial ramp to the particular
thickness step, seen in Figure 3-5b.

Although changes in the associated optical properties appeared greater with the smallest tip
diameter, the flat tip (1.27 mm @), followed by the 6 mm hemispherical tip, and finally the 3 mm
hemispherical tip, these changes were not statistically significant. The initial transient increase in
Ma that occurred during the dwell at 1 mm using the 3 mm and 6 mm hemispherical indenter, but
not seen when using the smaller diameter flat indenter, may be due geometric differences
causing a pooling of cellular constituents under the larger area of compression induced with the
hemispherical tips. When comparing the two hemispherical indenters, although the absolute
change in optical properties was greatest for the 6 mm indenter, the 3 mm indenter compression
resulted in a more monotonic reduction of both p, and Ys’. Given that our experiments were
performed using ex vivo tissue, initial P, and s * values at the contact condition for all specimens
were relatively low, 0.004 £0.001 mm™ and 0.649 +0.12 mm™, respectively.

Most probe pressure effect studies to date have focused on load-controlled compression of
tissue, inducing a constant pressure while recording static and transient diffuse reflectance
response [36, 37, 42, 53, 58, 59]. The effects of pressures between ~0.01 MPa to ~0.20 MPa
have been investigated by numerous research groups, with varying results depending on the
tissue interrogated, the amount of time the tissue was compressed, and the specific geometries
and source detector separation of the probes used. Delgado-Atencio, et al., reported decreasing
reflectance on in vivo human skin with increasing pressure for wavelengths above 600 nm,
having induced a maximum pressure of 0.1 MPa over five seconds [36]. Our results indicated
decreasing reflectance below 600 nm and increasing reflectance above 600 nm with decreasing
tissue thickness. Nonetheless, the probe used in the Delgado-Atencio study had a source-detector
separation of 600 um, which would result in the interrogation of deeper tissue when compared to
the sampling depths of our current probe design. Also, the probe incorporated a cylindrical
accessory at the tip that had a 170 micron thick glass window to protect the optical fiber tips
from deterioration. This attachment made the surface area of the probe tip ~53 mm? a
compression area much larger than the compression regions created in our study. Hence,

pressure effects on diffuse reflectance spectra could be very different. Reif, et al., reported an
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increase in W’ for in vivo mouse thigh muscle with increasing pressure, delivering a maximum
pressure of 0.2 MPa [53]. The probe design used in Reif’s study consisted of a flat tip close to 3
mm in diameter, similar to our probe tip design. Although our results showed an increase in ps’
during the dwell period at the high strain condition (0.25 mm tissue thickness), we suspect that
these results are due to geometrical limitations arising from our probe tip design, which will be
discussed further. Lim, et al., also reported an increase in scattering coefficient with increasing
pressure on in vivo human forehead skin, applying a maximum pressure close to 0.15 MPa.
Results in Lim’s study varied depending on the type of tissue that was interrogated, mostly due
to depth of vascularization in the tissue and the type of tissue (bony/fibrous/cellular) underlying
the area interrogated [42].

Among the studies investigating probe pressure effects on diffuse reflectance spectroscopy,
Chen, et al., analyzed changes in spectra stemming from displacement-based compression in the
near-infrared wavelength region [56]. They reported decreasing diffuse reflectance with
increasing pressure between 1100 nm and 1700 nm. Diffuse reflectance intensity measurements
were recorded from the palms of human subjects, and the compression procedure relied on
subject feedback to determine when contact with the probe tip was established. This study
employed the use of a pressure sensor, which allowed monitoring the pressure on the tissue while
the probe was held at a fixed displacement. Although the study presented a displacement-based
compression protocol, differences in pressure perception between human subjects (to determine
at what position the probe tip contacted the skin) may have resulted in inconsistent calculation of
the amount of tissue compression (strain). Conclusions in this study were based on pressure
measurements. Additionally, their probe geometry consisted of concentric fiber bundles, with a
central source optical fiber bundle and a peripheral detector optical fiber bundle. Source-detector
bundle separation was close to 2.5 mm, which allowed interrogation up to 1 mm deep (dermis)
for the wavelengths studied [60]. This probe design differs from the probe tip designs tested in
our study, which could account for different effects on diffuse reflectance spectra. Furthermore,
our robust compression procedure permitted repeatable tissue thickness conditions and resulted
in a correlation between tissue strain, diffuse reflectance, and associated optical properties.

Chan, et al., has previously reported a decrease in light transmission when mechanically
compressing soft tissue [24]. This may have been due to the large area compression (~400 mm?)

that was used. The compression areas created in our study were significantly smaller than those
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in Chan’s study and demonstrated the diminishing returns on increasing compression area, with
smaller changes in optical properties occurring with the larger probe tip area created by the 3 mm
and 6 mm diameter hemispherical tips. We observed that the rate of light transmission increase
during the dwell periods at constant tissue thickness correlated with the tissue load relaxation
rate. This may suggest that during the dwell periods where thickness is held constant, the
pressure gradient created during the compressive ramp drives interstitial fluid out of the zone of
compression, creating a less turbid, optically cleared region. This can be seen in the increase in
light transmission through the tissue in Figure 3-5. The effect was similar on the diffuse
reflectance intensity. The magnitude of the pressure gradient created during compression (that
drives interstitial fluid flow) correlates with the clearing effects observed in transmission
experiments. Likewise, removal of fluid may result in a reduced index of refraction mismatch
and therefore a lower scattering coefficient. We observed a dip in light transmission occurring
during the ramp to reach the 0.25 mm tissue thickness condition (highest strain). This effect
could be the result of competing mechanisms in optical clearing. As we have seen, changes in
diffuse reflectance spectra are wavelength dependent, with a decrease in reflectance occurring at
shorter wavelengths and an increase in reflectance occurring at longer wavelengths with greater
compression. Thus, although the reflectance is increasing during the ramp and dwell periods,
there may be an increase in the protein to water ratio during the ramp, which may reduce light
transmission briefly until index of refraction mismatch is ultimately reduced by transient
expulsion of water, allowing the light transmission to increase once again.

The acute change occurring when the thickness was held at 0.25 mm could be due to a
number of factors. Compression of a soft, heterogeneous material such as skin redistributes
constituents contained therein. High compression induced at this thickness condition (high strain)
may cause light scatterers, such as cellular material and collagen fibers, to come closer to each
other and behave optically as one bigger scatterer. This may cause a pronounced, monotonic
increase in s’ during tissue relaxation as water moves out of the compressed region, due to the
pressure gradient, and is replaced by highly scattering collagen fibers. Additionally, the
redistribution of scatterers within the tissue causes the scattering length scales to be modified,
further affecting the scattering at this thickness. The source-detector separation of 400 um may
also be playing a role in this effect. Since the tissue is only 250 um thick at this point, the

emitted photons may be interacting with the glass slide and reflective power meter sensor surface

55



underneath the tissue, introducing an alteration (possibly amplification) in the reflectance signal.
Since this change was seen during the dwell period, we understand that there are coupled tissue
clearing and probe geometry effects taking place. In order to better understand what was
occurring during the dwell at high tissue strain, a simple experiment was designed. The
reflectance signal of “thick” and “thin” ex vivo porcine skin specimens was evaluated to
elucidate light interactions with the underlying material occurring due to the combination of
probe source-detector separation and tissue thickness. Three different materials were placed
underneath tissue specimens: a matte black paper, a glass slide, and a glass slide with the power
meter sensor underneath (replicating the experimental setup used in our compression
experiments). A schematic for the experimental setup with the matte black paper and the power
meter sensor underneath the tissue specimen can be seen in Figure 3-12. The experimental setup
for only the glass slide underneath the specimen was the same as Figure 3-12b, with the sensor

removed.
a § b
Vatte € Probe Tip 4———— Probe Tip
Black <— Tissue Specimen <— Tissue Specimen
Paper b <4— Glass Slide Alurm <4— Glass Slide
: uminum I
AUMINUM e—f Adapter = Sensor

Adapter

Figure 3-12: Schematic of experimental setup for different materials underneath the tissue
specimens. (a) Matte black paper underneath tissue. (b) Sensor placed underneath glass slide and
tissue.

The probe tip was brought into contact with the tissue specimen, defined as the position at
which the magnitude of the load applied was 0.01 N, and a reflectance measurement was
recorded. Three reflectance measurements were recorded for each specimen, one measurement
for each underlying material condition. “Thick” specimens (N = 5) were 3 £ 0.4 mm thick, a
thickness greater than the 400 um source-detector separation. “Thin” specimens (N = 5) were
0.327 + 0.03 mm thick, thinner than the probe’s source-detector separation. As seen in Figure
3-13, the average reflectance for thick specimens was virtually equal for the three materials
underneath the sample. Figure 3-14 shows the average reflectance for thin specimens.
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Reflectance was highest when the sensor was present in the setup (similar to the experimental
setup for the compression procedures), followed by only the glass slide underneath the sample,
and finally the matte black paper. At this thickness condition, with our probe source-detector
separation, light interacted with the materials underneath the tissue. Thus, the high strain
condition in our compression study, when the tissue specimens were compressed to 0.25 mm,

may have resulted in an artificially high reflectance (and associated optical properties).

100 .
----Black
Sensor
_ 80F - —Glass ||
X,
w 60
=
~
2
@ 40
45}
o
20+ .

950 500 550 600 650 700 750
Wavelength [nm]

Figure 3-13: Average reflectance for thick specimens with three different underlying materials.
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Figure 3-14: Average reflectance for thin specimens with three different underlying materials.

Tissue optical clearing studies have identified tissue dehydration (due to water displacement)
as a potential mechanism for optical clearing [13-15, 17-21, 23, 26, 39]. Thus, we have
investigated a technique that allows us to decouple changes in tissue thickness from interstitial
fluid displacement (local dehydration) in order to monitor tissue optical property changes
induced by the latter. It is understood that tissue thinning should contribute to changes in light
transmission through tissue, reflectance, absorption, and tissue optical properties. However, our
previous modeling study [40] has suggested that the contributions to changes in light
transmission through tissue afforded by tissue thinning alone are not enough to match

experimentally determined light transmission increases during localized compression.
3.5  Conclusion

We have provided the results of a systematic study of tissue optical clearing effects occurring
during localized mechanical compression, using an isolated porcine skin model. By coupling a
fiber based diffuse reflectance spectroscopy system to a mechanical load frame, we were able to

collect dynamic diffuse reflectance spectra during displacement-controlled localized
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compression of ex vivo porcine skin specimens. We also monitored simultaneous tissue
thickness, load, and light transmission during the compression protocol. Our results indicate that
localized compression causes changes in diffuse reflectance proportional to the amount of strain
a tissue undergoes. Transient changes in reflectance were evident while tissue specimens were
compressed and held at a constant thickness. At high strain, reflectance decreased at shorter
wavelengths and increased at longer wavelengths. The rate of change in light transmission also
correlated with the amount of strain experienced by the tissue. Transient changes in optical
properties were observed, with greater reduction in reduced scattering coefficient occurring due
to compression with hemispherical indenters and greater reduction in absorption coefficient
occurring due to compression with a flat indenter. Our study results support the hypothesis that
optical clearing effects due to localized mechanical compression are a coupled phenomenon of
tissue thinning and altered optical properties. Changes in optical properties may be attributed to
local tissue dehydration through lateral water expulsion and removal or redistribution of light
absorbing chromophores. It is important to consider the contributions of other light scattering
and absorbing chromophores, such as blood and melanin, to tissue optical properties. The effects
of localized mechanical compression in vivo could differ from the results presented here due to
the effects of blood perfusion, which is absent in this study. Thus, future work is necessary to
more wholly quantify changes in optical properties due to mechanical compression using the
technique described within this work in vivo. Based on our findings, localized mechanical
compression allows modification of tissue optical properties, and may be harnessed as a
minimally-invasive optical clearing technique to improve optical imaging, as well as provide

additional advantages for light-based diagnostics, and laser-based therapeutics.

3.6  Acknowledgements

The authors would like to acknowledge the American Society for Lasers in Medicine and
Surgery for a travel grant awarded to present research leading to this study at the 31* Annual
ASLMS Conference in Grapevine, Texas during April 2011. Additionally, we thank the Virginia

Tech Initiative to Maximize Student Diversity, funded by NIH Behavioral and Biomedical

59



Sciences and Engineering Research Training Grant R25 GMO072767. William C. Vogt is
supported by the Institute for Critical Technology and Applied Science (ICTAS) Doctoral
Scholars Program at Virginia Tech. Finally, we would like to thank Mr. Matthias Hofmann for

his help and guidance during probe construction.

60



Chapter 4: Conclusions, Future Work, and Applications

4.1 Conclusions

This research focused on interrelated studies that aim to discover the effects of localized
mechanical compression on biological tissue optical properties. Chapter 2 describes the effects of
localized mechanical compression as an “optical clearing” technique on image resolution and
contrast of a target imaged through ex vivo biological tissue. Chapter 2 also presents a
supplementary study investigating the thickness-independent effects of mechanical compression
on light transmission through ex vivo biological tissue. Results indicate that employing this non-
invasive mechanical clearing technique causes an increase in the ability to resolve a target image
through biological tissue. Compared to conventional chemical clearing techniques, mechanical
compression allowed visualization of targets ~4 times smaller with ~2 times higher contrast
sensitivity. Higher tissue strain correlated with improved resolution and contrast sensitivity of
the resolved image. Additionally, a transient increase in light transmission was reported without
further tissue thinning. These results suggest that mechanical tissue optical clearing effects are
due to both tissue thinning as well as an additional coupled mechanism, which may be local
tissue dehydration.

Chapter 3 describes the effects of localized mechanical compression on the optical properties
of ex vivo porcine skin specimens. The study aimed to reveal the dynamic changes in the
scattering and absorption coefficients by monitoring tissue diffuse reflectance spectra during a
displacement-controlled compression protocol. Differences in indenter geometry were also
investigated. Results showed a reduction in scattering and absorption during compression with
all indenters tested. A more monotonic, thickness independent reduction in scattering resulted
when compressing the tissue with smaller surface area hemispherical indenters, whereas a more
consistent reduction in absorption resulted from compression with the smallest surface area (flat
tip) indenter. Nevertheless, an increase in both scattering and absorption occurred at high strain
conditions, indicating that there are other effects that need to be investigated, achievable by
possibly modifying our experimental setup or optical property extraction technique. Further work

is needed to confirm whether the results are repeatable in vivo. Nevertheless, the strategy
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presented yielded novel information about the thickness-independent optical clearing effects of
localized mechanical compression in a controlled manner that could be easily replicated for in

vivo studies.

4.2 Future Work

There are many variables, either directly related to the studies presented in this work, as well
as to the field of tissue optical clearing in general, that may be addressed in future work. Doing
so would provide a more complete, robust documentation of the effects, possible applications,

and translational potential of mechanical tissue optical clearing.

4.2.1 In vivo Analysis of Localized Mechanical Compression Effects on Light Transmission

The majority of studies evaluating the effects of mechanical optical clearing through tissue
have involved testing ex vivo tissue specimens. We understand that blood and interstitial fluid
perfusion contribute greatly to native tissue optical properties and thus find it imperative to
evaluate the effects of localized mechanical compression on light transmission in vivo. Though a
complex endeavor, this analysis may be possible by preparing in vivo rodent specimens using a
dorsal skinfold window chamber approach [64, 65]. This chamber allows observations across the
full thickness of the skin and seems suitable for light transmission measurements during the
application of localized mechanical compression in vivo. The experimental procedures detailed
in Chapter 2 could be replicated, with modifications to overcome the added complexity of
working with in vivo tissues. The procedure would allow simultaneous monitoring of light
transmission, load, and tissue strain as well as subsequent imaging resolution and contrast

assessment.

4.2.2 In vivo Analysis of Tissue Optical Properties during Localized Mechanical Compression
Evaluation of the effects of localized mechanical compression on tissue optical properties
could be monitored in vivo using the dorsal skinfold chamber approach described in the previous
section by implementing the diffuse reflectance spectroscopy techniques described in Chapter 3.
Furthermore, with the appropriate Institutional Review Board approval, these experiments could
be carried out on in vivo human skin. For this experimental procedure, the dorsal skinfold

chamber would not be used and light transmission would not be monitored. However, diffuse
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reflectance spectra would be monitored during the controlled application of localized mechanical
compression, allowing the dynamic assessment of tissue optical clearing occurring due to
compression. We expect the modification of tissue optical properties to be more pronounced,
since the tissue will be perfused and the relative change in water/blood content before and after

compression would be greater.

4.2.3 Histological Analysis of Localized Mechanical Compression Effects on Tissue

In vivo evaluation of the tissue optical clearing effects of localized mechanical compression
should be followed by a histological analysis of the indented tissue. Previous studies have
investigated the effects of long term localized compression on rodent muscle [66, 67]. Results
showed reorganization of internal muscle fibers, cellular infiltration, localized inflammation, and
even necrosis. These results were observed after lengthy (>2 hrs) indentation at high pressures,
which is different from our shorter indentation technique. However, the effects of our localized
mechanical compression technique should be evaluated histologically in order to determine
injury threshold parameters and optimize this tissue optical clearing technique for potential

clinical translation.

4.3  Potential Applications

Many potential applications may stem from the mechanical tissue optical clearing technique
investigated in our studies. First and foremost, this technique may be used to improve light-based
diagnostic, therapeutic, and cosmetic procedures. Tissue optical clearing devices, discussed
earlier, may allow quick translation to research and clinical applications and are potentially easy
and economical to manufacture. Given our observations on the transient changes in tissue optical
properties during tissue relaxation, our mechanical compression technique may also be used to
study the difference in transient response between healthy and diseased tissue. For example,
neoplastic tissue is usually characterized as being highly vascularized, with higher water content
than normal [68]. The lateral expulsion of water and blood that we hypothesize occurs during
localized mechanical compression may be different between healthy and neoplastic tissue, and
may correlate to the disease state of the tissue. Thus, monitoring the dynamics of tissue optical
property change during tissue relaxation after localized mechanical compression could be used to
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differentiate between healthy and neoplastic tissue, especially useful in defining the margins of
tumors fated for excision. Finally, the changes in diffuse reflectance spectra occurring due to
tissue compression could be used as a pressure sensing parameter for pressure sensitive probing
applications. Tissue optical clearing and its applications holds broad potential for light-based

clinical and diagnostic procedures.

4.4  Concluding Remarks

The potential benefits and broad applications of mechanical compression as a tissue optical
clearing techniques have not been fully explored. However, this research addresses a major
aspect of the techniques potential by being the first to systematically evaluate the effects of
localized compression on image recovery, resolution and contrast, light transmission
enhancement, and modification of tissue optical properties. The results obtained from this
research indicate this technique may prove useful in imaging, diagnostic, therapeutic, and
cosmetic applications.
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Appendix A: Annotated List of Figures

Figure 1-1: Schematic representation of light-tiSSue INtEraCtions. ............ccovvriririiereneieeese e
Figure 1-2: Hypothesized mechanisms of action of mechanical optical clearing

Figure 1-3: Schematic of prototypical tissue optical clearing deviCe. ..o
Figure 1-4: (a) TOCD on human skin, (b) Transilluminated porcine skin after TOCD application

Figure 2-1: (a) Image of the USAF 1951 resolution target (3” x 3”) denoting group and element
numbering schemes (b) Schematic cross-sectional view of light transmission through the USAF 1951
FESOIUTION TArGEL EIEMENT. ... ettt n e
Figure 2-2: Schematic of inverted MiCroSCOPE SELUPD. ......vivirrirririirreieeieieee et
Figure 2-3: (a) Image of USAF 1951 Target, Group 0, Elements 4-6. The ROI selected in the image (red
box, method 1) was used to generate the intensity profile plot. (b) Intensity profile plot. Peaks correspond
to the white bars of the target ROl in (a). Valleys represent the dark spaces between the target bars. The
red line denotes Rayleigh’s criterion for determining resolution. (¢) ROI selection method 2. (d) Intensity
profile plots corresponding to the ROI’S ShOWIN 10 (C)...vivvveiiiiiieiiiiii i
Figure 2-4: Compression experimental components. Optical power transmitted through porcine skin,
applied load, and tissue thickness were recorded Simultaneously. ...
Figure 2-5: (a) Uncompressed skin specimen over target in Group 0, Element 2, corresponding to a line
width of 445 um. The dashed box represents the ROI selected for analysis. (b) Intensity plot of target
under native (UNCOMPIESSEA) SKIN.....cc.iiiiiiiii ettt et sbeere e be s re e resba e e e sreeees
Figure 2-6: Representative images (ROI outlined in dashed boxes) and intensity plots for (a) Group 1,
Element 2 following 22 N compression using ROl Method 1, (b) Group -1, Element 1 following 22 N
compression using ROI Method 2, and (c) Group -1, Element 2 following glycerol immersion using ROI
Method 1, (d) Group -2, Element 2 following glycerol immersion using ROI Method 2

Figure 2-7: Contrast sensitivity as a function of line width for all clearing techniques. Standard error was
~20-35% of the mean contrast sensitivity, therefore there was no statistically significant difference
between loading conditions. Error bars omitted fOr CIarity...........cooeoviiiiiiiiiece
Figure 2-8: Dynamic plots of (a) Tissue thickness, (b) Compressive load, and (c) Light transmission
through representative localized COMPression SPECIMENS. .........uiuiriririeieieise st
Figure 2-9: Maximum resolvable line width and effective compressive tissue strain for each clearing
L=T00 0] T =SSR
Figure 2-10: Differing morphologies of (a) chemically cleared and (b) mechanically cleared tissue
specimens. White arrows indicate areas where structural modification is evident

Figure 3-1: In vivo human volar forearm skin indentation. (a) Volar forearm after thirty seconds of
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compression with a 3 mm diameter hemispherical indenter. (b) Volar forearm after 30 seconds of
compression with a 3 mm diameter flat INAENTEr. ..o
Figure 3-2: DRS SYSteM SCHEMALIC. .....ccviiiiiiciiciii ettt s re et te e sreeeee
Figure 3-3: (a) Probe tip schematic. (b) Attachments for different probe tip geometries........c..cccccvvvvvvernnnee.
Figure 3-4: Compression experimental components. Diffuse reflectance spectra of ex vivo porcine skin,
as well as the force and dynamic tissue thickness, were recorded simultaneously............cccocovvrniieicienns
Figure 3-5: Example of the dynamic a) load, b) tissue thickness, and c) percent light transmission increase
through a representative tissue specimen. Flat tip gEOMELIY. ......cooiiiriiiiiiiiieree e
Figure 3-6: Average relative increase in light transmission during each dwell condition for different probe
TID GBOIMELITES. ...ttt E bbbt b et h bt b e R bbbt et e b e e bt bt bt b nn e ren s
Figure 3-7: Average reflectance spectra for 3 mm hemispherical tip. (a) Reflectance during probe tip
contact with skin. (b) Reflectance before and after dwell at 1 mm tissue thickness. (c) Reflectance before
and after dwell at 0.5 mm tissue thickness. (d) Reflectance before and after dwell at 0.25 mm tissue
L1 1[0 T3S SPTRSS
Figure 3-8: Average reflectance spectra for 6 mm hemispherical tip. (2) Reflectance during probe tip
contact with skin. (b) Reflectance before and after dwell at 1 mm tissue thickness. (c¢) Reflectance before
and after dwell at 0.5 mm tissue thickness. (d) Reflectance before and after dwell at 0.25 mm tissue
ENECKIIESS. ..ttt ettt ettt s bbbt bR b £ £ ARt R e R R R e bt e Rt Rt b e Rt e e et enean
Figure 3-9: Average reflectance spectra for flat tip. (a) Reflectance during probe tip contact with skin. (b)
Reflectance before and after dwell at 1 mm tissue thickness. (c) Reflectance before and after dwell at 0.5
mm tissue thickness. (d) Reflectance before and after dwell at 0.25 mm tissue thickness. ..........ccccccvevenaee.
Figure 3-10: Average absorption coefficient at different tissue specimen thickness conditions. (a) Flat tip
indenter. (b) 3 mm hemispherical indenter. (¢) 6 mm hemispherical indenter. .........c.ccccoveviiiiiiiiecce e,
Figure 3-11: Average reduced scattering coefficient at different tissue specimen thickness conditions. (a)
Flat tip indenter. (b) 3 mm hemispherical indenter. (¢) 6 mm hemispherical indenter............c..ccoecvvvierinnne.
Figure 3-12: Schematic of experimental setup for different materials underneath the tissue specimens. (a)
Matte black paper underneath tissue. (b) Sensor placed underneath glass slide and tisSue. ..........c.cccceeverenee.
Figure 3-13: Average reflectance for thick specimens with three different underlying materials. .................

Figure 3-14: Average reflectance for thin specimens with three different underlying materials....................
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