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Abstract 

 

Biomedical optics is a rapidly expanding field of research focusing on the development 

of methods to detect, diagnose, and treat disease using light. While there are a myriad of optical 

systems that have been developed for biological tissue imaging, optical diagnostics, and optical 

therapeutics, all of these methods suffer severely limited penetration depths due to attenuation of 

light by tissue constituent chromophores, including cells, water, blood, and protein structures. 

Tissue optical clearing is a recent area of study within biomedical optics and photonics, where 

chemical agents have been used to alter tissue optical properties, reducing optical absorption and 

scattering and enabling light delivery to and collection from deeper tissue regions. However, 

there are concerns as to the safety and efficacy of these chemical clearing agents in vivo, 

especially in the skin, where the projective barrier function of the stratum corneum must be 

removed. 

Mechanical optical clearing is a recently developed technology which utilizes mechanical 

loading to reversibly modify light transport through soft tissues, and much of the work published 

on this technique has focused on applications in skin tissue. This clearing technique enables 

deeper light delivery into soft tissues but does not require use of exogenous chemicals, nor does 

it compromise the skin barrier function. While this clearing effect is thought to be resultant from 

interstitial water and blood transport, the underlying mechanism has not been concretely 

identified nor characterized.  

The hypothesis of this body of work was that interstitial transport of tissue chromophores 

(e.g. water and blood) causes intrinsic optical property changes, reduces tissue optical absorption 

and scattering, and improves light delivery in diagnostic applications. To test this hypothesis, we 

first developed a mathematical framework to simulate mechanical optical clearing, using both 

mechanical finite element models and optical Monte Carlo simulations. By directly simulating 

interstitial water transport in response to loading, data from mechanical simulations was 
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combined with optical Monte Carlo simulations, which enabled prediction of light transmission 

measurements made during mechanical indentation experiments. We also investigated changes 

in optical properties during mechanical indentation using diffuse reflectance spectroscopy. These 

studies used controlled flat indentation by a fiberoptic probe to dynamically measure intrinsic 

optical properties as they changed over time. Finally, we apply mechanical optical clearing 

principles to functional near-infrared spectroscopy for neuroimaging. By building a prototypical 

mechanical optical clearing device for measuring cerebral hemodynamics, we demonstrated that 

mechanical optical clearing devices modify measured cerebral hemodynamic signals in human 

subjects, improving signal quality.  
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Chapter 1. Overview 

 

1.1 Biomedical Optics and Tissue Diagnostics 

  Biomedical optics is a growing area of research focusing on the application of optical 

systems and techniques for characterizing biological tissues and detecting diseases. Diffuse 

optical spectroscopic techniques have become prevalent in the literature due to their ability to 

acquire reflectance spectra that provide information about tissue biochemistry and physiology. 

Light-based diagnostic techniques possess many advantages over other imaging modalities; 

optical imaging and spectroscopic techniques use safe, non-ionizing radiation to measure light 

transport through a biological medium, can differentiate between soft tissues of various types and 

disease states through changes in absorption and scattering behavior, and are relatively low-cost 

imaging systems.  

Despite these advantages, all optical diagnostic techniques are limited in efficacy due to 

the attenuation of light in biological tissues due to diffuse scattering and absorption by various 

constituent chromophores such as water, blood and proteins. “Tissue optical clearing” is a new 

field of research that focuses on methods for reducing light scattering in turbid biological tissues 

in order to enable deep light delivery for therapeutic or diagnostic applications. While most 

optical clearing research has focused on the use of exogenous chemical agents, mechanical 

optical clearing is a promising technology that utilizes mechanical loading to noninvasively and 

reversibly modify tissue optical properties.  

 

1.2 Project Objectives 

 Mechanical loading has been shown to affect light transport in turbid biological tissues. 

However, the fundamental mechanisms behind this effect must be elucidated in order to guide 

device development and translation to biomedical applications. The overarching hypothesis of 

this research proposal is that interstitial transport of tissue chromophores (e.g. water and blood) 

causes intrinsic optical property changes, reduces tissue optical absorption and scattering, and 

improves light delivery in diagnostic applications. This hypothesis will be evaluated by: 

1) Developing a multidomain mathematical model of mechanical optical clearing, 

including poroviscoelastic mechanical finite element models and optical Monte Carlo 

simulation, 



2 

 

2) Measuring tissue optical properties during mechanical deformation using diffuse 

reflectance spectroscopy, and  

3) Applying mechanical optical clearing to functional near-infrared spectroscopy of 

cerebral hemodynamics. 

 

1.3 Document Organization 

 This dissertation describes research focusing on development of mechanical optical 

clearing for biomedical applications. Chapter 2 provides an introduction to biomedical optics and 

tissue optics, describes current limitations of light delivery in biological tissues, and provides a 

literature review of chemical and mechanical optical clearing techniques. Chapter 3 describes the 

development of a combined mechanical/optical mathematical framework for investigating the 

fundamental mechanisms of action of mechanical optical clearing, as well as experimental 

mechanical and optical characterization of ex vivo porcine skin. Chapter 4 describes the use of 

diffuse reflectance spectroscopy, a broadly applicable optical diagnostic tool, for measuring 

tissue optical property changes during mechanical indentation. Chapter 5 describes the 

application of mechanical optical clearing to near-infrared spectroscopy for functional 

measurement of cerebral hemodynamics in human subjects. Chapter 6 discusses the results of 

this dissertation research and offers summary conclusions.  
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Chapter 2. Introduction 

 

2.1 Introduction to Biomedical Optics 

 Medical imaging first began with the discovery of the X-ray by Wilhelm Roentgen in 

1895, when Roentgen observed that X-rays traveled through human tissues of the hand with 

varying attenuation depending on tissue type [1]. Roentgen’s early work identified barium as a 

suitable contrast agent for imaging, leading to X-ray fluoroscopy for medical imaging. 

Fluoroscopy enables X-ray imaging in real time, capturing patient motion, cannot acquire 3D 

images. This was accomplished by X-ray computed tomography (CT), which uses an X-ray 

source-detector array swept through a circular path to acquire tomographic image slices of a 

patient.  

Nuclear magnetic resonance (NMR) was a phenomenon discovered in 1938 by Rabi et al. 

that was developed for analytical chemistry applications. With the discovery that NMR could 

distinguish between healthy and cancerous human tissues by Damadian in 1971 [2], NMR 

became the foundation for magnetic resonsnace imaging (MRI), an imaging system based on this 

effect. MRI enables functional imaging of tissues (i.e. imaging of blood transport, metabolism, 

other tissue functions) with high spatial resolution through the entire thickness of the human 

body.  

However, there are some disadvantages to X-ray and magnetic resonance-based imaging 

modalities. These methods rely on the use of ionizing radiation, which is a known carcinogen 

and at high doses can also radiation burns and fatality via acute radiation syndrome [3]. These 

risks result in the necessity for strict regulation and control of radiation dose in both patients and 

physicians. These techniques also require expensive hardware, with CT scanners costing 

$200,000 to $700,000 and MRI suites costing $1,000,000 to $4,000,000.  

Biomedical optics is a rapidly growing field of research focused on the development of 

light-based technologies for both diagnosing and treating disease. Light-based diagnostic 

techniques possess many advantages over other imaging modalities as shown in Table 1 . Optical 

imaging and spectroscopic techniques use safe, non-ionizing optical radiation to evaluate light 

transport through tissues.  These methods can differentiate between soft tissues of various types 

and disease states through changes in optical absorption and scattering behavior [4]. Optical 

absorption measurements are particularly sensitive to changes in oxy- and deoxy-hemoglobin 
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concentrations as well as blood oxygen saturation, which can be useful in studying tissue growth, 

metabolism, and function. In particular, monitoring changes in hemodynamics and oxygenation 

can enable detection of angiogenesis and hypermetabolism, which are hallmarks of cancerous 

tissues [5]. Optical scattering measurements typically provide information on molecular size 

distributions [6] or tissue fiber orientation [7]. Optical imaging systems are also typically cheaper 

than CT or MRI systems by an order of magnitude due to their mass-produced electro-optic and 

opto-mechanical system components (e.g. diode lasers, light-emitting diodes (LEDs), fiberoptic 

cabling, lenses, etc).   

 

Table 1. Comparison of various medical imaging modalities. Adapted from [4].  

Characteristics X-ray Imaging Ultrasonography MRI Optical Imaging 

Soft-tissue contrast Poor Good Excellent Excellent 

Spatial resolution Excellent Good Good Mixed* 

Maximum imaging depth Excellent Good Excellent Good 

Function None Good Excellent Excellent 

nonionizing radiation No No Yes Yes 

Data acquisition Fast Fast Slow Fast 

Cost Low Low High Low 
*High in ballistic imaging and photoacoustic tomography, low in diffuse optical tomography. 

 

2.2 Fundamentals of Light-Tissue Interactions 

 While biomedical optics has grown significantly, the major challenge in optical imaging 

and diagnostics was and still is understanding the complex interactions between optical photons 

and tissue constituents, then using these concepts to improve light transport and increase the 

quality of recoverable information about the tissue of interest. In this section,  

 2.2.1 Light Sources 

Delivery of optical energy into a biological tissue is governed by many factors, and the 

characteristics of the light source will influence subsequent light transport through turbid media. 

One major consideration is the degree of coherence of the light emitted by a source. Coherence is 

a property of electromagnetic waves defined as having interference that does not change in space 

or time. Coherence may be considered in either the spatial domain, where low coherence 

indicates spatial variations in wave interference, or the temporal domain, where low coherence 

indicates high variations of wave amplitude over time. Many optical systems use monochromatic 

continuous-wave (constant amplitude and wavelength) lasers because of their high spatial and 

temporal coherence as well as their efficient coupling with collimating lenses, resulting in a 
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Gaussian beam of photons traveling along the axis of the beam. The small spectral bandwidth (< 

1 nm) of lasers also allows highly specific targeting of absorbing or fluorescent chromophores in 

biological media. 

In other applications, diffuse sources, such as light-emitting diodes (LEDs), are used to 

deliver light over a large volume within tissues. LED chips may be ideally considered as 

Lambertian point sources that emit equally over all angles within a hemisphere, but these sources 

are incoherent, and emit light in a rapidly-diverging cone. LEDs also have much higher spectral 

bandwidth (~5-50 nm at full-width half-maximum) compared to lasers, which can reduce the 

efficacy of absorption-dependent imaging and spectroscopic techniques.  

 

2.2.2 Tissue Optical Properties and Light-Tissue Interactions 

Light transport through a turbid medium is determined by the intrinsic optical properties 

of that medium. The first property to consider is the refractive index, the ratio of the speed of 

light in vacuum to the speed of light of the medium. As light travels through an interface 

between media of different refractive indices, refraction will occur according to Snell’s Law. For 

collimated light orthogonal to the tissue surface, there is negligible refraction, while a diffuse 

source would experience higher refraction. Although tissues are heterogeneous materials, they 

may be considered to have a group or bulk refractive index with a typical range of 1.3-1.5 

depending on the relative volume fractions of tissue constituents and the optical properties of 

each constituent.  

 In turbid (light scattering) media, the particle model of light (where light consists of 

particles called photons) is useful for describing light-tissue interactions. As a photon travels 

through a medium, there is an increasing probability of interacting with a molecule within the 

medium. If this interaction occurs, there is a probability that the photon will be absorbed by the 

molecule and converted into some other form of energy (e.g. thermal energy, fluorescent 

remission at a different wavelength/energy content). The property describing this phenomenon is 

the optical absorption coefficient    [mm
-1

], which describes the average number of absorption 

events that occur per unit length inside the medium. If the medium is purely absorptive and non-

scattering, the inverse of    is equivalent to the mean free path (MFP), the average travel 

distance of a photon before absorption.  
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 Another critical phenomenon in photon transport is scattering. As photons travel through 

an optical medium, they may interact with molecules and undergo elastic scattering, changing 

direction after interacting with a particle in the medium. The optical scattering coefficient,    

[mm
-1

], represents the average number of scattering events per unit length. In elastic scattering, a 

photon becomes absorbed by a particle but then remitted without losing energy. However, 

because there is information loss during the absorption event, the photon is generally remitted on 

a different trajectory. The probability distribution function of the remitted trajectory can be 

described using a scattering phase function. For biological tissues, the Henyey-Greenstein 

function has been shown to best describe experimental data. This function calculates the 

probability distribution function of the remission trajectory,  ( ), as  

  ( )  
 

  

    

           ( )    
      ∫ ∫  ( )    ( )      

 

 

  

 

 Eq. (1) 

where   [rad] is the angle relative to the initial trajectory and   [-] is the anisotropy factor, an 

intrinsic optical property that describes the scattering distribution. Positive values of   denote 

forward scattering media, while negative values of   denote backward scattering media. 

For    , scattering is isotropic, with equal probability of remission in any direction from a 

scattering event, while     would represent remission only along the initial trajectory. Most 

tissues have anisotropy values from 0.7-0.9, indicating that these media are highly forward 

scattering. Figure 1 shows the Henyey-Greenstein phase function value with scattering angle for 

various values of  . It is often convenient to define a lumped parameter called the reduced 

scattering coefficient: 

   
    (   ) Eq. (2) 

In the visible and NIR wavelength ranges, the tissue scattering coefficient is typically much 

higher than the absorption coefficient, indicating scattering-dominated light transport, also 

known as the diffuse transport regime. However, for some wavelengths absorption is more 

significant due to an absorption peak of water or various hemoglobin species. As such, it is often 

important to consider a reduced total attenuation coefficient,   , which combines attenuation 

from absorption and scattering events into a single parameter: 

         
  Eq. (3) 
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Figure 1. Scattering angle distribution defined by Henyey-Greenstein function for various values of g. 

 

2.3 Limitations of Light Delivery in Biological Tissues 

Optical diagnostic and therapeutic technologies are fundamentally limited due to heavy 

absorption and attenuation of light in biological tissues, resulting in low penetration depth and 

poor signal quality degradation in deeper tissue regions. Transmission of collimated light 

through tissues may be approximated using Beer’s Law, an idealized description of one-

dimensional light transmission through an absorbing media. Beer’s Law states that the optical 

intensity as a function of depth in an optical medium, I(z), may be calculated as 

  ( )     
     Eq. (4) 

Where    is the incident irradiance on the tissue surface and   is the depth into the medium. The 

assumptions of this law are that 1) the medium is non-scattering and homogeneous, 2) incident 

light consists of parallel rays (highly collimated), 3) absorption events are independent, and 4) 

there are no emission effects resulting from excitation by input light. Biological media create 

deviations from Beer's Law because of their high scattering, heterogeneity, and emission due to 

fluorescence of extracellular proteins such as collagen.  

 The penetration depth,   , of a collimated beam may be defined as the mean free path of 

an attenuation (both absorption and scattering) event as the depth at which the intensity is 36.7% 

(1/e) of the incident irradiance. In terms of the reduced total attenuation coefficient,   , this may 

be written as 
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(     
 )

 Eq. (5) 

Because tissues are diffuse media, the effective penetration depth,     , is a better estimate of 

penetration depth. δeff is defined from the effective attenuation coefficient,     , as 

      
 

    
 

 

√   (     
 )

 Eq. (6) 

Figure 2 shows the optical properties and penetration depths as a function of wavelength for ex 

vivo porcine skin. Data were calculated from spectrophotometric data using inverse-adding 

doubling (see Chapter 3). From Figure 2(f), it is clear that optical penetration depth is greatest 

from ~600–1300 nm, often referred to as the ‘optical window’ for biomedical optics and agrees 

with published data [8, 9]. While biological tissues do not meet all the assumptions of Beer’s 

law, tissues have been empirically observed to exhibit exponential attenuation in depth that may 

be described using   or      in place of µa depending on whether or not the tissue may be 

considered scattering-dominated (diffusion approximation) at the wavelength of interest.  
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Figure 2. Optical properties of ex vivo porcine skin determined from spectrophotometry (N=5). a) Absorption coefficient, 

b) Reduced scattering coefficient, c) Reduced total attenuation coefficient, d) penetration depth, e) Effect attenuation 

coefficient, f) Effective penetration depth. 

 
 

2.4 Chemical Optical Clearing 

Biological tissues are heterogeneous materials primarily comprised of cells, water, blood, 

and proteins. This heterogeneity leads to high turbidity due to refractive index mismatches 

between various tissue constituents, including proteins, cells, water, and blood [10-13]. This 
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turbidity attenuates delivered light and prevents delivery of collimated light to deep tissue 

regions (e.g. tumors, blood vessels, subcutaneous fat beneath skin). Tissue scattering also 

reduces imaging resolution and signal quality as imaging depth increases. While tissue optical 

properties were traditionally considered constant, studies have shown that application of certain 

chemical agents can cause reversible reductions in tissue light scattering [10, 12, 14-16]. In the 

past 15 years, “chemical optical clearing agents” have been applied in many biological tissues, 

including ocular sclera [17], gastrointestinal tract [18, 19], muscle [20] and skin [9, 12, 16, 18, 

21-24]. Chemical optical clearing can reduce tissue scattering and enable deeper light delivery 

for diagnostic or therapeutic applications. Chemical optical clearing has been shown to improve 

imaging for optical coherence tomography (OCT) [25, 26], two-photon microscopy [27], second 

harmonic generation imaging [28], and near-infrared reflectance spectroscopy [19].  

While chemical optical clearing techniques are becoming frequently studied, there are 

still questions as to the mechanisms of chemical optical clearing. Early studies suggested that 

agents such as glycerol and polyethylene glycol replace interstitial pore water, reducing 

refractive index mismatch between pore fluid and the collagen matrix. The refractive index of 

tissue can range from 1.3-1.5 [29, 30]. Measurement of dry collagen refractive index determined 

that collagen is a birefringent material, with a refractive index of 1.38 in the axial direction and 

1.51 in the radial direction [31]. Because water has a refractive index of 1.33, replacement by 

optical clearing agents substantially reduces refractive index mismatch between pore fluid and 

collagen by ~50%. Using the Lorentz-Lorenz rule of mixtures [32], it is possible to relate the 

refractive indices of tissue constituents (       and         ) to the bulk (average) refractive 

index,       , based on the volume fraction (       and          ) of each constituent: 

      
   

     
   

 
      

   

      
   

       
        

   

        
   

(        )                   Eq. (7) 

Dehydration has also been proposed as a mechanism of optical clearing. Rylander et al. 

performed glycerol immersion and air immersion of rat skin and tail tendons. While glycerol 

immersion is a chemical clearing technique, air immersion does not replace interstitial pore water 

with another liquid; water is pulled out of the tissue due to osmotic pressure at the tissue surface, 

causing the tissue’s porous structure to shrink, reducing pore volume and increasing matrix 

stiffness. Because air immersion, which operates only by dehydration, produced similar optical 

clearing effects to those of glycerol immersion, the authors concluded that dehydration is a 

necessary mechanism underlying chemical optical clearing.  
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Collagen dissociation is another potential mechanism for chemical optical clearing, first 

proposed by Yeh et al. [28, 33]. These studies determined through second harmonic generation 

imaging that collagen structures can be reversibly dissociated by exogenous chemicals including 

glycerol, which reduces scattering caused by the birefringent collagen fibrils. Hirshburg et al. 

[34] demonstrated a correlation between collagen solubility and optical clearing in rodent skin, 

indicating that good collagen solvents are better optical clearing agents. Recently, Hirshburg et 

al. [35] determined through Raman spectroscopy that chemical optical clearing is governed by 

disruption of the collagen hydration shell layer, and that replacing the hydration shell with 

optical clearing agents homogenizes the refractive index of the tissue. 

 While the mechanisms of chemical optical clearing have been extensively studied, there 

are still open questions about their clinical application. Chemical optical clearing requires 

delivery of exogenous chemicals to the body; with regards to skin tissue, the barrier function 

afforded by the stratum corneum to keep infectious microbes out of the tissue must be 

compromised. There have been several studies that have investigated improving chemical optical 

clearing techniques using other additional techniques, including sandpaper grinding [36], 

fractional ablation [37], light irradiation [38, 39], and chemical penetration enhancers [19, 40-

42]. In addition, Yoon et al. reported the use of a microneedle roller to improve optical clearing 

agent permeation through microchannels created in ex vivo skin samples [43]. Xu et al. 

demonstrated that sonophoresis (ultrasound-enhanced drug delivery) could be used to enhance 

optical clearing in skin as evaluated using OCT [44]. Kang et al. performed a comparative study 

by investigating different combinations of large-area uniaxial compression, glycerol immersion, 

and microneedling [13]. They determined that combination of chemical immersion and 

compression yielded the largest increases in light transmission and beam profile quality. 

 

2.5 Mechanical Optical Clearing 

Mechanical optical clearing is a new technology that utilizes mechanical loading to 

reversibly modify tissue optical properties. Based on their earlier work investigating the 

dehydration mechanism of chemical optical clearing [6], Rylander et al. hypothesized that 

interstitial water transport due to applied mechanical force would cause optical clearing in 

compressed regions of tissue [45]. To test this hypothesis, they developed prototypical 

mechanical Tissue Optical Clearing Devices (TOCDs). TOCDs consisted of arrays of 
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hemispherical translucent indenters within a vacuum chamber. As suction is applied, tissue is 

pulled around the indenters, causing a reaction force to compress the tissue beneath the indenters, 

creating regions of modified optical properties (see figref).  After applying TOCDs to in vivo 

human skin on the volar forearm, the device was removed and the skin was observed to redden in 

between indented regions, which may be indicative of blood accumulation (see Figure 3a-b). 

Indented regions were darker, suggesting that there was deeper light penetration with fewer 

remitted photons. Upon applying the TOCD to ex vivo porcine skin, the effect was repeated. 

Transmission-mode imaging of the optically cleared porcine skin showed increased delivery of 

white light through cleared regions compared with surrounding native tissue regions (see Figure 

3c-d). TOCDs were also demonstrated to affect photothermal heat generation in the cleared 

regions, and this was thought to be due to changes in thermal properties caused by changes in 

relative constituent volume fractions, e.g. decreases in tissue water and blood content. 

 

Figure 3. Photographs of in vivo human skin during application (a) and after removal (b) of the first TOCD prototype. 

Epidermal (c) and dermal (d) images of ex vivo porcine skin specimen trans-illuminated with visible light subsequent to 

application of the prototype to the epidermal surface [45]. Reprinted with permission from John Wiley & Sons Inc. 

 In another study by our group, Drew et al. evaluated optical clearing effects produced by 

TOCDs using Optical Coherence Tomography (OCT), a low-coherence interferometric imaging 
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technique capable of imaging turbid tissues at ~10 um resolution [46]. OCT signals can also be 

used to measure tissue thickness and depth-averaged refractive index using the technique of 

Sorin and Gray [47]. By employing the Lorentz-Lorenz rule of mixtures [32], the measured 

refractive index was related to tissue water volume fraction, with results indicating reduction of 

water content from ~70% to as low as 30% within tissue regions beneath the indenters (see 

Figure 4). As shown in Figure 5, OCT images captured in B-scanning mode (2D spatial imaging) 

and M-scanning mode (1D axial image over time, shown as a 2D image) demonstrated that 

TOCDs increase penetration depth of light, increasing signal strength and image quality in tissue 

regions beneath TOCD indenters. Another recent study from our group [48] refined this 

technique and investigated manual indentation of in vivo human skin. Results again showed 

increases in refractive index and reduction of calculated water volume fraction. OCT images also 

indicated thickness reduction of the stratum corneum and increased signal intensity measured at 

1 mm optical depth (see Figure 6).  

 

Figure 4. Skin thickness, mean group index, and water volume fraction versus time. Vacuum was applied to porcine skin 

after 4 s and continued through the 18-s time duration . 
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Figure 5. In vivo human skin: a) OCT B-scan image (850 nm) following application of the first TOCD. b) OCT M-scan 

image (1310 nm) before and during application of the first TOCD. c) OCT B-scan image (1310 nm) following application 

and removal of the second TOCD [46] Reprinted with permission from the Society of Photo Optical Instrumentation 

Engineers. 

 

Figure 6. Representative OCT images and analysis of a human fingertip (a) before and (b) after compression. White 

arrows denote the stratum corneum (SC). 
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Mechanical optical clearing has also been evaluated using bright field microscopy [49]. 

In this study, we used manual indentation with a 5 mm hemispherical indenter to mechanically 

clear ex vivo porcine skin samples, which were then placed over a 1951 USAF resolution target 

containing spaced black and white lines at various line spacing frequencies. Resolution 

capability and Michelson contrast were calculated using two region of interest (ROI) techniques 

(see Figure 7). The study was also performed for skin samples chemically cleared using glycerol 

or dimethyl sulfoxide. As shown in Figures Figure 8 and Figure 9, results demonstrated that 

mechanical indentation allowed visualization of the target bars beneath the turbid skin samples, 

and mechanical optical clearing providing superior resolution and contrast than chemical optical 

clearing for the same target elements. Data showed that the maximum resolution and contrast 

increased with increased tissue strain. Mechanical optical clearing achieved higher maximum 

resolution and Michelson contrast sensitivity compared with chemical immersion techniques, 

which created morphology changes that hindered resolution of target bars. 

 

Figure 7. 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 ROI 

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) [49]. Reprinted 

with permission from John Wiley & Sons Inc.  
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Figure 8. Representative images (ROI outlined in dashed boxes) and intensity plots for a) Group 1, Element 2 following 22 

N compression using ROI 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 [49]. Reprinted with permission from John Wiley & Sons Inc. 
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Figure 9. Differing morphologies of a: chemically cleared and b: mechanically cleared tissue specimens. White arrows 

indicate areas where structural modification is evident [49]. Reprinted with permission from John Wiley & Sons Inc. 

 

In this same study, we wished to establish a correlation between tissue indentation and 

dynamic light transmission. To accomplish this, a thought experiment was proposed (see Figure 

10): if we consider two tissue samples of different initial thicknesses, and the thicker sample is 

compressed to the same thickness as another thinner sample undergoing compression, will light 

transport through each sample be different? While tissue thinning will certainly result in 

increased transmission through compressed samples, we suspect that intrinsic optical property 

changes occur due to the deposition of mechanical energy into the solid and liquid components 

of the tissue. If stress relaxation tests were performed, where the thicker sample is indented in a 

ramp-hold displacement protocol to same final thickness as a thinner sample, what would 

happen? If light transmission changes during the hold phase at constant thickness, intrinsic 

changes must be occurring because the geometry is identical in both samples. We expected that 

the thicker sample would be more optically cleared than the thinner sample, resulting in 

increased light transmission, and that the light transmission would change over time while the 

sample underwent stress relaxation at constant final thickness. A combined mechanical/optical 

system for making force/displacement and light transmission measurements was developed as 

shown in Figure 11. This system consisted of a red continuous-mode laser source (optical power 

of 3 mW, spot size of 3 mm diameter) installed in the displacement cell of a BOSE Electroforce 

3100 mechanical load frame. A load cell attached to the housing supporting the tissue sample 

measured applied indenter force, while a photodetector placed beneath the tissue sample 

recorded dynamic light transmission during indentation tests. Force and light transmission data 

shown in Figure 12 indicate that tissue indentation increased light transmission during the ramp 
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phase, most likely due to a combination of mechanical optical clearing and tissue thickness 

decrease. However, light transmission continues to increase during the stress relaxation phase, 

even though tissue thickness is held constant. This suggests that the intrinsic optical properties 

must be changing, since tissue geometry is fixed. Also, the degree to which dynamic light 

transmission increased during stress relaxation was found to be correlated with applied tissue 

strain (relative deformation).  

 

Figure 10. Thought experiment governing dynamic light transmission during stress relaxation. During the initial phase, 

samples are installed in the load frame. In the ramp phase, the indenter is displaced at a linear rate, compressing both 

samples to the same final thickness, which is expected to cause mechanical optical clearing. Lastly, during the stress 

relaxation phase the thickness of compressed samples is held fixed, and further optical clearing is expected. 
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Figure 11. Compression experimental components. Optical power transmitted through porcine skin, applied load, and 

tissue thickness were recorded simultaneously [49]. Reprinted with permission from John Wiley & Sons Inc. 

 

Figure 12. Dynamic plots of a: Tissue thickness, b: Compressive load, and c: Light transmission through representative 

localized compression specimens of various initial thicknesses. Note dynamic increases in light transmission during stress 

relaxation at constant final thickness [49]. Adapted with permission from John Wiley & Sons, Inc. 
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Modification of tissue optical properties by mechanical loading has been recently 

investigated by several groups. Askar’yan [50] demonstrated that local mechanical pressure 

results in deeper penetration of light in biological tissue. Research led by Agrba, Kirillin, and 

Kamensky [51, 52] recently demonstrated use of mechanical compression for image contrast 

enhancement and for tissue optical clearing to observe pathological changes in tissue [21]. 

Kirillin noted that compression caused dark regions to form in the OCT images and attributed 

this effect to interstitial or intracellular water flowing into the imaged tissue region. Chan et al. 

[53] and Shangguan et al. [54] have reported increased absorption and scattering coefficients 

when uniform pressure is applied over large tissue area (∼100 mm
2
) [24, 25]. These results differ 

from those of Askar’yan [50], Agrba et al. [21, 22], and Rylander [6, 45], but this is likely 

because these studies used uniform compression over a large area of tissue, while other works 

used local mechanical compression to induce smaller (∼1 mm
2
) compression zones, creating 

higher local pore pressure gradients within the tissue. 
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Chapter 3. Mathematical Modeling of Mechanical Optical Clearing 

 

3.1 Introduction 

Biological tissues are naturally turbid media due to refractive index mismatches between 

various tissue constituents, including proteins, cells, water, and blood [10-13]. This turbidity 

significantly reduces the efficacy of optical diagnostics and therapeutics. Tissue optical clearing 

is an emerging technique in which exogenous chemical agents are delivered to the tissue to 

reduce light scattering and absorption. One proposed mechanism of this effect is tissue 

dehydration, where such hydrophobic optical clearing chemical agents are used to displace 

interstitial water, changing local protein and water volume fractions and reducing index 

mismatching [55, 56]. Mechanical optical clearing is a recently developed technique in which 

mechanical force is used to reversibly and locally modify tissue optical properties, reducing light 

scattering and absorption. Our previous work has demonstrated that mechanical optical clearing 

of tissues results in increased light penetration depth [45, 46] as well as increased imaging 

resolution and contrast [57]. These effects are thought to be the result of reversible lateral water 

displacement caused by localized mechanical loading. As the tissue is indented or compressed, a 

pressure gradient develops within the tissue, driving interstitial water away from the compressed 

region.  

 This observed phenomenon is a complex interaction between the mechanical and optical 

domains of tissue response. As mechanical energy is transferred to the tissue, interstitial fluid 

transport is coupled to the mechanical response. The fluid transport, in turn, will modify the 

spatial distribution of tissue components, altering the optical properties e.g. absorption and 

scattering coefficients, resulting in enhanced light transport through the tissue. A fundamental 

understanding of the mechanisms of this effect is needed in order to guide further development 

of this technique for clinical applications. In addition, a computational framework is required in 

order to convert information from measured signals into information about intrinsic tissue 

properties, e.g. permeability or stiffness. From a previous study, we have observed that during 

“ramp-and-hold” stress relaxation tests, tissue light transmission increases as the tissue 

undergoes higher compressive strain (relative thickness change). However, when the level of 

strain is held constant, light transmission continues to increase even though tissue geometry is 

fixed, illustrating that additional mechanisms in addition to tissue thinning are present during 
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mechanical optical clearing. Another previous study demonstrated improved image quality using 

optical coherence tomography and imaging in vivo human and ex vivo porcine skin through a 

transparent indenter. Results showed that water volume fraction decreased as tissues were 

dehydrated in air, and that the measured increases in refractive index led to higher signal strength 

normalized to imaging depth.  A previous modeling study demonstrated that moderate changes in 

scattering coefficient and refractive index could significantly increase light transmission even 

after taking into account transmission increases due to tissue thinning, but this model did not 

explicitly model the coupled behavior of fluid flow through a solid matrix.  

In this study we propose a computational model of the mechanical optical clearing effect 

that combines computational modeling techniques from both mechanical and optical disciplines 

for investigating the underlying mechanisms of mechanical optical clearing (see Figure 13). In 

this model, we use a coupled mechanical poroviscoelastic model to simulate interstitial water 

transport caused by soft tissue deformation, then perform optical Monte Carlo simulation on the 

deformed tissue geometry to predict modified light transport. We will use this model to identify 

relationships between different material parameters and simulated output signals. Some inputs to 

the model will be provided from tissue characterization data, while other properties will be fitted 

to outputs from mechanical indentation experiments.  

 

Figure 13. Computational model framework, denoting inputs, model components, and outputs. 

 

3.2 Mechanical and Optical Tissue Characterization 
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 Any mathematical model requires experimental data, both as input parameters and a 

means of validating predicted output signals. The proposed multi-domain framework requires 

data inputs from both mechanical and optical domains that will now be described in detail.  

 

 3.2.1 Hyperelastic Tissue Characterization 

 Soft tissues exhibit nonlinear elastic (hyperelastic) behavior and are thus capable of 

undergoing large deformations without failing. Most soft tissues can be approximated as having 

a two-phase stress/strain curve; the first phase is the ‘toe region’, where fibers in the tissue are 

randomly oriented and do not offer much resistance to deformation. However, as the tissue is 

further deformed, the fibers begin to align with each other, increasing tissue stiffness.  Many 

models have been developed to capture this behavior, but the most common forms of the 

stress/strain relationship for soft tissue are the reduced polynomial and Ogden forms. The 

reduced polynomial form is written as  
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where   is chosen in this study to be equal to 3,   ,   , and    are fitting parameters,      are the 

orthogonal stretch ratios, and J is the total volume change [58]. The stretch ratios and volume 

change are automatically calculated by Abaqus from the data to be fit, and    is calculated from 

Poisson’s ratio. 

 3.2.2 Viscoelastic Tissue Characterization 

 In addition to behaving as nonlinear elastic materials, soft tissues are also viscoelastic 

materials that undergo strain-rate-dependent changes in mechanical stiffness. The shear stress, 

T(t), is defined as the convolution of the shear strain rate,  ̇( )  shear relaxation modulus,  ( ), 

that may vary with time: 

  ( )   ∫  (   ) ̇( )  
 

 

 Eq. (10) 
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where s is a dummy variable. A common way to represent the time-dependency of  ( ) is the 

Prony series, which defines a discrete time-dependent normalized shear relaxation modulus, 

     ( ), as: 

      ( )    ∑  (        )

 

   

 Eq. (11) 

where   is chosen in this study to equal 3, and    and 𝜏  are material constants. In Abaqus, this is 

coupled to the hyperelastic constituent relationship by multiplying the parameters of the 

hyperelastic material law by  ( ). For the reduced polynomial form, this is written as 
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and for the Ogden form this is written as  
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This is reasonable because the coefficients of the hyperelastic form are simply related to the 

initial (zero strain) shear modulus, G0. For the reduced polynomial form (N=2),  

     (   ) Eq. (14) 

and for the Ogden form,  

    ∑  

 

   

 Eq. (15) 

 We performed stress relaxation experiments (N=8) using a 3-mm diameter hemispherical 

indenter. In stress relaxation tests, the tissue sample is deformed at some fixed strain rate to a 

specified strain, then held at that strain while the tissue relaxes, reorienting its fiber matrix to 

relieve the most stress. The calculated stress/strain data were normalized to the peak stress and 

entered into Abaqus.  

 

 3.2.3 Optical Tissue Characterization 

 One of the most important portions of the computational model is the conversion of local 

water volume fraction to intrinsic absorption and reduced scattering coefficients. To calculate 

tissue optical properties as a function of dehydration, ex vivo porcine skin specimens as 
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described in the previous section were cut into 20 mm x 50 mm strips and placed in a desiccator 

for zero, 2, or 6 hours (N = 5 for each dehydration time) in order to cause tissue water loss. Mass 

measurements before and after dehydration allowed estimation of the water loss by volume. 

Specimens were then placed sequentially at the front and back ports of an integrating sphere 

attached to a spectrophotometer (Cary 5000, Agilent Technologies, Santa Clara, CA), allowing 

for measurement of both diffuse transmittance and diffuse reflectance, respectively, over a 

spectral range of 400-1800 nm. Both measured signals were normalized to a NIST-traceable 

Spectralon reflectance standard (Spectralon SRS-99-020, Labsphere, Inc.; North Sutton, NH). To 

calculate optical absorption and reduced scattering coefficients from reflectance and 

transmittance data, the inverse adding-doubling (IAD) algorithm was used [59]. To use this 

method, we assumed the anisotropy factor,   , to be equal to 0.9 and the refractive index,   , to 

be equal to 1.38 at all wavelengths. Results are shown in Figure 14 . In order to input these data 

into Abaqus while the simulation was running, a Fortran subroutine was passed to the Abaqus 

simulation that calculated and wrote to file the optical properties as functions of the water 

volume fraction of each finite element for each data output request over time.  

 

 

Figure 14. Calculated absorption and reduced scattering coefficients for different levels of dehydration. 

 

3.3 Mechanical Finite Element Model  

Biphasic poroelastic finite element (FE) models have been used broadly to characterize 

the mechanical behavior of hydrated soft tissues [60-65]. Such models describe coupled 

responses between a solid phase (e.g. extracellular matrix, collagen) and a liquid wetting phase 

(e.g. water). Abaqus (Simulia, Warwick, RI), a commercial FE software package, was used to 
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develop a biphasic mechanical finite element model of tissue indentation and the resulting 

mechanical response of both solid and liquid phases. This model is built by coupling  a nonlinear 

elastic FE model and a model of the fluid transport through a porous medium [60]. The solid 

matrix is modeled as a hyperelastic, viscoelastic material with a fluid flowing through the pores 

of the solid structure. Flow for a wetting fluid through a porous medium may be modeled using 

Darcy’s law for slow laminar flows driven by pore pressure gradients [66, 67]: 

     
 

     
   Eq. (16) 

where    is tissue porosity, v is the fluid velocity, k is the tissue hydraulic conductivity,   is 

fluid density,    is acceleration due to gravity, and    is the interstitial pressure gradient. There 

are many effects that can change tissue hydraulic conductivity, but any effect that alters pore size 

and geometry will change the resistance to interstitial flow provided by the pores. Hydraulic 

conductivity is known to be highly nonlinear in articular cartilage [68], and its dependence on 

tissue deformation may be written as 

  ( )    exp (𝑀
    

    
 ) Eq. (17) 

where    is the initial void ratio, e is the current void ratio,    is the initial hydraulic 

conductivity, and M is a tunable constant. We expect this nonlinear dependence on void ratio 

(and in turn tissue strain) to be critical to achieving good fidelity between the model and 

mechanical datasets because of large compressive deformations. In this study we do not 

experimentally determine the hydraulic conductivity, but leave it as a part of the parameter set to 

be fitted in an optimization routine.  

One of the outputs of this biphasic FE model is the spatial water distribution over time 

within the biphasic tissue. Because the water volume fraction varies in space and time, the 

optical properties should also vary as a function of the water fraction. To implement this 

relationship, we use a simple look-up table approach. We performed optical property 

measurements (described in the experimental data section) for skin samples undergoing different 

degrees of dehydration over a large spectral range, allowing for selection of an interpolant for 

optical properties specific to a chosen wavelength. The distribution of optical properties in space 

and time could then be input to Monte Carlo simulations.  

In this study, the mechanical biphasic model will be used to simulate ramp-and-hold 

stress relaxation experiments using indentation-mode deformation. The geometry and boundary 
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conditions of the mechanical simulations performed are shown in Figure 15. The bottom of the 

skin sample was fixed, and no pore flow was permitted across any outer edge of the mesh. A 

rigid nonporous indenter was constrained to compress the deformable skin sample to 50% bulk 

compressive strain at a strain rate of 0.1 sec
-1

, then held in place as the sample underwent stress 

relaxation. The indenter/sample interface was assumed to be frictionless.  

 

Figure 15. Configuration for finite element simulation of stress relaxation experiments. 

 

3.4 Optical Monte Carlo Simulation 

Optical simulation of biological tissues is most commonly performed using Monte Carlo 

(MC) simulation [69]. These methods typically assume the particle model of light, where 

photons travel along rays through the simulated medium. Monte Carlo methods also assume that 

optical wave effects such as interference may be ignored. Monte Carlo methods are stochastic in 

nature; a large number of photons are launched randomly through a mesh of elements or voxels, 

with physical laws for reflection, refraction, scattering, and absorption determining each 

photon’s path. Light transport through tissues is governed by the radiative transport equation (or 

Boltzmann transport equation for general electromagnetic particles). However, analytical 

solutions of the radiative transfer equation are usually impossible for realisticly complex models 

and boundary conditions due to the large number of independent variables to be solved [70]. The 

diffusion approximation (assumption that photons follow diffusion-like behavior) makes 

analytical solution more feasible, and biological tissues are well modeled by this assumption due 

to their high ratio of scattering to absorption behavior. Compared with analytical solutions, MC 
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methods offer lower computational cost and simpler inclusion of multiple boundary conditions 

compared with analytical methods [70]. For sufficiently large numbers of photons, Monte Carlo 

simulation outputs converge to an accurate description of photon transport in turbid, diffuse, and 

heterogeneous media such as biological tissues [71].  

Given spatial distributions of optical properties predicted by Abaqus, optical MV 

simulation could be performed accounting for these fully heterogeneous media. We chose to use 

TIM-OS, an open-source MC simulator developed by Shen and Wang [72]. TIM-OS is designed 

to efficiently run MC simulations on 3D meshes of tetrahedral elements, where each individual 

element may have its own optical properties. Figure 16 shows the boundary conditions for these 

simulations, and tabref provides optical properties for each material region (note that skin optical 

properties will change over time slices due to optical clearing effects). The geometry of the 

indented tissue sample was extended such that no more than 5% of photons exited out the side of 

the mesh. Each run simulated 10
8
 photons traversing the mesh, which contained on average 

~400,000-500,000 elements.  

Because TIM-OS only performs 3D (tetrahedral) simulations, but FE simulations were 

modeled in 2D (with rectangular axisymmetric elements), the geometry and outputs of each FE 

solution needed to be mapped to a new 3D mesh. Custom code was written in Matlab (The 

Mathworks, Natick, MA) to read the 2D geometry of the indented tissue and write a Python 

script to be fed to the Abaqus GUI. This Python script would then command Abaqus to generate 

a 3D tetrahedral mesh from the deformed 2D rectangular FE mesh. The 2D radial distribution of 

varying optical properties in the skin sample was used to generate a 3D interpolation space based 

on a Delaunay triangulation in Matlab. The code then assigned each tetrahedron optical 

properties based on the position of the element’s centroid relative to the axis of symmetry about 

the indenter at each point in time. If the element centroid was located outside the region of 

significant optical clearing (>0.5%), it was assigned the baseline (initial) optical properties. 

We are interested in the temporal dynamics of mechanical optical clearing, and since the 

mechanical finite element model provides output over time, it would be desirable to have optical 

MC simulations performed at each point in time. Since the dynamics of mechanical optical 

clearing are very slow compared to the speed of light, each MC simulation is a steady-state 

simulation. If we use a steady-state MC simulation at each time frame we request output from 

the mechanical model, a multiframe snapshot of the optical response over time can be predicted 
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and overlaid with mechanical results. To accomplish this, code was written in Matlab to read the 

mechanical FE output mesh geometry and optical property distributions for each time point of 

interest.  After MC simulation, Matlab was used to process each time frame of optical outputs 

and calculate percentages of photons that were transmitted through the bottom of the glass slide 

(transmittance), reflected through the top of the glass indenter (reflectance), or absorbed by the 

tissue (absorbance).   

 

Figure 16. Geometry of MC simulations, shown in the initial time frame corresponding to the first frame of mechanical 

simulations. Skin contains varying optical property distributions, glass and air have fixed properties. 

 
Table 2. Optical properties for material regions in MC simulations. Note that skin values for absorption and scattering 

coefficients will change during simulations based on water transport from FE models.  

Region    [mm
-1

]   
  [mm

-1
]   [-] 

Skin (baseline) 0.064 2.40 1.38 

Glass 0.001 0.001 1.5 

Air 0.001 0.001 1.0 

 

3.5 Results 

3.5.1 Parametric Study of Nonlinear Poroelastic Model 

 In order to better understand the mechanical model, a parameter study was performed on 

a nonlinear poroelastic model of hemispherical indentation. In this model, porcine skin was 

modeled as a hyperelastic porous medium, where the solid matrix is assumed to not be 

viscoelastic. This reduces the parameters to the nonlinear stiffness, E(e), hydraulic conductivity, 

k, and Poisson’s ratio, ν, and the initial tissue porosity (fixed as 70%). For this parameter study 

we chose to fit a hyperelastic material law to measured stress/strain data, leaving k and ν to be 

varied. To collect hyperelastic characterization data, a BOSE Electroforce mechanical load frame 
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(BOSE, Eden Prairie, MN) was used to perform uniaxial indentation on ex vivo porcine skin 

samples using a flat-tipped, glass, 3 mm-diameter indenter. Tissue load and displacement were 

measured and used to calculate stress and strain. Specimens (N = 5) were indented to 50% 

compressive strain at a rate of 0.02 mm/s. Once the stress/strain data was acquired, Abaqus was 

used to fit a 3-term Ogden model to the data. In this parametric study, Poisson’s ratio was set to 

0.2, 0.3, or 0.4. 

Table 3 shows fitted Ogden parameters for different values of Poisson’s ratio, 

demonstrating that Poisson’s ratio only affects   , and that the other portion of the Ogden model 

is unchanging over the parameter study. Figure 14 shows the calculated optical properties to be 

used as the look-up mapping. The decreased absorption at infrared wavelengths is indicative of 

water loss, and scattering decreases with both wavelength and tissue dehydration as expected. 

Discontinuities at 800 nm are the result of detector change when scanning large spectral ranges. 

With these data, the model could be executed for the parametric study described previously.  

 Water transport through the porous medium is defined in terms of the permeability, k 

[m/s], and porosity, p [%]. For parametric study, k was set to 4e-8, 4e-9, or 4e-10 m/s. Porosity, 

the fraction of void volume to total tissue volume, was assumed to be 70% since the fractional 

volume that is not filled with solid protein matrix will be mostly water, which is approximately 

70% of skin tissue by volume [73].  

 

Table 3. Fitted Ogden hyperelastic model for various values of Poisson’s ratio. 

 

ν 

0.2 0.3 0.4 

     [MPa]*    [-]* 

   

[MPa
-1

] 

   

[MPa
-1

] 

   

[MPa
-1

] 

1 0.672 0.765 20.4 12.6 5.83 

2 0.0391 7.67 0.0 0.0 0.00 

3 -0.638 0.0922 0.0 0.0 0.00 

* independent of ν 
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Figure 17. Representative force relaxation curves for k = 4 x 10-8 m/s. Curves are of different length because steady state 

was reached more quickly for higher Poisson’s ratio, terminating the simulation.  

 

Figure 17 shows representative force relaxation curves for three different values of 

Poisson’s ratio with a fixed permeability of 4 x 10
-8

 m/s. It is evident from these data that the 

force relaxation may follow an exponential decay. To evaluate this effect, we calculated the 

apparent time constant, 𝜏  through an exponential fit of force data after the maximum value as 

summarized in Table 4. To determine the influence of mechanical properties on 𝜏 , we plotted 

𝜏  as a function of both k and v for each permutation of values as shown in Figure 18. For each 

fixed permeability value, 𝜏  was seen to linearly decrease with increasing Poisson’s ratio, while 

in fixed Poisson’s ratio cases 𝜏  followed a power law, decreasing dramatically with increased 

permeability. Because the values of 𝜏  vary widely between these parameter sets, we compared 

the fitted parameters by normalizing them to the mean of the fitted data.  

 

Table 4. Force time constants from nonlinear regression. All coefficients of determination exceeded 0.98. 

Table for 𝜏  [sec] ν 

k [m/s] 0.2 0.3 0.4 

4e-8 1.86 1.18 0.755 

4e-9 14.1 8.76 5.29 

4e-10 85.8 65.1 35.6 
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Figure 18. Time constants as functions of mechanical parameters for a) fixed k = 4 x 10-9 m/s, and b) fixed v = 0.3. 

 

 In addition to parameterizing the intrinsic tissue properties, we also varied indenter 

geometry in order to study changes to the distribution of optical properties. Figure 19 shows 

steady-state reduced scattering coefficient distributions using the poroelastic model with k = 4e-8 

m/s, v = 0.3. The predicted optical clearing regions in Figure 19 match observed changes in 

optical properties, with hemispherical indenters producing darker recessed tissue close to the 

indenter axis, and flat indenters having the greatest optical clearing at the brim of the indenter. 

Figure 20 compares optical clearing efficacy before and after a stress relaxation period.  Results 

show increased change in water distribution and optical property distribution over the relaxation 

period. Interestingly, the model predicts water accumulation outside the indented tissue region in 

the most superficial layers, an effect observed in previous work [49]. In Figure 21 a similar trend 

is observed, where the depth-averaged water volume fraction increases about initial value outside 

of the cleared region. The increase in depth-averaged reduced scattering coefficient means that 

the area of water accumulation will appear more turbid, matching experimental observations. 

Optical fluence through a 2D slice of the 3D optical mesh was extracted from Monte Carlo 

simulations as shown in Figure 22, indicating the classic radial diffusion pattern in both 

geometries. Hemispherical indenters creating focusing a short distance from the tip of the 

indenter, while flat indenters created a more uniform fluence distribution in the tissue.  
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Figure 19. Reduced scattering coefficient results [mm-1] for indentation to 25% bulk compressive strain with v = 0.3, k = 

4e-9 m/s. Simulations were performed for both a) hemispherical and b) flat indenters, each with  a 3 mm diameter. 

Optical clearing profiles are compared to in vivo indentation using c) round and d) flat indenters of the same diameter.  

 

Figure 20. Example of transient changes in reduced scattering coefficient for ν = 0.2, k = 4e-8 m/s a) after indentation and 

b) at steady state. Note the water accumulation region (dark blue), which relaxes during the dwell period but increases in 

size.  
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Figure 21. Depth-averaged a) water volume fraction, and b) reduced scattering coefficient for different values of Poisson’s 

ratio. Dotted line indicates initial value. Note that away from the indenter, the water volume fraction and scattering 

coefficient slightly increase, suggesting water accumulation. 

 

Figure 22. Simulated optical fluence for a variety of indenter geometries, including a) 3 mm hemispherical, b) 3 mm flat, 

c) 5 mm hemispherical, and d) 5 mm flat. 

 

 3.5.2 Fitting of Poroviscoelastic Model 

 In this section, we add viscoelasticity to the material properties of the simulated skin 

samples in order to more accurately predict tissue relaxation and optical clearing. However, 

because this model has many unknown material parameters (6 viscoelastic parameters, 2 

hydraulic conductivity parameters) we performed an optimization routine using Matlab. Matlab 

would generate an Abaqus job script to solve a model, then Matlab would take the solution and 

compare it against experimental force data. Using the Nelder-Mead simplex optimization 

algorithms available in Matlab, predicted applied force was fit to data acquired from uniaxial 

compression stress relaxation tests. In these tests, 15-mm diameter discs of skin were 
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compressed to 25% compressive strain and held for 1,000 sec. As shown in Figure 23, the 

optimization routine found a good fit to the mean force response curve. It was evident from 

multiple executions of the routine that the use of nonlinear hydraulic conductivity was crucial for 

achieving the best fit. Optical transmission data reproduced dynamic trends observed in the data, 

but generally with high DC offsets. After normalizing each transmission curve to its initial value, 

the error between model output and data is significantly reduced.   

 

Figure 23. Optimized model fit to uniaxial stress relaxation force data (N=8). Table lists values of fitted parameters.  

  

Figure 24. Optical transmission predicted for one skin sample. Predicted optical output based on mechanical model fit to 

individual skin sample’s data (see Figure 23). 

 

3.6 Discussion and Conclusions 

 There are several areas where the model could be expanded to improve accuracy in 

predicting mechanical optical clearing effects. For this study we did not input data to describe 

changes in refractive index, but instead assumed refractive index was fixed. This assumption was 

made because optical property calculation using IAD was performed for two sets of data, diffuse 

reflectance and transmittance, allowing for fitting of absorption coefficient and reduced 
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scattering coefficient, but not refractive index. Our previous modeling study suggested that 

refractive index was an important parameter determining optical clearing efficacy [74], and we 

have recently determined a relationship between bulk refractive index and water volume fraction 

at 1310 nm [48]. In the future, this effect can be incorporated into future models. Finally, we 

assumed isotropic mechanical behavior for porcine skin due to a limited mechanical dataset, but 

skin is known to be a highly planar, anisotropic tissue. Future work may include performing 

mechanical tests in different deformation modes to create a more complete description of tissue 

mechanical responses, as well as investigating the likely anisotropic nature of hydraulic 

conductivity of skin. This would provide enough data to fit parameters of a transverse isotropic 

model for skin tissue, such as the Fung or Holzapfel models [75].  

 This model demonstrates a novel tool for examining the intersection of tissue 

biomechanics and biomedical optics. Comparison between model outputs and coupled 

mechanical and optical experimental data suggest that optical property change through interstitial 

water movement is a valid potential mechanism for mechanical optical clearing. Through further 

refinement, this model can be used to perform optimization of mechanical optical clearing 

devices.  
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Chapter 4. Applications in Diffuse Reflectance Spectroscopy 

 

4.1 Introduction 

Light-based diagnostic and therapeutic procedures are severely limited by the penetration 

depth of light in tissue. Biological tissues are heterogeneous materials primarily composed of 

cells, water, and proteins; spatial variations in tissue refractive index induce multiple scattering 

of incident light [12, 16, 53, 76]. This turbidity reduces the energy delivered to deep target tissue 

regions. 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. Such techniques modify tissue optical properties in order to increase delivery of light 

deeper into turbid tissues. One potential mechanism of optical clearing is tissue dehydration due 

to water displacement [6, 10, 12, 13, 16, 22, 24, 33, 45, 46, 56]. Mechanical optical clearing is a 

recently developed technique that maintains stratum corneum integrity, creates localized effects, 

and may exhibit fast rates of optical clearing [13, 45, 46]. 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 and altered tissue scattering and absorption [6, 

45, 46]. As tissue is compressed, water and blood are displaced laterally from regions 

undergoing high compressive strain (relative thickness change), decreasing local water volume 

fraction and thus reducing refractive index mismatch between constituents and lowering 

scattering and absorption. A previous Monte Carlo study has indicated that increases in 

transmission due to tissue thinning alone are not high enough to match experimentally observed 

light transmission increases during localized compression [74]. 

Mechanical optical clearing has been shown to increase imaging resolution and contrast 

[48, 77], as well as light transmission through ex vivo porcine skin [46, 77]. However, a 

fundamental understanding of resultant changes in intrinsic tissue optical properties during 

mechanical indentation is needed. Quantifying changes in optical properties using diffuse 

reflectance spectroscopy (DRS) would greatly add to our understanding of mechanical optical 

clearing techniques. DRS is a minimally-invasive technique that allows optical detection of 

physiological changes in tissue through wavelength-dependent measurements of backreflected 

light.  Measured spectra are typically analyzed with computational models and inverse look-up 

table approaches in order to extract tissue optical properties including absorption and reduced 



38 

 

scattering coefficients [78-82]. Fiberoptic DRS measurements are obtained by illuminating tissue 

with broadband light through an emitting optical fiber contained within a probe, usually in 

contact with the tissue. Light remitted from the tissue is collected by an adjacent collecting fiber 

and analyzed by a spectrometer to generate a diffuse reflectance spectrum (see Figure 25). 

However, many researchers have observed that applied probe pressure during indentation can 

affect tissue optical responses and properties [78, 83-87]. 

The goal of this study was to investigate the effects of localized mechanical indentation, 

particularly during transient stress relaxation, on the optical properties of ex vivo porcine skin. 

Our previous work has described the thickness-independent optical clearing effects of 

indentation on ex vivo porcine skin specimens [77]. Increased light transmission was found to 

correlate with tissue strain during indentation, with greater compressive strain resulting in greater 

light transmission increase. More importantly, light transmission continued to increase while 

holding the tissue in compression at constant thickness, indicating that mechanisms other than 

tissue thinning affected tissue light transmission. But these experiments were incapable of 

determining the optical properties of the tissue and how these properties were dynamically 

modified. This study explored the dynamic effects of different indentation depths on tissue 

optical properties. Diffuse reflectance spectra of ex vivo porcine skin specimens were obtained 

during displacement-controlled compression. Tissue thickness, load, light transmission, and 

diffuse reflectance spectra were simultaneously recorded during indentation and tissue optical 

properties were extracted from the diffuse reflectance spectra using a previously described 

inverse look-up table (LUT) model [79, 82]. We hypothesize that localized compression will 

induce local optical clearing effects (e.g. water transport) in the tissue, resulting in a reduction in 

reduced scattering coefficient.  
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Figure 25. Schematic of principles of DRS, showing a simple two-fiber configuration. Those photons that reach the 

collecting fiber have traveled through the ‘banana-shaped’ sensing volume (green). 

 

4.2 Methods 

 

4.2.1 DRS System  

A custom-built diffuse reflectance spectroscopy system (Figure 26a) was used to collect 

diffuse reflectance spectra from ex vivo porcine skin specimens during dynamic compression 

tests. Broadband light from a tungsten halogen lamp (Ocean Optics LS 1; Dunedin, FL) was 

delivered to the tissue via an emitting optical fiber within a custom fiberoptic probe. A collecting 

fiber adjacent to the emitting fiber collected remitted light and delivered it to a UV-VIS 

spectrometer with a range of 350-1000 nm and spectral resolution of 1.5 nm at FWHM (Ocean 

Optics USB 2000+). The custom DRS probe built for this study was designed 1) to illuminate the 

tissue and collect remitted light for reflectance spectra measurements, and 2) to indent tissue 

specimens. The fiber probe consisted of two adjacent multimode silica fibers (Thorlabs BFH-22-

200, NA = 0.22, 200 μm core diameter, 400 μm cladding diameter, Newton, NJ) placed within a 

flat-tipped 18 gauge hypodermic needle (0.838 mm inner diameter, 1.27 mm outer diameter) as 

shown in Figure 26b. Fibers were epoxy-bonded within the hypodermic needle and syringe using 

EP30 (Masterbond, Hackensack, NJ), resulting in a center-to-center source-detection separation 

of ~400 µm. The fibers and hypodermic needle were polished flat at the tip and connectorized 
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with SMA connectors at the proximal end. The distal end of the fiber probe had a flat, circular 

surface area of 1.27 mm
2
.  

 

Figure 26. DRS system configuration. DRS probe cross  section, showing fiber separation distance. 

 

4.2.2 Tissue Sample Preparation 

Ex vivo porcine skin specimens were obtained from a local abattoir and were prepared by 

removing the adipose layer by dissection with a scalpel. After being trimmed to 2 cm x 2 cm 

squares, specimens were stored for no more than 5 hours at 4 ºC in phosphate buffered saline 

moistened wraps prior to experimentation. Specimens were allowed to equilibrate to room 

temperature for 30 minutes prior to testing. Initial thickness was calculated from measured 

displacement during testing.  

 

4.2.3 Boundary Conditions for DRS During Indentation 

DRS probes interrogate a finite depth into tissues, and this depth is a function of the 

separation distance between the two fibers. However, the light reaching the collection fiber must 

not have interacted with the bottom surface of the tissue sample in order to satisfy the semi-

infinite boundary condition. The minimum tissue thickness required to ensure the semi-infinite 

boundary condition was measured by placing a piece of white paper beneath the tissue sample 

during indentation to various thicknesses and recording when the DRS signal intensity changed 

more than 5%. We determined that our probe was sensitive to the boundary surface beneath a 

planar tissue specimen if the tissue was indented beyond a final thickness of ~0.8 mm. To avoid 

this error, indentation tests were performed on specimens consisting of two epidermal/dermal 
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skin samples stacked on top of each other such that the epidermis of the top sample was facing 

up and that of the bottom sample was facing down. This stacked specimen results in a dermal 

layer with doubled thickness, satisfying the semi-infinite medium condition that is required for 

DRS analysis and optical property calculation [88]. Stacked specimens were compressed to final 

thicknesses of no less than 1.0 mm, which allowed study of high tissue strains but still satisfied 

the assumption of a semi-infinite boundary condition. 

 

4.2.4 Combined Mechanical/Optical System 

The DRS probe was designed to interface with a BOSE® ElectroForce® 3100 

mechanical load frame (BOSE, Eden Prairie, MN). 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 27, was used to indent tissue 

specimens following a displacement-controlled loading procedure while simultaneously 

measuring diffuse reflectance spectra. The DRS probe was held within a polycarbonate housing 

connected to the displacement cell of the ElectroForce®. Light was delivered from the 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. Specimens were placed beneath the probe tip on a glass slide that was rigidly fastened 

above a load cell via an aluminum adapter. A 12.5 mm diameter hole in the adapter beneath the 

glass sheet allowed light to be transmitted through the tissue to a large-area (1 cm x 1 cm) 

photodetector detecting 630 nm light from the tungsten halogen lamp (Newport Detector #818-

ST and Optical Power Meter #1931-C, Irvine, CA). During compression, dynamic tissue 

thickness, load, light transmission, and diffuse reflectance spectra were recorded. 
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Figure 27. Integrated DRS-indentation system. 

 
 

4.2.5 Mechanical Indentation Protocol and Data Analysis 

A mechanical loading protocol was developed in order to study changes in diffuse 

reflectance spectra (and thus tissue optical properties) during tissue compression. The protocol 

consisted of linearly ramped, displacement-controlled compression at 1 mm/s to one of three 

final tissue thicknesses (3.0 mm, 2.0 mm, 1.0 mm)  followed by a 120 second hold at constant 

displacement to evaluate additional thickness-independent effects of compression on tissue 

optical response. 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, xg, 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 indentation protocol was performed. The contact position of the top surface of the 

specimen, xc, was calculated in post-processing following the same load threshold definition 

used in determining glass slide position. Dynamic tissue thickness,  ( ), was then calculated as 

  ( )  (     )   ( ) Eq. (18) 

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

strain,  , the relative deformation of the compression tissue specimen region written as 
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| ( )    |

  
 Eq. (19) 

where    is initial tissue thickness. Applied load, displacement, and light transmission were 

recorded at 10 Hz using WinTest®, proprietary control software for the Electroforce system. 

Diffuse reflectance spectra were acquired with an integration time of 100 ms, resulting in a 10 

Hz sampling frequency. These spectra were recorded using SpectraSuite® Spectroscopy 

Platform, proprietary control software for the spectrometer. 

 

4.2.6 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 [79, 82]. Diffuse 

reflectance was calculated as 

         ( )   
       ( )       ( )

         ( )       ( )
      Eq. (20) 

where        ( ) is the broadband light intensity measured from the tissue sample,      ( )  is a 

background spectrum measurement recorded with the light source turned off, and          ( ) is 

a measured spectrum from a NIST-traceable reflectance standard (Spectralon SRS-99-020, 

Labsphere, Inc.; North Sutton, NH). Subtracting the dark spectrum eliminates the effects of CCD 

dark current and ambient light, while wavelength-dependent system response is eliminated by 

normalizing sample response to a reflectance standard. In addition, daily differences in 

measurements due to variations in source intensity and system response were accounted for by 

regular calibration measurement of a standard solution of 1 μm diameter polystyrene 

microspheres (0.12%; Polysciences, Warrington, Pennsylvania) in water. Applying Equation (3) 

to this microsphere sample yields the microsphere solution reflectance,          ( ). This 

calibration ensured that measured changes in diffuse reflectance were due only to changes in 

tissue optical properties. The calibrated diffuse reflectance spectra for each intensity 

measurement was then calculated as 

            ( )           ( )  
         (   )( )

         ( )
 Eq. (21) 

where          (   )( )  was calculated with Equation (3) from a solution of polystyrene 

microspheres 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. 
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To reduce computational costs, we chose to only perform the LUT fitting at 630 nm, rather than 

over a broader spectrum. From this fitting process we extracted the calculated reduced scattering 

coefficient.  

 

4.3 Results 

 

4.3.1 Light Transmission Results  

  Figure 28 shows data representing the trends seen in all compression trials. Given a linear 

displacement ramp followed by a held thickness, stress relaxation was observed, with the applied 

load necessary for maintaining fixed tissue thickness decreasing over time. We define a relative 

percent increase in light transmission as 

                                 
           

     
      Eq. (22) 

where       is the amount of light transmitted through the specimen when tissue thickness 

initially reached the specific thickness condition (at peak load) and       is the amount of light 

transmitted after the hold at constant thickness. The average relative percent increase in light 

transmission for each final thickness group is shown in Figure 29. All transmission values 

increased at higher strains as tissue specimens were made thinner up to peak load. However, the 

additional dynamic increase in transmission continued during fixed tissue geometry conditions 

and greater relative increases were observed at higher strains.  
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Figure 28. Representative results showing dynamic a) tissue thickness, b) tissue load, and c) light transmission through a 

representative tissue specimen over 120 seconds.  

 

 

Figure 29. Relative transmission increases between peak load and end of hold. Error bars indicate 95% confidence 

interval. 

 

 

 

 



46 

 

4.3.2 Diffuse Reflectance Spectra Results 

 While diffuse reflectance spectra were recorded at 10 Hz (100 ms integration time) we 

chose to select three specific spectra per specimen for calculating tissue optical properties. These 

spectra were selected as 1) initial contact, 2) peak load (end of displacement ramp), and 3) the 

end of the 120 second hold. Figure 30 shows a representative image of reflectance spectra for 

one specimen from each final thickness group. All specimens experienced an increase in 

reflectance between initial contact and the peak load. Since specimens were preloaded close to 

the load threshold defining contact, tissue specimens may have relaxed or crept slightly under the 

pin before displacement began, causing loss of contact or initial optical clearing effects. Increase 

in reflectance between initial contact and the end of the displacement ramp may have also been 

due to focusing effects as the probe establishes contact with the tissue.  Between the peak load 

and the end of the hold period, reflectance spectra decreased, with greater relative change 

corresponding to higher strain.  

 

4.3.3 Dynamic Changes in Optical Properties 

 The reduced scattering coefficient was calculated from the LUT fitted spectra at 630 nm 

for each peak and end-of-hold spectrum. The relative decrease in scattering coefficient between 

peak load and end-of-hold was quantified as a percent change from the peak load value. Figure 

31 shows greater reduction in scattering coefficient at higher strains, while lower strain does not 

significantly lower the scattering coefficient. The horizontal error bars corresponding to strain in 

Figure 31 begin large at low strain because variance in initial tissue thickness can alter the 

calculated strain. However, at higher strains this error decreases considerably. However, at very 

high strains the amount of optical clearing occurring is more variable, possibly due to variances 

in tissue properties that would have averaged out in less confined conditions, or perhaps due to 

damage caused by high-strain indentation. These results indicate that moderate compression to 

0.45 compressive strain could still reduce scattering by as much as ~15%.  
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Figure 30. Representative reflectance spectra for indented final thicknesses of a) 3.0 mm, b) 2.0 mm, and c) 1.0 mm. The 

chronological order of spectra as recorded was contact, peak load, and end of hold.  

 

 

Figure 31. Relative decrease in reduced scattering coefficient between peak load and end of hold as a function of tissue 

strain. Error bars indicate 95% confidence intervals. 
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4.4 Discussion 

These experimental results demonstrate that tissue strain is strongly correlated with 

decreased reduced scattering coefficient during indentation. Previous work by our group has 

demonstrated that mechanical optical clearing is a transient, strain-dependent effect [49] and our 

results in this study also show a positive correlation between tissue strain and light transmission 

increases.  With load-controlled compression, changes in optical properties are not easily 

decoupled from dynamic changes in tissue thickness and geometry. Displacement-controlled 

compression enabled observation of thickness-independent optical property changes due to 

transient stress relaxation. These results show that as a tissue undergoes stress relaxation at fixed 

thickness, optical signals change, with transmission increasing and reflectance decreasing. While 

a change in reflectance during the displacement ramp was observed, likely due in part to 

thickness change and effects of interrogating different tissue layers, transient changes during the 

constant thickness portion of the procedure were also evident, supporting our hypothesis that 

changes in intrinsic tissue optical properties also occur. The decrease in reflectance with 

increasing wavelength is likely due to decreased scattering at longer wavelengths and the fact 

that the relatively short fiber separation distance of our probe is more sensitive to shorter 

wavelengths, resulting in lower intensities at longer wavelengths.  

Our study employed the use of high-resolution load and displacement cells, allowing 

accurate monitoring of probe contact pressure and tissue thickness. Pressures in our study were 

significantly higher than those used in studies by other researchers, reaching a maximum of ~10 

MPa, while most probe pressure effect studies to date have used pressures between ~0.01 MPa to 

~0.20 MPa. [78, 83, 86]. For clinical applications, we must determine what range of loads and 

strains is acceptable in terms of tissue damage and pain experienced by the patient in a clinical 

setting. Studies investigating pain thresholds in various anatomical locations have reported pain 

thresholds between 0.5 and 1.1 MPa depending on anatomical location [89-91]. While some of 

our peak loads cause pressures up to 10 MPa, more moderate loading/strain conditions supply 

pressure of only ~2 MPa. These pressure estimates from our study are also based on peak 

dynamic load, while the residual load after relaxation is generally lower by ~40%.  
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4.5 Conclusion 

These results show that indentation can be used as an optical clearing technique as 

described in previous work [45, 46, 48, 49]. This study shows for the first time the extent to 

which indentation can affect the intrinsic optical properties of tissue, particularly the reduction of 

light scattering, and the results suggest that the degree of this effect is significant. In addition to 

enhancing optical clearing effects, mechanical indentation may serve as a novel diagnostic 

platform in and of itself. Using combined DRS and mechanical indentation, we have 

demonstrated the potential for simultaneous monitoring of tissue mechanical and optical 

responses as well as intrinsic optical properties during mechanical deformation, in particular 

during stress relaxation. Results indicate that high-strain indentation significantly decreases 

tissue scattering, and thus 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 transient local tissue dehydration 

through lateral water expulsion and removal or redistribution of light scattering and absorbing 

chromophores. Mechanical indentation modifies tissue optical properties and may be harnessed 

as a minimally-invasive optical clearing technique to improve optical diagnostics and 

therapeutics.  
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Chapter 5. Applications in Functional Near-Infrared Spectroscopy  

 

5.1 Introduction 

Diffuse Optical Tomography (DOT) is a low-cost, portable, and non-invasive optical 

sensing technology with broad applications, including cancer detection [82, 92, 93], muscle 

oximetry [94], atherosclerotic plaque analysis [95], evaluating stroke physiology [96, 97], brain-

computer interfaces [98], neuro-rehabilitation [99], and cognitive neuroscience [100, 101]. For 

functional brain imaging, DOT using near-infrared light (commonly known as near-infrared 

spectroscopy or NIRS) measures dynamic changes in cerebral blood oxygenation, which is 

known to strongly correlate with neural activation and function. NIR light is delivered from a 

source (LED or fiberoptic) through the scalp and skull to the outer cortex, and the relative 

amount of light that is remitted to a nearby detector enables calculation of diffuse reflectance as a 

percentage of input light intensity. Functional MRI (fMRI), a prevalent technique in functional 

brain imaging, is mainly sensitive only to changes in deoxy-hemoglobin concentration [102]. In 

contrast, NIRS is capable of measuring relative changes in oxy-hemoglobin (HbO2), deoxy-

hemoglobin (HHb), and total hemoglobin (tHb) concentrations by delivering light at multiple 

NIR wavelengths. NIRS offers many advantages over fMRI; NIRS systems are cheaper, costing 

$30,000-150,000 compared to $1-4 million for an MRI machine, may be used with subjects that 

are incompatible with an MRI environment (e.g. subjects with pacemakers or electronic 

neurostimulators), and offer higher temporal resolution (1-100 Hz [103] vs. 0.5-2.0 Hz [104]).  

The major limitations of NIRS include lower spatial resolution (10-40 mm) fixed by 

sensor array geometry and shallow penetration depth (5-15 mm) caused by tissue absorption and 

scattering which limits sensing to the outermost layers of the cortex. Third and perhaps most 

importantly, because light must first pass through the outer tissue layers, scalp perfusion has 

been acknowledged as a significant confounding factor in NIRS, making relation of measured 

signals to cerebral hemodynamics challenging [105-109]. Attempts to reduce this error source 

include signal processing techniques [110, 111] and increasing the number of device sensors to 

allow for shallow, scalp-isolating sensing pairs in addition to brain-sensitive pairs [106, 112], but 

these methods substantially increase device hardware and software costs.  

Tissue optical clearing is an emerging research area that enables reversible changes in 

optical absorption and scattering behavior in turbid tissues, improving light delivery for 
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diagnostic and therapeutic applications. Tissue optical clearing research has focused primarily on 

delivery of exogenous chemicals such as glycerol or dimethyl sulfoxide [6, 10, 12], but these 

invasive treatments pose safety concerns for in vivo studies, and the effects are limited by the 

low permeability of tissues. Mechanical tissue optical clearing, or MOC, is a reversible 

noninvasive technique we have pioneered for improving light-based diagnostic and therapeutic 

technologies. MOC is noninvasive, rapidly reversible (within 5-15 minutes), and has been shown 

to outperform chemical immersion techniques in an imaging study [49]. By mechanically 

loading (compressing) tissues, light delivery into deep tissue regions can be increased by ~2-3 

fold [46]. This effect is attributed to changes in tissue optical properties due to interstitial water 

and blood movement [45]. Mechanical compression increases local interstitial pressure, 

displacing water and blood laterally within the tissue and modifying tissue optical properties 

such as refractive index [48] and absorption and scattering coefficients [113] in the indented 

region. MOC has been also shown to increase imaging resolution and contrast through turbid 

tissues [49]. These changes in optical properties alter measured extrinsic optical signals, 

including reflectance and transmittance. This effect has been observed ex vivo and in vivo, with 

the effect being reversible in live tissue. Others have observed this effect when applying manual 

pressure to optical probes, but the effects were dismissed as a ‘source of error’, and were not 

seen as useful dynamic tissue effects [78, 84, 86].  

We have recently applied MOC to diffuse reflectance spectroscopy (DRS), a subdivision 

of DOT that does not focus on imaging, with results indicating that MOC effects are distinct 

from focusing effects or tissue thickness reduction [113] (see Chapter 4). A flat two-fiber optical 

probe was used to mechanically indent ex vivo porcine skin samples while measuring optical 

reflectance and transmittance. As samples were held at constant compressed thickness, 

reflectance continued to decrease which transmission increased, demonstrating that MOC must 

create intrinsic tissue changes. Because DRS, NIRS, and DOT are similar in principle, MOC is 

equally applicable to general reflectance-mode spectroscopies and imaging modalities, including 

optical coherence tomography, DRS, and confocal endoscopy.  

The goal of this study is to develop an enhanced NIRS system using innovative 

technology described below to measure hemodynamic correlates of neural activity with 1) better 

mitigation of scalp perfusion, 2) deeper tissue penetration, and 3) higher spatial resolution than 

existing NIRS systems. Our specific demonstration of this will be an enhanced NIRS system that 
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can measure hemodynamic correlates of neural activity. The results of this study will generalize 

well beyond neural hemodynamic measurements to encompass the full range of non-invasive, 

portable applications of DOT. 

Cognitive function creates spatially varying cerebral oxygenation changes related to 

specific regional and network changes in neural activity in the brain, but the effects of MOC-

NIRS and standard NIRS will first be compared against a robust change in gray matter 

hemodynamics using breath-holding [114-116]. We will construct a MOC-NIRS prototype that 

uses translucent indenters to perform optical clearing of the scalp while allowing light delivery to 

the brain. This device is hypothesized to reach deeper regions of the brain as well as improve 

signal-to-noise ratio and sensitivity to cerebral hemodynamics. NIRS takes advantage of the 

relatively low absorption and scattering of tissue in the NIR range to deliver light through the 

many overlying tissue layers above the brain and into the brain itself (Figure 32). A certain 

percentage of the delivered light is remitted to a detector some distance away from the light 

source. Those photons that reach the detector have traveled through a ‘banana-shaped’ region in 

the tissue. The dominant tissue chromophores in the NIR range are HbO2 and HHb; By using 

two NIR wavelengths (typically ~700 nm and ~850 nm), HbO2 and HHb concentrations can be 

both calculated using a modified version of Beer’s Law, in similar fashion to classical pulse 

oximetry [117]. 

To test the hypothesis that MOC-NIRS produces different signals compared with 

standard NIRS, measurements will be taken using both devices during a breath holding exercise. 

Breath holding elicits a non-neuronal blood oxygenation level dependent (BOLD) response 

throughout gray matter in the entire brain, removing any large spatial variance in signal. During 

breath holds, there are competing effects; tissue oxygen supplies are consumed, but an increase 

in global cerebral flow occurs through vasodilation in the brain in response to hypercapnia [115].  
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Figure 32. a) Standard NIRS configuration. b) MOC-NIRS configuration, with translucent glass indenters affixed to the 

optical components. These curved indenters cause mechanical optical clearing and create a focusing effect. Both these 

effects result in deeper light penetration. 

 

5.2 Methods 

 5.2.1 MOC-NIRS Prototype Development 

 In this study we seek to integrate mechanical optical clearing technology with a 

commercially available fNIRS device (fNIR Devices, Ltd, Figure 38a). Several MOC-NIRS 

prototypes were developed and iterated upon in order to produce a NIRS device with integrated 

optical indenters to perform mechanical optical clearing of the scalp. In an earlier prototype, we 

epoxied an array of glass hemispherical indenters to a rigid polycarbonate substrate, which was 

wrapped against the forehead using straps (Figure 33). The fNIRS sensor band could then be 

placed over the indenter array, allowing NIR light to transmit through the glass indenters and 

polycarbonate plate. However, the rigidity of the polycarbonate prevented uniform loading and 

conformation to the head. To improve conformity, the indenters were instead adhered to a NIR-

transparent plastic film wrapped around the NIRS sensor band (Figure 35b). A system of 

multiple smaller polycarbonate bands was placed over the NIRS sensor band and tightened in 

order to load the indenters from the back surface of the NIRS sensor band. The two straps can be 

independently tightening to distribute load over different portions of the indenter array (Figure 

34). This prototype was used to collect preliminary experimental data (see Section 5.3). A more 

recent prototype has been developed that uses a rubber backplate instead of polycarbonate; this 

material selection allows for improved conformity, but the thickness of the rubber prevents 

mechanical force from being wasted in stretching the rubber rather than transferring load to the 

indenter array. This concept has also been recently extended to a device using two rubber plates 
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to more evenly distribute loading over the indenters (not shown). The two rubber plates were 

tightening using ropes instead of straps; by using rope, more of the load is delivered orthogonal 

to the rubber backplate and indenters, rather than the more horizontal loading that straps 

generate.  

 

Figure 33. Early MOC-NIRS prototype with indenters epoxied to a rigid polycarbonate plate. a) Device applied to 

forehead, b) NIRS sensor band overlaid on top of indenter array. c) Indentation pattern after removal of device. Note 

non-uniform deformation, with some emitter/detector regions having undergone almost no optical clearing.   

 

 

Figure 34. Prototypical MOC-NIRS device using two rigid polycarbonate loading bands overlaid on the NIRS sensor 

band. a) Device applied to forehead in a volunteer. b) Indentation pattern left after removal of device. 
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Figure 35. a) Commercial NIRS sensor with 4 emitters (center row) and 10 detectors (outer rows). b) NIRS sensor with 

integrated MOC-NIRS components, showing overlaid indenter array on a NIR-transparent plastic film. c) Device applied 

to forehead during data acquisition, with backplate raised to show MOC-NIRS sensor underneath.   

 

5.2.2 Calculation of Hemoglobin Concentration Changes 

After being placed on the human subject, the fNIRS device first takes a baseline 

measurement for each channel averaged over 10 seconds. The attenuation or optical density 

(OD) for each wavelength is then estimated from a modified form of the Beer-Lambert Law 

[117] as  

         ( 
 

  
)  Eq. (23) 

where   is the measured optical intensity and    is the baseline optical intensity. The changes in 

chromophore concentration relative to baseline measurements, ΔHHb and ΔHbO2 [µM], are then 

calculated as  

 

      
                            

                                   

       
                            

                                   

 Eq. (24) 
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where      is the extinction coefficient for chromophore X at wavelength  ,     is the optical 

density and wavelength   , and c is an empirical correction factor specific to the fNIRS device 

used. It should be noted that these calculations only produce relative changes in chromophore 

with respect to the baseline, not the absolute concentrations.  

 

5.2.3 Breath-Holding Experiment 

For breath holding experiments, each human subject was asked to perform two breath-

holding exercises, in counter-balanced order: one using a standard commercial NIRS device and 

the other using the integrated MOC-NIRS device. Subjects were instructed to keep their eyes 

closed for the duration of the test and minimize any movement or speech. After recording 

baseline measurements over 10 seconds, each subject was instructed to perform 8 cycles of 

breath-holding, holding his/her breath for 15 seconds followed by 15 seconds of normal 

breathing.  

Subjects may potentially experience discomfort/pain during the application of the MOC-

NIRS headband with the optical clearing indenter array due to the applied compressive stress on 

the scalp, and such discomfort may affect neural activity. Subjects were asked to report any pain 

during application and/or measurements, which would result in immediate removal of the 

headband. Afterwards, subjects would be asked to rate any pain experienced on a visual analog 

scale [34]. The pain threshold for indentation is expected to be ~0.5-1.0 N/mm2 [35-37]. Since 

each indenter’s contact surface area is typically ~9 mm2 under typical loading, indenter loads 

above ~3-4 N should be avoided. 

 

5.3 Results and Discussion 

We have acquired preliminary data using a simple MOC-NIRS prototype for subjects 

(N=4) following the breath-holding protocol. These data show that MOC-NIRS does modify the 

extrinsic signals and resulting Hgb calculations, with increased average signal intensity, 

increased signal-to-noise ratio, and improved agreement across multiple channels. Results 

showed that indentation increased raw signal intensity by 85 ± 35%, and that indentation 

increased amplitude of hemoglobin changes during breath cycles by 313% ± 105%. While the 

frequency content of the oxygenation signals has better agreement with the stimulus frequency of 

0.033 Hz (as evaluated using the Fast Fourier Transform), the increase in signal intensity is more 
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difficult to explain. It could be that optical clearing and focusing effects reduce attenuation in the 

scalp, or that the detector indenters are collecting more shallow light, which is undesirable. 

Mathematical simulations will be able to explore these competing effects. These results suggest 

that indentation improves sensing of cerebral blood oxygenation, and may potentially enable 

sensing of deeper brain tissues, although mathematical analysis is needed to confirm that the 

apparent improvements in signal quality actually reflect increased sensitivity to cerebral tissue. 

In the future, calibrated springs could be installed in-line with the tightening straps or ropes so 

that the manually applied load can be repeated in different subjects.  

 

Figure 36. Preliminary fNIRS data collected during a breath-hold exercise a) with standard NIRS headgear and b) with 

integrated mechanical optical clearing indenter array. Data collected using rigid 2-strap design in Figure 34. 
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Figure 37. Indentation patterns after application and removal of MOC-NIRS prototype shown in Figure 34. Note that the 

patterns in a) and c) are non-uniform, while those in b) and d) exhibit better load distribution. 

 

5.4 Conclusions 

Results from this study indicate that mechanical optical clearing modifies measured fNIRS 

cerebral oxygenation signals compared with measurements using a standard available fNIRS 

system. These data suggest that optical clearing of the scalp higher sensitivity to cerebral 

hemodynamics, but more work is needed to determine the mechanisms that describe how optical 

clearing modifies light transport through the brain and overlying tissues. Future work will focus 

on performing forward Monte Carlo simulations to study the relative contributions of these 

competing effects and to ascertain the reliability of MOC-NIRS measurements as indicators of 

cerebral hemodynamic response.   
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Chapter 6. Conclusions 

 

6.1 Summary and Conclusions 

 Substantial progress has been made on the development of mechanical optical clearing. 

By developing a multidomain model that can reproduce experimentally observed changes in light 

transmission and reflectance, we were able to establish that interstitial water transport is a valid 

candidate for the mechanism behind mechanical optical clearing, and this complex physical 

system merits further investigation. This modeling framework could be used to guide mechanical 

optical clearing device design for specific optical applications and specific target tissues. By 

integrating a diffuse reflectance spectroscopy system with a mechanical load frame, we were 

able to measure, for the first time, decreases in intrinsic optical scattering during mechanical 

loading of tissue. Preliminary results in developing mechanical optical clearing devices for 

fNIRS are promising, and further device refinement will enable more robust results. 

 

The results of these studies have allowed us to reach the following conclusions: 

1)  Mechanical optical clearing causes intrinsic changes in tissue optical properties, 

2)  Tissue mechanical and optical dynamics during mechanical deformation are mechanistically 

coupled, and 

3)  Mechanical optical clearing has the potential to improve optical diagnostics and enable deep 

tissue sensing for many diffuse optical imaging techniques. 

 

These conclusions support the stated hypothesis of this work: that interstitial transport of tissue 

chromophores (e.g. water and blood) causes intrinsic optical property changes, reduces tissue 

optical absorption and scattering, and improves light delivery in diagnostic applications.  

 One of the most important conclusions of this work is that mechanical optical clearing 

has the broad potential to improve light transport for, in general, any biomedical technique 

utilizing light delivery and/or collection from ex vivo or in vivo tissues. Mechanical optical 

clearing has been shown here to modify sensing of cerebral hemodynamic signals, but this could 

be extended to any diffuse optical spectroscopic or tomographic technique. While the focus of 

this work was to develop mechanical optical clearing for diagnostic techniques, mechanical 
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optical clearing could easily be applied to therapeutic technologies that rely on light delivery for 

photo-thermal and photo-chemical effects.  

 

6.2 Future Directions 

 

6.2.1 Refinements to Mathematical Models of Mechanical Optical Clearing  

 To date, our modeling efforts have focused on predicting optical clearing effects for ex 

vivo tissues. This allowed us to remove any clearing effects due to blood transport, leaving water 

movement as the only active clearing mechanism. For in vivo applications, it will be important to 

reintroduce the effects of blood transport on optical properties, particularly absorption 

coefficients due to the powerful absorption spectra of the various hemoglobin species present in 

blood. Indentation will pinch off capillary and larger blood vessel flows, removing any dynamic 

changes in blood content or oxygenation, but this will also create a temporary blood 

accumulation at the periphery of the indented region, as can be seen in ‘blanching’, where light 

contact on the skin removes blood from the more superficial layers and the skin visibly changes 

color from the natural pigmentation to a whiter hue.  

 Also, our work has assumed modeled tissues to be isotropic, with random fiber 

orientation with respect to all coordinate axes. However, skin is generally anisotropic, usually 

less stiff in the thickness (vertical) direction and stiffer in the transverse (radial) axes. The 

stiffness also varies within the transverse plane, as exhibited in Langer’s lines. Future models 

should incorporate this anisotropy, perhaps through the use of a classical Fung model or the 

Holzapfel-Ogden model. This will require more mechanical tissue characterization experiments; 

in particular, biaxial testing may be needed to reliably fit any anisotropic hyperelastic material 

law. Another important assumption in the model was that skin tissue was comprised of only a 

single material. However, skin is actually a complex heterogeneous, layered tissue, with each 

layer possessing different properties. For example, it is well known that the epidermis and dermis 

have different optical properties [70, 71], and that they also exhibit different mechanical 

behavior [118].  

 We also made assumptions about the optical response of tissues to mechanical 

compression. While refractive index changes are expected due to changes in pore geometry and 

fiber orientation and concentration, our models do not currently account for this effect. This is 

primarily due to the limitations of the IAD algorithm, which can only provide absorption and 
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scattering information. In addition to refractive index, the scattering anisotropy factor has been 

shown to change during chemical optical clearing [119], and this effect should be expected for 

mechanical clearing as well. However, the use of reduced scattering coefficients fit to optical 

characterization data lowers the error due to assuming a fixed value for anisotropy factor.  

 Many of the discussed additions to the model are needed because skin has been the 

studied tissue. However, applying this model to other tissues would allow the model to become 

simpler. For example, the model could be applied to investigation of optical clearing in tissues 

with more isotropic extracellular matrix structures, or in tissue mimics for regenerative medicine 

applications. The mechanical properties of anisotropic tissues, such as blood vessels and other 

tubular tissue structures have been extensively studied; the Fung and Holzapfel-Ogden 

constituent models were originally developed for blood vessel wall mechanics [75].   

 

6.2.2 Applications in Nonlinear In Vivo Microscopy and Imaging 

 Chapter 4 discussed the use of diffuse reflectance spectroscopy for studying mechanical 

optical clearing effects, but mechanical optical clearing could also improve sensing for arbitrary 

deep-tissue fiber-based spectroscopies and imaging modalities. For any system where a probe is 

placed in contact with the tissue of interest, optical clearing effects could prove useful in 

improving signal quality and depth of penetration. Such systems generally fall under in vivo 

microscopic techniques, where the goal is to perform an ‘optical biopsy’, evaluating the disease 

state of a tissue region without requiring tissue excision and collection for diagnosis by a 

histopathologist. Mechanical optical clearing could prove useful for enabling reliable optical 

biopsies of deep lesions, particularly in the skin. This technique would also be highly beneficial 

for optical biopsies in the various internal luminal tissues of the body accessible by endoscopy, 

such as the esophagus, trachea, oral cavity, and gastrointestinal tract. However, because these 

internal lumina may freely displace under applied indenter pressure, studies will need to 

determine the optimum force to minimize free displacement, maximize optical clearing effects, 

and ensure safe loading to avoid rupture of the lumen.   

 

 6.2.3 Applications to Optical Therapeutics 

 This work focused on the development of mechanical optical clearing technology for 

optical diagnostics, but the original application for this technology was optical therapeutics. 
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Rylander et al. originally described mechanical clearing for aiding in deep light delivery for 

photo-thermal therapies, specifically the subcutaneous and fatty tissues beneath the skin [45]. 

Mechanical clearing can improve delivery depth, and because there is no need for photon 

collection, the integration of mechanical indentation geometry and optical paths is less restricted. 

Mechanical clearing could be useful for improving therapies such as photodynamic therapy, 

laser-induced photothermal therapy, and cosmetic laser surgeries, enabling treatment of deeper 

tissue regions.  

 

6.2.4 Mathematical Simulation of MOC-NIRS 

Preliminary data have shown that MOC-NIRS produces different signals than standard 

NIRS. However, it is unclear what mechanisms create these differences, and instrumentation 

cannot be optimized until we understand these effects. Knowledge of the relative contributions of 

the mechanism(s) of MOC-NIRS will enable device optimization, particularly indenter 

geometry, spacing, and applied loads. Several effects that must be considered include 

focusing/lensing caused by the indenters, changes in intrinsic optical properties in scalp tissue 

due to MOC, and the altered acceptance angle created by hemispherical detector surfaces 

compared with optical fibers. Signal changes may also be partly attributable to better 

optode/tissue contact due to indenter curvature. We have developed a novel mathematical 

framework for understanding the mechanisms of MOC in the mechanical and optical domains, 

capable of simulating mechanical tissue deformation, interstitial water transport, and light 

transport [74, 120] (see Chapter 3). This mathematical framework will be used to study the 

competing effects described and more robustly evaluate tissue light transport during application 

of MOC-NIRS.  

Combined mechanical finite element modeling and optical Monte Carlo simulation could 

be used to predict interstitial water distributions resulting from indentation by MOC-NIRS 

devices. This model considers the scalp tissue to be a poroviscoelastic material consisting of a 

solid phase (extracellular matrix) and a liquid phase (water) that has been fit to mechanical 

characterization data acquired previously. Water volume fraction results will be mapped to 

optical absorption and scattering coefficient values using spectrophotometric data acquired 

previously (see Chapter 3). Tissue deformation and optical property distributions will be 

incorporated into optical Monte Carlo simulations. The advantage of using this mechanical 
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model is that MOC effects may be turned on/off, which cannot be performed in an experimental 

situation. The mechanical modeling approach and predictions of scalp tissue indentation by 

hemispherical indenters can be taken directly from indentation simulations in Chapter 3 because 

the skull provides the rigid boundary condition beneath the compressible soft tissue (scalp as 

opposed to skin tissue).  

To perform optical simulation over the complex geometry of the human head with the 

MOC-NIRS device in contact, TIM-OS could be employed [121]. TIM-OS performs Monte 

Carlo simulations on a 3D mesh of tetrahedral elements; because the tetrahedra may be assigned 

different optical properties, the mesh can accurately capture complex optical such as the human 

head. We will perform simulations of both standard NIRS and MOC-NIRS devices following the 

schematic shown in Figure 38. The outputs of each model are the wavelength-specific percent 

reflectance, mean photon path of collected photons, and fluence distribution within the tissue. 

Since NIRS uses two wavelengths (750 nm and 830 nm), two Monte Carlo simulations must be 

performed in order to calculate simulated hemoglobin outputs. By varying simulated device 

geometry and tissue properties, the relative strength of each potential mechanism for MOC-NIRS 

can be studied. By optimizing the shape of the NIRS sensing volume (banana-shaped region), we 

will be able to improve MOC-NIRS devices. Our previous work quantitatively describes how 

intrinsic optical properties of soft tissue change during mechanical compression [48, 113]. By 

combining this knowledge with literature values for optical properties of tissues we have not 

characterized previously [122, 123], we can predict the average travelled path of collected 

photons and simulate measured output reflectance signals.  

Assuming the absorption of gray/white matter to be only a function of HbO2 and HHb 

concentrations, the absorption coefficient of the brain layer can be expressed using a rule of 

mixtures [79, 81]. Then, the hemoglobin concentrations can be varied, and the resulting 

reflectance signal predicted for different spatial distributions and amplitudes of brain absorption. 

Simulations can be performed for each time slice, allowing simulation of temporal changes in 

NIRS signals. This will provide more information on how MOC-NIRS affects measured outputs 

and will be used to guide device optimization. 
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Figure 38. Schematic of Monte Carlo model, showing light source and detector, tissue regions, and MOC-NIRS sensor 

geometry for a) flat indenters and b) round indenters. 

 

Simulations are expected to show a change in the shape of the sensing volume between 

the emitter and detector indenters, and we hypothesize that this sensitivity region will become 

taller with a greater average depth compared with standard NIRS. Output reflectance is expected 

to be greater for MOC-NIRS geometry compared with standard NIRS geometry based on 

preliminary data. If we can demonstrate that this model can calculate the NIRS sensing volume 

of an emitter/detector pair through a multi-layered tissue structure, we can attempt to model 

dynamic signal changes as a result of transient changes in cerebral oxygenation. For example, if 

Monte Carlo simulations were performed with the MOC-NIRS device at mechanical steady-state 

for multiple times, and if we alter the absorption coefficient due to a change in tissue 

oxygenation state, we could simulate a dynamic change in measured NIRS signal. In the future, 

we could also investigate the effects of partial regions changing within the sensing volume, as 

would occur in a functional study where neuronal activity created site-specific hemodynamic 

responses in the brain.  
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6.3. Pertinent Publications 

 

 6.3.1 Published Journal Articles 

W. C. Vogt, A. Izquierdo-Román, B. Nichols, L. Lim, J.W. Tunnell, C.G. Rylander, “Effect of 

Mechanical Indentation on Diffuse Reflectance Spectra, Light Transmission, and Intrinsic 

Optical Properties in Ex Vivo Porcine Skin”, Lasers in Surgery and Medicine, 44(4):303-9, 

2012. 

 

A. A. Gurjarpadhye, W. C. Vogt, Yajing Liu, and Christopher G. Rylander, “Effect of Localized 

Mechanical Indentation on Skin Water Content Evaluated Using OCT”, International Journal of 

Biomedical Imaging, Volume 2011, 817250-1-8, 2011. 

 

A. Izquierdo-Román, W. C. Vogt, Leeanna Hyacinth, and Christopher G. Rylander, 

“Mechanical Tissue Optical Clearing Technique Increases Imaging Resolution and Contrast 

Through Ex vivo Porcine Skin,” Lasers in Surgery and Medicine, 43:814-823, 2011. 

 

W. C. Vogt, H. Shen, G. Wang, C. G. Rylander, “Parametric Study of Tissue Optical Clearing 

by Localized Mechanical Compression using Combined Finite Element and Monte Carlo 

Simulation,” Journal of Innovative Optical Health Sciences, 3(3): 1-9, 2010. 

 

W. C. Vogt, C. G. Rylander, “Multidomain Modeling of Soft Tissue Indentation: 

Poroviscoelastic Tissue Behavior Influences Optical Transmission”, to be submitted to the 

Journal of Biomechanical Engineering. 

 

W. C. Vogt, C. G. Rylander, “Effects of Fiberoptic Probe Indentation Geometry on Light 

Transmission: Mechanical Optical Clearing is an Intrinsic Effect.”, to be submitted to the Journal 

of Biomedical Optics 

 

 

 

 

 

http://www.hindawi.com/21863458/
http://www.hindawi.com/46595391/
http://www.hindawi.com/57272430/
http://www.hindawi.com/30647378/
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6.4 Pertinent Conference Proceedings 

 

 6.4.1 Podium Presentations 

W. C. Vogt, C. G. Rylander, “Coupled Poroviscoelastic and Optical Monte Carlo Simulation of 

Dynamic Light Transport Through Indented Soft Tissue”, ASME 2013 Summer Bioengineering 

Conference, Bend, OR, June 26, 2013. 

 

W. C. Vogt, C. G. Rylander, “Effects of Mechanical Indentation Geometry on Skin Optical 

Properties and NIR Reflectance Measurements in the Human Brain”. ASLMS Annual 

Conference 2013, Boston, MA, April 5, 2013. 

 

Special Section Honoring Ken Diller: W. C. Vogt, C. G. Rylander, "Effects of Tissue 

Dehydration on Optical Diffuse Reflectance and Transmittance in Ex Vivo Porcine Skin", 

ASME 2012 Summer Bioengineering Conference, Fajardo, Puerto Rico, June 21, 2012. 

 

W. C. Vogt, A.  Izquierdo-Román, B.  Nichols, L. Lim, J. W. Tunnell, C. G. Rylander, "Effects 

of Mechanical Indentation on Tissue Diffuse Reflectance Spectra and Light Transmission", 

ASLMS Annual Conference 2012, Kissimmee, FL, April 20,  2012.  

 

W. C. Vogt, C. G. Rylander, “Multidomain Simulation of Mechanical Tissue Optical Clearing 

Devices: a Platform for Device Optimization”. ASLMS Annual Conference 2011, Grapevine, 

TX.    

 

W. C. Vogt, A. Izquierdo-Román, C. G. Rylander, “Tissue Optical Clearing Devices: Effects of 

Water Content on the Hyperelastic Mechanical Properties of Ex Vivo Porcine Skin”. ASME 

Summer Bioengineering Conference, Naples, FL, June 17, 2010. 

 

 6.4.2 Poster Presentations 

W. C. Vogt, E. Romero, S. M. LaConte, C. G. Rylander, “Mechanical Indentation Improves 

Cerebral Blood Oxygenation Signal Quality of Functional Near-Infrared Spectroscopy (fNIRS) 
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During Breath Holding”, SPIE Photonics West (BiOS) 2013, San Francisco, CA, February 3, 

2013.  

 

W. C. Vogt, C. G. Rylander, "Dynamic Mechanical Optical Clearing Effects are Predicted by 

Coupled Mechanical and Optical Simulation of Tissue Poroviscoelastic Stress Relaxation", 

BMES Annual Meeting 2012, Atlanta, GA, October 25, 2012.  

 

W. C. Vogt, C. G. Rylander, "Modeling Interstitial Water and Light Biotransport During Local 

Tissue Indentation with Optical Clearing Devices", BMES Annual Meeting 2011, Hartford, CT, 

October 14, 2011. 

 

W. C. Vogt, A. Izquierdo-Román, C. G. Rylander, “Multidomain Modeling of Spatial 

Distributions of Tissue Optical Properties During Indentation: Mechanical Tissue Optical 

Clearing Devices as Diagnostic Tools,” ASME 2011 Summer Bioengineering Conference, 

Farmington, PA, June 23, 2011. 

 

W. C. Vogt, A. Izquierdo-Román, C. G. Rylander, “Combined Mechanical and Optical 

Simulation of Tissue During Application of Optical Clearing Devices,” BMES 2010 Annual 

Meeting, Austin, TX, October 8, 2010. 
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