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DEDICATION  
 
If I stop and think about the enormous universe and how I am just the tiniest part of it, I 
can’t help but feel insignificant.  Thankfully, the universe, instead, seems like the tiniest 
speck when you love something, and I am blessed to be surrounded by people I love.  
These people make it easy and exciting to wake up in the morning.  My mom, dad, 
brother, sister, and grandparents.  Terra, my rock for 5 years.  Shaun, Rocky, Funshine.  
The Beckman Laser Institute.  And without any uncertainty, my coffee-slurping, sweater 
junkie, know-it-all, Sephiroth-slaying, beautiful lady, Alex. 
 

 
“Somewhere along the line — in one damn incarnation or another, if you like — you not 
only had a hankering to be an actor or an actress but to be a good one. You’re stuck 
with it now. You can’t just walk out on the results of your own hankerings. Cause and 
effect, buddy, cause and effect. The only thing you can do now, the only religious thing 
you can do, is act. Act for God, if you want to — be God’s actress, if you want to. What 
could be prettier? You can at least try to, if you want to — there’s nothing wrong 
in trying.” There was a slight pause. “You’d better get busy, though, buddy. The 
goddam sands run out on you every time you turn around. I know what I’m talking 
about. You’re lucky if you get time to sneeze in this goddam phenomenal world.” 

J.D. Salinger 
“Franny and Zooey” 

 
“My grandfather used to say: Life is astoundingly short. To me, looking back over it, life 
seems so foreshortened that I scarcely understand, for instance, how a young man can 
decide to ride over to the next village without being afraid that -not to mention accidents- 
even the span of a normal happy life may fall far short of the time needed for such a 
journey.” 

Franz Kafka 
“The Next Village” 

 
“Consider the subtleness of the sea; how its most dreaded creatures glide under water, 
unapparent for the most part, and treacherously hidden beneath the loveliest tints of 
azure. Consider also the devilish brilliance and beauty of many of its most remorseless 
tribes, as the dainty embellished shape of many species of sharks. Consider, once 
more, the universal cannibalism of the sea; all whose creatures prey upon each other, 
carrying on eternal war since the world began. 
Consider all this; and then turn to the green, gentle, and most docile earth; consider 
them both, the sea and the land; and do you not find a strange analogy to something in 
yourself? For as this appalling ocean surrounds the verdant land, so in the soul of man 
there lies one insular Tahiti, full of peace and joy, but encompassed by all the horrors of 
the half-known life. God keep thee! Push not off from that isle, thou canst never return!” 

Herman Melville 
“Moby Dick; or, The Whale” 
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ABSTRACT OF THE DISSERTATION 

 
Development of Non-Invasive, Functional, Optical Imaging for Monitoring and Detecting 

Cardiovascular Disease 
 

By 
 

Robert Virgil Warren 
 

Doctor of Philosophy in Biomedical Engineering 
 

 University of California, Irvine, 2017 
 

Professor Bruce J. Tromberg, Chair 
 

 
 Cardiovascular disease (CVD) is the number one killer in the world, yet one third 
of CVD-related deaths occur in asymptomatic individuals and one fifth of these 
individuals bear no previous diagnosis of CVD [1].  New methods that provide a better 
understanding of CVD risk factors and detect asymptomatic disease could save many 
lives. In this work, I introduce diffuse optical spectroscopic imaging (DOSI) as a new 
method for non-invasively assessing “silent” CVD and CVD risk.  DOSI is a quantitative, 
model-based technique that utilizes a broadband wavelength range, corrects for light 
scattering, and probes several centimeters into tissue.  DOSI is particularly relevant for 
cardiovascular disease research because it measures absolute concentrations of the 
primary light absorber in blood, hemoglobin, as well as the oxygenation state of 
hemoglobin, lipid content, and water content.  These features of DOSI allow for 
hemodynamic measurements, compositional analysis, and reliable comparisons across 
operators, instruments, and even separate institutions.   

I demonstrate a diffuse optical spectroscopic vascular health assessment which 
samples three important features of vascular health: body composition, tissue 
metabolism, and vascular reactivity.  In a pilot study of body composition assessment, 
DOSI is used to track alterations in human muscle tissue following 5-weeks of 
resistance training.  These assessments of muscle are compared to dual-energy x-ray 
absorptiometry (DXA), a standard body composition assessment technique.  A similar 
approach is used in a study of 103 individuals but is extended to sample the whole 
body.  Using DOSI assessments at 12 anatomical locations, a method is developed to 
predict whole-body fat and lean soft tissue percentage.  Next, I study hemodynamics in 
a cohort of healthy volunteers using a vascular occlusion technique.  This study 
characterizes the range of tissue metabolism we expect to see in healthy individuals 
and identifies how adipose tissue thickness affects DOSI assessments.  Finally, 
preliminary data on vascular reactivity from patients with confirmed vascular disease is 
presented and I propose a framework for future vascular health assessments with 
DOSI. 
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1) INTRODUCTION 

The development of cardiovascular disease (CVD) takes place with a long 

asymptomatic period, so large potential exists for reducing deaths and medical costs 

through early detection and risk assessment.  Cost-efficient methods to non-invasively 

measures early signs of CVD can have significant impact.  While new risk assessment 

methods must be validated in large cohorts over many years, we can develop and 

characterize the ability of promising techniques to sense the presence and regression of 

diseases right now. This can be accomplished, for example, by comparing known 

populations with and without CVD and by monitoring the effects of short-term 

interventions which are known to reduce the risk and progression of CVD.  This project 

focuses on an advanced technology in biomedical optics called diffuse optical 

spectroscopic imaging (DOSI), which has the potential to provide new, cost-effective 

methods for evaluating CVDs.  At least three physiological features relevant to CVD can 

be assessed with DOSI: composition, metabolism, and vascular reactivity.  The 

presence of lean and strong muscle is a good indicator of overall health and we can 

monitor exercise training with DOSI.  In addition, the prevalence of metabolic syndrome 

and the obesity epidemic suggest that we also need tools which can characterize an 

individual’s tissue and whole-body metabolism.  Finally, by analyzing hemodynamics 

during vascular occlusion tests, DOSI can specifically study the functional health of the 

vascular endothelium.  These three measurements are not part of the current CVD risk 

assessment recommended by cardiologists, but this is primarily due to limited access to 

technology and limited data validating the use of these tests [2].  This project aims to 

address these limitations and assess the suitability of DOSI for use in evaluating the 
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presence, regression, and progression of CVD.  The long-term goal of this study will be 

to translate these DOSI devices into more common use in cardiovascular care. 

 

1.1) The Burden of Cardiovascular Disease 

In the 2011 World Health Organization report about worldwide causes of death, 

three of the top ten causes of death are intimately related to cardiovascular health: 

ischemic heart disease, stroke, and diabetes [3].  In 2003, the monetary costs of 

cardiovascular disease and diabetes in the U.S. population were $351.8 billion and 

$132.0 billion [4].  The American College of Cardiology Foundation and the American 

Heart Association periodically release updated guidelines for the risk assessment of 

CVD.  In the most recent edition regarding asymptomatic individuals, known risk 

assessment techniques are broken down into several categories: global risk scoring 

(includes what are known as "classic risk factors"1), family history and genomics, 

lipoprotein and apolipoprotein assessments, other circulating blood markers and 

associated conditions, cardiac and vascular tests, and special circumstances and other 

considerations [2].  A summary of the recommendations by the authors is provided in 

the appendix (Table A1). 

While patients showing symptoms of CVD represent a major portion of those who 

die from CVD, almost half of coronary deaths occur with no reported symptoms or 

previous diagnoses [2].  Major steps have been taken in the last few decades to 

advance risk assessment for CVD and evidence suggests that 44% of the decrease in 

CVD deaths between 1980 and 2000 is due to changes in risk factors [2].  There is a 

                                                           
1 "Classic risk factors" are recognized as cigarette smoking, cholesterol levels, blood pressure levels, and 
diabetes status. 
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long asymptomatic period during the development of CVDs, so novel methods to non-

invasively assess CVD risk with cost-efficient technologies can have significant impact 

by allowing individuals to affect their cardiovascular status much earlier.  This project 

proposes that advanced optical methods have the potential to enhance risk assessment 

and should be translated into use in cardiovascular care. 

 

1.2) A Paradigm for Using Diffuse Optics in Vascular Health Assessments 

All problems in medicine rely on knowledge of the structure and function of 

biological tissue.  Samples of tissue can be collected via biopsy, but a non-invasive 

technique such as imaging is almost always preferable.  The near-infrared spectrum of 

light presents an ideal method for probing several centimeters deep into tissue with non-

ionizing light.  The primary light absorbing components of biological tissue are 

hemoglobin, water, and fat, all of which absorb minimal amounts of light from the near-

infrared region compared to the rest of the electromagnetic spectrum [5]. 

Aside from absorption events which affect photons traveling through tissue, 

scattering also takes place.  The most accurate method of describing photon travel 

through tissues comes from Maxwell’s equations of electromagnetism, but approximate 

methods have been developed to model photon travel in biological tissue with relative 

ease.  An excellent background on these models can be found in Haskell et al.'s pivotal 

work on photon diffusion theory [6], and a brief review of the theory relevant to this work 

will be covered in Chapter 2. 

In our case, the goal of any type of photon transport model is the extraction of 

absorption and scattering properties of biological tissue.  In model-based optical 
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methods where absorption and scattering events can be separated, the measured 

absorption spectra of bulk biological tissue can be decomposed into component spectra 

so concentrations of individual components can be determined.  DOSI, the technology 

used throughout this thesis, is an example of such a method [7]. 

 

2) DIFFUSE OPTICAL SPECTROSCOPIC IMAGING (DOSI) 

2.1) Introduction to Light-Tissue Interactions 

The use of light for biomedical applications necessitates a careful understanding 

of how photons behave once they enter biological tissue.  Photons can experience 

scattering and absorption within tissue and reflection and transmission at tissue 

boundaries.  The field of study which focuses on these processes is known as tissue 

optics and a basic understanding of the core concepts helps to understand latter parts 

of this thesis. 

In tissue optics, we define the scattering coefficient (𝜇𝑠) and absorption 

coefficient (𝜇𝑎) as the inverse of the mean free path for scattering and absorption.  

These parameters are useful when a biochemical description of a tissue’s structure and 

composition is desired.  If we focus on a tissue’s scattering characteristics, for example, 

light will experience scattering at different rates as it travels through tissue.  Not only will 

tissue constituents scatter light in unique ways, but the wavelength of light also 

determines how it experiences scattering inside of tissue.  In most biological tissues, 

Mie scattering is the dominant form of scattering and the wavelength dependence of 

scattering follows a predictable form: 

𝜇𝑠
′ (𝜆) = 𝐴×(

𝜆

500 𝑛𝑚
)−𝑏  
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where 𝜆 is the wavelength of light, 𝐴 is the scattering amplitude, 𝑏 is the scattering 

power, and the denominator is a scaling factor which is used to more easily understand 

results near commonly used wavelengths of light [5]. 

In addition to light scattering, light can experience absorption.  The absorption 

coefficient, 𝜇𝑎, is mathematically defined as 

𝜇𝑎 = −
1

𝑇

𝜕𝑇

𝜕𝐿
 

where 𝑇 (dimensionless) is the transmitted fraction of incident light which successfully 

passes through an incremental pathlength, 𝜕𝐿.  Solving for 𝑇 in terms of 𝐿, we can write 

𝑇 = 𝑒−𝜇𝑎𝐿. 

An alternative means for describing the transmitted fraction of light is with an extinction 

coefficient, such as 

𝑇 = 10−𝜀𝐶𝐿 

where 𝐶 is the concentration of a chromophore and 𝜀 is the extinction coefficient of the 

chromophore.  Setting these two equations for 𝑇 equal, we can solve for 𝜇𝑎 in terms of 

𝐶 and 𝜀, 

𝜇𝑎 = ln(10)×𝐶𝜀 = 2.303×𝐶𝜀. 

Rearranging this equation, we have a way to calculate the concentration of a 

chromophore given a measured 𝜇𝑎 and previously known 𝜀, 

𝐶 =
𝜇𝑎

2.303

1

𝜀
. 

If multiple absorbing chromophores are present in a given tissue, their absorption 

behaviors are additive and a medium’s total absorption can be represented as a linear 

combination of absorbers: 



6 
 

𝑡𝑖𝑠𝑠𝑢𝑒 𝜇𝑎 = ln (10) ∑ 𝐶𝑖𝜀𝑖
𝑛
𝑖=1 . 

We can solve for the vector of unknown concentrations, 𝐶𝑖, given known extinction 

coefficients, 𝜀𝑖, and a measured tissue absorption, 𝑡𝑖𝑠𝑠𝑢𝑒 𝜇𝑎, by employing matrix 

inversion or a least-squares computational approach.  Thus, it is possible to solve for 

concentrations of several absorbers if a corresponding number of distinct wavelengths 

of light are utilized.  

A natural question at this point is: which wavelengths of light should we use to 

study biological tissue?  The near-infrared (NIR) spectrum of light is a popular choice 

since light attenuation due to absorption is minimal and photons can probe several 

centimeters into and back out of tissue (Figure 1) [5].  The 600 – 1000 nm range is 

commonly known as the “near-infrared window” and is utilized for studying deep into 

biological tissue.  In addition to allowing deep tissue analysis, the NIR range of light is 

primarily affected by several absorbers of light which are highly relevant to medicine: 

heme proteins (e.g. hemoglobin and myoglobin), lipids, and water.  Each of these 

components have unique spectral absorption properties and can readily be separated 

and quantified using the analysis techniques described above. 

The primary challenge when studying scattering and absorption characteristics of 

tissue is that both effects result in attenuation of light and are difficult to distinguish.  The 

ability to shine light into biological tissue and uniquely quantify the defining scattering 

and absorption rates of the tissue is a difficult problem and will be discussed in the next 

section. 
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Figure 1. Borrowed from Jacques 2013.  This plot shows the 
absorption spectrum of a typical biological tissue.  In the 
visible wavelengths (<600 nm), hemoglobin absorbs light at 
high rates whereas water and fat absorb light at high rates 
as you venture further into the infrared (>1000 nm).  The 
“near-infrared window” is between 600 – 1000 nm [5]. 

 

2.2) Frequency Domain Photon Migration (FDPM) 

As described in the previous section, uniquely describing the scattering and 

absorption behaviors of a biological tissue can have important implications for 

biomedical optics.  For this purpose, we will describe a technique known as frequency 

domain photon migration (FDPM) which allows for quantitative determinations of the 

reduced scattering coefficient (𝜇𝑠′) and absorption coefficient (𝜇𝑎) of a tissue. 

 

Boltzmann Transport Equation 
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A complete treatment of light propagation in biological tissue requires the use of 

Maxwell’s equations of electromagnetism.  However, the large degree of scattering in 

biological tissue leads to a complex superposition of waves and boundary conditions 

which are exceedingly difficult to solve with both analytical and numerical solvers [7].  A 

simplified approach involves the treatment of light as noninteracting particles, whereby 

the Boltzmann transport equation suffices to describe light transport in tissue [6].  The 

Boltzmann transport equation is formalized as 

1

𝑐

𝜕𝐿(𝒓, 𝑠̂, 𝑡)

𝜕𝑡
+ 𝛁 ∙ 𝐿(𝒓, 𝑠̂, 𝑡)𝑠̂ = 

−(𝜇𝑠 + 𝜇𝑎)𝐿(𝒓, 𝑠̂, 𝑡) + 𝜇𝑠 ∬ 𝐿(𝒓, 𝑠̂′, 𝑡)𝑓(𝑠̂ ∙ 𝑠̂′) 𝑑Ω ′
4𝜋

+ 𝑄(𝒓, 𝑠̂, 𝑡), 

where 𝑐 = (3×108𝑚/𝑠)/𝑛 is the speed of photons in a biological tissue of refractive 

index 𝑛, 𝐿(𝒓, 𝑠̂, 𝑡) is radiance which has units of W/(m2sr), 𝑠̂ is a unit vector pointing in a 

given direction, 𝑓(𝑠̂ ∙ 𝑠̂′) is the normalized differential scattering cross section which 

satisfies  

∬ 𝑓(𝑠̂ ∙ 𝑠̂′) 𝑑Ω ′
4𝜋

= 1, 

and 𝑄(𝒓, 𝑠̂, 𝑡) is a source term which injects light power into a unit solid angle centered 

on 𝑠̂ in a unit volume at 𝒓 [6].  If we integrate over all solid angles, the Boltzmann 

transport equation can be rewritten as 

1

𝑐

𝜕𝜙(𝒓,𝑡)

𝜕𝑡
+ 𝛁 ∙ 𝒋(𝒓, 𝑡) = −𝜇𝑎𝜙(𝒓, 𝑡) + 𝑆(𝒓, 𝑡), 

where 

𝑆(𝒓, 𝑡) ≡ ∬ 𝑄(𝒓, 𝑠̂, 𝑡) 𝑑Ω
4𝜋

, 

𝜙(𝒓, 𝑡) ≡ ∬ 𝐿(𝒓, 𝑠̂, 𝑡) 𝑑Ω
4𝜋

, 
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𝒋(𝒓, 𝑡) ≡ ∬ 𝐿(𝒓, 𝑠̂, 𝑡)𝑠̂ 𝑑Ω
4𝜋

. 

The terms 𝜙(𝒓, 𝑡) and 𝒋(𝒓, 𝑡) are fluence rate and flux, respectively [6]. 

 

The Diffusion Approximation 

If scattering takes place at a much higher rate than absorption (𝜇𝑠′ ≫ 𝜇𝑎), a 

diffusion approximation can be made and radiance can be described as an isotropic 

fluence rate with a small directional flux: 

𝐿(𝒓, 𝑠̂, 𝑡) =
1

4𝜋
𝜙(𝒓, 𝑡) +

3

4𝜋
𝒋(𝒓, 𝑡) ∙ 𝑠̂. [6] 

With the diffusion approximation made, we can substitute this form of radiance back into 

the Boltzmann transport equation, multiply by 𝑠̂, and integrate over all solid angles to 

obtain 

1

𝑐

𝜕𝒋(𝒓, 𝑡)

𝜕𝑡
= −

1

3
𝛁𝜙(𝒓, 𝑡) −

1

3𝐷
𝒋(𝒓, 𝑡) 

where the diffusion coefficient, 𝐷, is defined as 

𝐷 ≡
1

3[(1−𝑔)𝜇𝑠+𝜇𝑎]
≡

1

3𝜇𝑠′
 [6]. 

During steady state, we can solve for flux, 𝒋(𝒓, 𝑡), where the resulting equation is the 

famous Fick’s law: 

𝒋(𝒓, 𝑡) = −𝐷𝛁𝜙(𝒓, 𝑡). 

Although this equation for flux was derived for a steady state source, it is still a 

reasonable approximation in biological tissue when the source varies at frequencies 

lower than ~1 GHz [6].  This relation between the flux and fluence rate allows us to 

rewrite our differential equation in terms of the fluence rate alone: 

𝐷𝛁2𝜙(𝒓, 𝑡) − 𝜇𝑎𝜙(𝒓, 𝑡) = 
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(1 + 3𝐷𝜇𝑎)
1

𝑐

𝜕𝜙(𝒓,𝑡)

𝜕𝑡
− 𝑆(𝒓, 𝑡) +

3𝐷

𝑐2

𝜕2𝜙(𝒓,𝑡)

𝜕𝑡2
−

3𝐷

𝑐

𝜕𝑆(𝒓,𝑡)

𝜕𝑡
. 

Given the much higher rate of scattering than absorption in biological tissue, we can 

neglect the term 3𝐷𝜇𝑎.  Finally, as we have restricted this description to sources which 

vary slower than 1 GHz, the final two terms can also be neglected and we are left with 

the diffusion equation 

𝐷𝛁2𝜙(𝒓, 𝑡) − 𝜇𝑎𝜙(𝒓, 𝑡) =
1

𝑐

𝜕𝜙(𝒓,𝑡)

𝜕𝑡
− 𝑆(𝒓, 𝑡) [6]. 

 

Solving the Diffusion Equation for a Harmonic Source 

The solution to this diffusion equation for a harmonic source at the origin emitting 

power 𝑃 = 𝑒𝑖𝜔𝑡 is known as a “photon density wave” and takes the form 

𝜙(𝒓, 𝜔, 𝑡) =
𝑃

4𝜋𝐷
𝑒−𝑘𝑟𝑒𝑎𝑙𝑟

𝑒−𝑖(𝑘𝑖𝑚𝑎𝑔𝑟−𝜔𝑡)

𝑟
 

where the 𝑘 wave vector 

𝑘 = 𝑘𝑟𝑒𝑎𝑙 + 𝑖𝑘𝑖𝑚𝑎𝑔 = √
𝜇𝑎𝑐+𝑖𝜔

𝐷𝑐
, and 𝜏 ≡

1

𝜇𝑎𝑐
 

such that 

𝑘𝑟𝑒𝑎𝑙 = √
3

2
𝜇𝑎𝜇𝑡𝑟[√1 + (𝜔𝜏)2 + 1]

1/2
 , 

𝑘𝑖𝑚𝑎𝑔 = √
3

2
𝜇𝑎𝜇𝑡𝑟[√1 + (𝜔𝜏)2 − 1]

1/2
 [6]. 

In the above equations, 𝜏 is defined as the absorption relaxation time. 

 

Practical Application of FDPM Theory 
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 In practice, a light source will contain AC and DC components in the following 

form: 

𝜙(𝒓, 𝜔, 𝑡) = 𝐴𝐷𝐶
𝑒

−𝑟
𝛿⁄

𝑟
+ 𝐴𝐴𝐶

𝑒−𝑘𝑟𝑒𝑎𝑙𝑟

𝑟
𝑒−𝑖(𝑘𝑖𝑚𝑎𝑔𝑟−𝜔𝑡), 

where 𝛿 is the DC attenuation length and can be derived by setting 𝜔 = 0 in the 

expression for 𝑘𝑟𝑒𝑎𝑙 [6].  With a detector placed a distance 𝑟 away from the source and 

oriented perpendicular radial flux of the source, the detected signal will be proportional 

to the source fluence rate but with a phase lag given the distance from the source 

𝑝ℎ𝑎𝑠𝑒 𝑙𝑎𝑔 =  𝑘𝑖𝑚𝑎𝑔𝑟 [6]. 

In addition to a phase lag, the detected signal will have a reduced modulation amplitude 

relative to the source given by 

𝑚𝑜𝑑𝑢𝑙𝑎𝑡𝑖𝑜𝑛 =  

[
𝐴𝐴𝐶

𝑒−𝑘𝑟𝑒𝑎𝑙𝑟

𝑟

𝐴𝐷𝐶
𝑒

−𝑟
𝛿⁄

𝑟

⁄ ]

[
𝐴𝐴𝐶

𝐴𝐷𝐶
⁄ ]

⁄
 [6]. 

The phase lag and modulation are the primary outputs from FDPM and fitting measured 

data against this modeled behavior allows for the determination of  𝜇𝑎 and 𝜇𝑠′. 

 

Semi-infinite Boundary Condition and Non-invasive Tissue Measurements 

 A final extension of this theory in practice is the implementation of a semi-infinite 

boundary condition to more accurately describe photon transport when a non-invasive 

tissue measurement is performed (accounting for the air/tissue interface).  Several 

approaches have been described for this process, but our lab uses the extrapolated-

boundary condition approach described by Haskell et al [6].  This approach leads to a 

fluence rate solution of the form 
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𝜙(𝜌, 𝑧, 𝜔, 𝑡) = 𝐴𝐷𝐶 [
𝑒

−𝑟1
𝛿⁄

𝑟1
−

𝑒
−𝑟𝑏

𝛿
⁄

𝑟𝑏
] + 𝐴𝐴𝐶 [

𝑒−𝑘𝑟1

𝑟1
−

𝑒−𝑘𝑟𝑏

𝑟𝑏
] 𝑒𝑖𝜔𝑡, 

where 𝜌, 𝑟1, and 𝑟𝑏 are geometrical features of the extrapolated-boundary setup, as well 

as modified formulations for the detected phase lag and modulation which can be seen 

in their work [6]. 

 

2.3) Broadband Diffuse Optical Spectroscopy (DOS) 

With a determination of 𝜇𝑎 and 𝜇𝑠′ from FDPM, we can solve for concentrations 

of chromophores inside of biological tissue.  Our only constraints are that the basis 

spectra for absorbing chromophores must be linearly independent and we must have 

resulting 𝜇𝑎 for as many distinct wavelengths as there are chromophores.  As an 

example, if we wish to solve for concentrations of oxy- hemoglobin, deoxy-hemoglobin, 

fat, and water, we need a minimum of four wavelengths and they must be spectrally 

located where each chromophore absorbs light in a unique way (e.g. 750 nm, 850 nm, 

930 nm, 970 nm).  While technically feasible, the approach described by Bevilacqua et 

al. combines FDPM with a steady-state reflectance method and theoretically allows for 

broadband characterization of 𝜇𝑎 at hundreds of wavelengths [8]. 

Steady-state reflectance is affected by both 𝜇𝑎 and 𝜇𝑠′ and when measured at a 

single source-detector separation we cannot determine 𝜇𝑎.  We recall, however, that the 

wavelength dependence of scattering is a smooth, predictable function (CITE MIE 

ABOVE) [5].  If we determine 𝜇𝑠′ at enough wavelengths to resolve this wavelength 

dependence, we can fit our FDPM results to the power law dependence and obtain 

broadband 𝜇𝑠′.  Finally, we can leverage this information along with steady-state, 
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broadband reflectance to determine broadband 𝜇𝑎 at hundreds of wavelengths, namely 

across the NIR window (650 – 1000 nm). 

In all studies described below, we have utilized this combination of SS and 

FDPM methods in a single instrument and technique we term diffuse optical 

spectroscopic imaging (DOSI).  A single measurement on human tissue takes ~1-5 

seconds and the primary result is broadband 𝜇𝑎 and 𝜇𝑠′ which represents a deep (~1 

cm) bulk characterization of tissue. 

 

3) OPTICAL BODY COMPOSITION ASSESSMENT 

3.1) Tissue Composition: A Pilot Study in Resistance Training 

3.1.1) Introduction 

Skeletal muscle plays a major role in whole-body protein stability and 

maintenance and is an important measure of an individual's ability to maintain overall 

health, optimize athletic performance, and overcome injury [9-11].   Researchers have 

also demonstrated correlations between decreased muscle mass and strength with 

obesity, chronic diseases such as heart failure and cancer, the development of insulin 

resistance and diabetes, and osteoporosis [12].  As a result, the development of 

quantitative, bedside, and wearable technologies for characterizing muscle composition 

and assessing long-term changes and interventions would be broadly impactful in 

precision medicine and personal health. 

A common tool in muscle assessment is dual-energy x-ray absorptiometry 

(DXA).  DXA can non-invasively scan the body and quantify composition, i.e. the 

amount of fat, lean soft tissue, and bone mineral content present in specific tissue 
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compartments [13]. Despite the utility of DXA measurements, DXA machines are not 

portable and are unable to assess perfusion and oxygen saturation, both of which are 

important in exercise and health assessments.  In addition, a measurement of lean soft 

tissue mass is not a direct means of quantifying muscle mass as it is the “residual” 

component in DXA’s three component model of fat tissue, bone mineral, and residual 

lean soft tissue [13]. 

In contrast, near-infrared spectroscopy (NIRS) is portable and can be tailored to 

study muscle physiology in many experimental paradigms, as described in several 

reviews [14-16].  NIRS has also been used to study hemodynamics in muscle for 

several decades [17].  Studies during the 2000s developed mapping/imaging 

techniques for assessing the spatial variations of muscle during rest and exercise [18, 

19].  More recent studies have focused on combining NIRS with diffuse correlation 

spectroscopy to assess oxygen saturation of the muscle as well as blood flow [20, 21].  

NIRS can also be utilized to track water and lipid content in biological tissue [22].  While 

the relationship between neural and hypertrophic strength gains is well characterized in 

older literature and hypertrophy is thought to occur after 6-7 weeks of exercise [23, 24], 

recent studies have shown that hypertrophy might take place in as little as 3-4 weeks of 

training [25, 26].  However, early increases in muscle cross-sectional area may be due 

to edema-induced swelling [27].  As such, the water and lipid monitoring capabilities of 

NIRS could be useful in monitoring early resistance-training studies. 

In this work, we evaluate whether a form of NIRS, broadband diffuse optical 

spectroscopic imaging (DOSI,) can be used to quantitatively assess long-term changes 

in intrinsic tissue composition following resistance training (RT). DOSI combines 
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frequency domain photon migration (FDPM) with time-independent broadband NIRS to 

separate light scattering from absorption in centimeter-thick tissues.  Scatter-corrected 

absorption spectra are used to calculate the tissue concentration of oxygenated and 

deoxygenated hemoglobin/myoglobin as well as water and lipid content.  Because 

spectra are acquired using a handheld probe, DOSI can form topographic maps and 

reveal spatial variations in tissue properties [7]. 

DOSI has been used extensively as a long-term monitoring technology in breast 

cancer where levels of water, lipid, and hemoglobin change over the course of 3-6 

months of chemotherapy [28-30].  We have also used DOSI to monitor changes in 

adipose tissue as patients underwent 3-months of calorie-restriction weight loss [22].  In 

addition, the ability of DOSI to reliably measure water and lipid content has been 

validated in a study using magnetic resonance imaging (MRI) [31].  It seems likely that 

DOSI could provide useful information for body composition analysis since it is able to 

quantify levels of blood, water, and fat in tissue.  For this purpose, we test for 

associations between DOSI-measured tissue chromophores and DXA-measured fat 

and lean soft tissue mass.  We hypothesized that correlations would exist between 

these distinct methods of tissue composition assessment, with a high lean/fat mass ratio 

from DXA correlating with DOSI measurements of increased hemo+myoglobin and 

water (i.e. lean mass) and less lipid (i.e. fat mass).  In addition, we attempted to identify 

which DOSI parameters are sensitive to tissue adaptations that accompany resistance 

training. Unlike previous NIRS muscle studies that primarily track hemodynamic 

changes during and immediately post-exercise, we report, for the first time, how DOSI 
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can be used to assess long-term changes in calf muscle composition over a period of 5 

weeks. 

 

3.1.2) Methods 

3.1.2.1) Participants and experimental design 

 A total of 15 participants (9 males and 6 females; 20.9 ± 3.8 yr, 65.7 ± 10.4 kg, 

168.6 ± 7.3 cm) were recruited for the study. Participants were non-smokers who were 

not involved in any athletic or programmed physical activities for the previous six 

months, had no history of asthma, cardiopulmonary, or musculoskeletal disease, and 

were not currently taking any medications or sports supplements.  Training and testing 

took place in the Human Performance Laboratory of the Institute for Clinical and 

Translational Science (ICTS) at the University of California, Irvine. Participants provided 

written informed consent before their involvement in the study.  Following consent, two 

of three exercise protocols (see Exercise Training below) were randomly assigned to 

each participant with one protocol being applied to the left leg and a second, different 

protocol applied to the right leg using a block-randomization schedule.  Participants 

attended two to three preliminary sessions to be familiarized with the testing and 

training equipment.  Following familiarization, testing measurements were performed 

during a baseline session before exercise training began and a post-training session 

following five weeks of exercise training. Each testing session included body 

composition assessed by DXA and DOSI.  In addition to these assessments, muscular 

strength was determined using a one repetition maximum (1RM) model.  The study 
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protocol was approved in advance by the Institutional Review Board of the University of 

California, Irvine. 

 

3.1.2.2) Exercise Training 

 Resistance training occurred over a five-week period with participants training 

three days per week for total of 15 training sessions.  This study utilized three exercise 

training protocols: 1) low-intensity at 20% 1RM (LIT), 2) high-intensity exercise @ 70% 

1RM (HIT), and 3) low-intensity exercise at 20% 1RM with blood-flow restriction 

(LIT+BFR).  Exercise training occurred unilaterally on a 45-degree angle hack squat 

machine (HF-4357, Hoist Fitness, San Diego, CA).  Participant foot placement was 

determined by centering the metatarsophalangeal articulation for the sagittal plane and 

the medial side of the shoe for the frontal plane on the equipment foot plate. During 

each session, the right leg was trained first followed by the left leg.  Each repetition 

started with the ankle in a dorsiflexed position.  Participants were encouraged to plantar 

flex under maximal effort with a controlled descent back to the initial dorsiflexed position 

for 1.5 seconds controlled with a metronome.  Under the protocol with BFR, an 

automated blood pressure cuff (Hokanson, Inc., Bellevue, WA, USA) was placed 

proximal to the knee joint during training.  The cuff was inflated to 1.3 x systolic blood 

pressure before the commencement of exercise.  Following the training session, 

participants consumed 20 grams of high-quality whey protein supplement (Optimum 

Nutrition, Downers Grove, IL, USA) in 200 mL of water. 

 

3.1.2.3) 1-Repetition Maximum (1RM) Strength Testing 
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 Participants were positioned on the exercise equipment and instructed by study 

personnel to perform exercises at maximal exertion utilizing the technique described 

above.  A repetition was considered successful if the distance the weight was lifted 

equated to at least 80% of the maximum distance obtained during an unloaded 

repetition.  Following a successful repetition, participants rested at least 1.5 minutes 

before weight was incrementally increased in association with guidelines set forth by the 

National Strength and Conditioning Association [32]. Incremental increases were 

repeated until a participant was unable to perform a successful repetition. The highest 

load lifted for a successful repetition was noted as the participant’s 1RM. 

 

3.1.2.4) Dual Energy X-Ray Absorptiometry (DXA) Measurements 

 DXA measurements were performed at baseline and post-training with a Hologic 

Discovery A DXA system using Apex 3.3 software (Hologic, Marlborough, MA, USA).  

Participants laid supine on a padded table with all metal objects removed.  Participants 

were raster scanned from head to foot and then the lower leg region was defined 

superiorly by tibiofemoral joint and inferiorly by the talocrural joint.  To more directly 

compare DOSI and DXA values, bone mineral content was excluded from the DXA data 

and only soft-tissue parameters were analyzed.  Specifically, soft-tissue is comprised of 

fat mass (FM) and residual lean soft tissue mass (LM). In addition to FM and LM, the 

fraction of the soft tissue that is LM is defined in this study as lean mass fraction (LMF).   

 

3.1.2.5) Diffuse Optical Spectroscopic Imaging (DOSI) Measurements 
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The technical details of DOSI have been described previously [7]. Briefly, DOSI 

combines frequency domain photon migration (FDPM) and broadband spectroscopy to 

obtain absorption and scattering coefficients across a broad range of wavelengths (650 

– 1000 nm). This allows for precise quantitation of tissue concentrations of the major 

absorbers in this range of wavelengths. The system used in this study has been 

described previously but a brief overview will be provided here [22]. The FDPM system 

utilizes three intensity-modulated near infrared (NIR) laser diodes (690, 785, and 835 

nm) and an avalanche photodiode detector to collect diffusely reflected light in the form 

of photon density waves.  The broadband NIRS system utilizes a broadband quartz 

tungsten halogen (QTH) source and a spectrometer for light collection.  All light sources 

are fiber-coupled into a handheld probe that contains the avalanche photodiode and 

another optical fiber coupled to a spectrometer.  Fiber placement in the probe allows for 

co-registered FDPM and broadband NIRS measurements with a source-detector 

separation that is fixed at 28 mm. 

 DOSI measurements were performed at baseline and post-training.  Post-training 

DOSI assessments were performed at least 65 hours (80 +/- 13 hours) following the 

final exercise session for all participants.  Participants were positioned prone on a 

padded table and grids of 48 points each were drawn over both calves (Figure 2). The 

grids consisted of 6 rows and 8 columns, each separated by 2.5 cm (~220 cm2 total 

area). Three broadband DOSI scans were performed (approximately 3 seconds per 

scan) at each grid point and tissue chromophore concentrations were averaged from 

the sequential scans.  The chromophores analyzed in this study consisted of 

oxygenated hemo+myoglobin (HbMbO2), de-oxygenated hemo+myoglobin (HbMbR), 
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water content (Water), lipid content (Lipid), and then the following derived parameters: 

total hemo+myoglobin (THbMb = HbMbO2+HbMbR) and oxygen saturation (StO2 = 

HbMbO2/THbMb). 

 
Figure 2. The photo on the left shows a sample participant with the DOSI grid-points on the lower legs.  
Eight columns and six rows covered each leg, with each point being spaced 2.5 cm from the next point.  
DOSI THbMb results are shown in a grid image in the middle.  On the right, an interpolated DOSI image 
is formed by using cubic spline interpolation between points. Contrast from medial and lateral muscle 
head groups can be seen in in lower left and right regions of the grid, respectively. THbMb = total-
hemo/myoglobin, DOSI = diffuse optical spectroscopic imaging. 

 

Prior to analysis, a medial region of interest (ROI) from the DOSI grid was 

selected.  Medial ROIs were determined using a thresholding criterion that has been 

used previously to identify and track tumors in breast cancer [30]. Instead of using the 

tissue optical index, however, we defined a THbMb threshold as 

thresholdTHbMb =
(THbMbmax − THbMbmin)

2
+ THbMbmin 

where THbMbmax  and THbMbmin were the maximum and minimum THbMb values for a 

given leg at baseline.  After DOSI data was filtered to only include grid points that met 

the THbMb threshold, data representing the medial ROI was selected manually to 

correct for shifting of grid locations from baseline to post-training.  After accounting for 

possible grid-shift, 3-5 grid points were selected for each leg at baseline and data from 

the same grid points were averaged post-training.  Thus, DOSI data for the medial head 
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ROI represents the same tissue area at both time points.  Since the medial ROIs were 

selected based on higher THbMb content, we believe that they more accurately 

represent the physiology of the medial gastrocnemius muscle and provide enhanced 

sensitivity to changes that accompany strength training.  The medial ROI data was 

therefore used when determining which DOSI parameters were sensitive to RT 

changes, while the entire DOSI grid was used when comparing with DXA results in 

correlation tests. 

 

3.1.2.6) DOSI Surface Rendering 

 The 3D surface geometry of a sample participant was acquired using a Microsoft 

Kinect TM for Windows V1 (Microsoft, WA, USA) and the Kinect Fusion SDK. The 

Kinect also acquires an image of the surface which is textured onto the 3D geometry 

using open source software Point Cloud Library [33]. The textured 3D mesh is rendered 

and the measurement points are selected. The optical data, measurement locations, 

and 3D mesh are imported into MATLAB to generate a 3D interpolated topographic 

map.  A similar process was used in our previous studies of weight loss and breast 

cancer chemotherapy monitoring to create 3D renderings of DOSI data from abdomen 

and breast tissue [22, 30]. Not all participants were available for scanning with the 

Kinect system, so the initial 3D surface geometry from a representative volunteer was 

used to generate 3D surface images with DOSI data from all participants. 

 

3.1.2.7) Statistical Analysis 
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Throughout this study, we employed the Holm-Bonferroni correction when testing 

multiple hypotheses and our significance level was defined as α = 0.05.  All statistical 

tests were performed with R (R Foundation for Statistical Computing, Vienna, Austria.) 

Wilcoxon signed-rank tests were performed to test for changes in repeatedly 

measured parameters.  For DXA, we tested for changes in lower leg LM, FM, and LMF 

and for DOSI we tested for changes in HbMbO2, HbMbR, THbMb, StO2, water, and 

lipid. 

Pearson product-moment correlation coefficients were calculated for all 6 pairs of 

DOSI parameters and DXA LMF.  Coefficients were calculated separately for 

parameters measured at Baseline and Post-Training.  Since repeated observations 

were performed on each participant (data was collected for both legs), there was a 

possibility that repeated observations would enhance the significance of our correlation 

tests.  To address this issue, mean values between the two legs were calculated for 

DOSI and DXA parameters before correlation tests were performed so only one data 

point per person is included in correlation tests [34].  This method allows for a more 

accurate description of correlations between participants when there are repeated 

measures for each individual participant [34].  It should be emphasized that this process 

was more conservative than simply treating all legs as independent contributors to the 

correlation tests. 

 

3.1.3) Results  

3.1.3.1) Participant Demographics and Strength Training 
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 The cohort of participants involved a combination of 9 male and 6 female 

participants ranging in age from 18 – 33 years.  DXA was performed on all participants 

(n = 30 legs) with nine legs assigned to LIT (5 female), ten to HIT (2 female), and eleven 

to LIT+BFR (6 female).  Three participants were not able to contribute to the DOSI 

results due to system malfunction.  Thus, the DOSI data is comprised of twelve 

participants (n = 24 legs) with seven participating in LIT (2 female), nine participating in 

HIT (2 female), and eight participating in LIT+BFR (4 female). For the three participants 

with missing DOSI data, strength data was used in the 1RM comparison between 

training regimens, but these participants are not included when comparing DXA, DOSI, 

and 1RM results in the correlation tests. 

Participants did not experience significant body weight changes over the course 

of the study, measuring 67.0 ± 2.0 kg at baseline and 66.9 ± 2.1 kg post-training.  While 

all three training regimens resulted in significantly increased 1RM, there was no 

statistical difference in 1RM gains when comparing regimens.  When all regimens were 

pooled together, the entire cohort showed a significant increase in 1RM with a 62 ± 9 

% change over average baseline values of 70.7 ± 4.9 kg (Δ1RM = 41.5 ± 6.2 kg, p = 

1.9E-05).  All participants experienced 1RM gains in both legs except for one participant 

whose 1RM did not change in her right leg.  Since no statistical difference was detected 

in 1RM between separate training regimens, we did not break the participants into sub-

cohorts for DOSI and DXA analysis.  In addition, we did not observe an association 

between baseline 1RM and the magnitude of 1RM change. 

 

3.1.3.2) DOSI Images and Surface Rendering 
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Recovered DOSI images were generated for all parameters and data was 

rendered on a 3D surface geometry from a sample participant (Figure 3).  Spatial 

heterogeneities were present in all images and likely reveal the location of the medial 

and lateral heads of the gastrocnemius.  The images demonstrate changes that take 

place between baseline (Figures 3A and 3B) and post-training (Figures 3E and 3F) and 

show that specific regions of the gastrocnemius present greater changes than 

elsewhere.  For the participant’s data shown in these images, absorption and reduced 

scattering coefficients were in the range of 0.010-0.055 mm-1 and 0.4-0.8 mm-1, 

respectively, depending on measurement position and wavelength (Figure 3C, 3D, 3G, 

3H).  The large range in optical properties was expected as each participant was 

scanned over a total area of ~220 cm2. 

 
Figure 3. This figure shows sample THbMb DOSI images, THbMb surface renderings, and optical 
properties for a participant’s right leg.  A) Baseline DOSI THbMb map with the approximate medial ROI 
marked.  B) Baseline DOSI THbMb surface rendering.  C) Mean (±stdev) absorption coefficients across 
the medial ROI and across the entire calf. D) Mean (±stdev) reduced scattering coefficients across the 
medial ROI and across the entire calf.  E, F, G, H) The corresponding figures 5-weeks post-training.  
Color bars show concentration of THbMb in microMolar.  THbMb = total-hemo+myoglobin, DOSI = diffuse 
optical spectroscopic imaging. 

  

3.1.3.3) Correlation Tests 

At Baseline, significant correlations were found between several DOSI 

parameters and DXA-derived lean mass fraction (LMF) (Table 1, Figure 4).  LMF was 
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positively correlated with HbMbO2 (p = 2.0E-04, R = 0.87), HbMbR (p = 1.2E-03, R = 

0.82), Water (p = 1.4E-05, R = 0.93), and THbMb (p = 2.1E-04, R = 0.87) and 

negatively correlated with Lipid (p = 1.6E-05, R = -0.93). 

After training, the same correlations were found between DOSI parameters and 

LMF (Table 1, Figure 4).  LMF was positively correlated with HbMbO2 (p = 8.7E-05, R = 

0.89), HbMbR (p = 0.0027, R = 0.78), Water (p = 4.2E-06, R = 0.94), and THbMb (p = 

0.0002, R = 0.87) and negatively correlated with Lipid (p = 0.0035, R = -0.77). 

 

 

Table 1. Pearson product-moment correlation test 
results between DOSI parameters and LMF from 
DXA.  The Bland-Altman method was utilized in 
averaging data from both legs of patients to remove 
the effect of repeated measures.  In addition, the 
Holm-Bonferroni correction was applied to correct for 
multiple hypothesis testing.  Significant correlations 
are bolded and marked with an asterisk.  LMF = lean 
mass fraction, HbMbO2 = oxy-hemo/myoglobin, 
HbMbR = deoxy-hemo/myoglobin, THbMb = total-
hemo/myoglobin, StO2 = tissue HbMb saturation, 
DXA = dual-energy x-ray absorptiometry, DOSI = 
diffuse optical spectroscopic imaging. 

 Baseline Post-Training 

 R p R P 

HbMbO2 0.87 2.0E-04* 0.89 8.7E-05* 

HbMbR 0.82 0.001* 0.78 0.0027* 

THbMb 0.87 2.1E-04* 0.87 0.0002* 

StO2 0.61 0.034 0.65 0.0216 

Water 0.93 1.4E-05* 0.94 4.2E-06* 

Lipid -0.93 1.6E-05* -0.77 0.0035* 
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Figure 4. These plots show DOSI parameters plotted against LMF from DXA at baseline and post-
training.  (A) HbMbO2, (B) HbMbR, (C) Water, (D) Lipid, (E) THbMb, and (F) StO2. Each data point 
represents a single leg, so 24 points comprise each plot.  Significant correlations were detected between 
all DOSI parameters shown here and LMF except in (F) where StO2 vs. LMF did not meet our significance 
criteria.  LMF = lean mass fraction, HbMbO2 = oxy-hemo/myoglobin, HbMbR = deoxy-hemo/myoglobin, 
THbMb = total-hemo/myoglobin, StO2 = tissue HbMb saturation, DXA = dual-energy x-ray absorptiometry, 
DOSI = diffuse optical spectroscopic imaging. 
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3.1.3.4) DXA and DOSI Changes with Training 

 The only significant DXA change with training was a 2 ± 1 % increase in lean 

mass (LM) over average baseline values of 2010.7 ± 85.6 g (ΔLM = 36.4 ± 12.4 g, p = 

0.01641).  Of the 30 legs assessed by DXA, 19 showed gains in LM.  After training, 

DOSI data from the medial region of interest showed significant increases in HbMbO2 

and THbMb, with a 6 ± 2 % increase over average baseline values of 57.5 ± 3.5 µM 

(ΔHbMbO2 = 3.4 ± 1.0 µM, p = 0.00314) and a 6 ± 1 % increase over average baseline 

values of 82.6 ± 4.4 µM (ΔTHbMb = 4.9 ± 1.1 µM, p = 0.00024), respectively.  Of the 24 

legs assessed by DOSI, 18 showed increases in HbMbO2 and 20 showed increases in 

THbMb.  The other DOSI parameters, HbMbR, water, lipid, and StO2, did not change 

significantly with training.  In all cases, no association was detected between baseline 

parameters and the magnitude of change after training (Figure 5).  In addition, as a 

secondary set of tests, we evaluated whether the magnitude of DOSI parameter 

changes were associated with the magnitude of strength change due to training.  We 

did not detect any significant correlations in these secondary tests. 
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Figure 5. These figures show changes in (A) 1RM, (b) lean mass, (C) [THbMb], and (D) [HbMbO2] that 
accompanied 5 weeks of resistance training plotted against baseline values.  All four parameters showed 
significant increases (results in text).  Each data point represents a single leg from this study, while the 
dotted line represents the mean change across the entire cohort.  The magnitude of change was not 
associated with baseline values.  1RM = 1-rep-maximum, THbMb = total-hemo/myoglobin, and HbMbO2 = 
oxy-hemo/myoglobin. 

 
3.1.4) Discussion 

NIRS has been widely used in exercise and skeletal muscle research [15-21, 35-

41], but there is a lack of research using NIRS to examine how tissue chromophores 

change during long-term, longitudinal studies as a result of resistance training protocols.  

To the best of our knowledge, this is the first study to quantify the absolute 

concentrations of hemo/myoglobin before and after resistance training over a five-week 

training period.  Other researchers have assessed exercise-induced deoxygenation 

kinetics before and immediately after training [39, 42], but the NIRS techniques used in 

such studies do not typically quantify light scattering in tissue and are unable to 

measure absolute levels of chromophore concentrations over an extended period of 

time.  In addition, DOSI used in the present study provides topographic maps of the 
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change in tissue composition that occurs with resistance training. These assessments 

reveal spatial variations in the muscle head groups that are used to compare DOSI with 

DXA, a standard assessment of body-composition. 

DOSI images of gastrocnemius muscles appear to differentiate between the 

superficial lateral and medial gastrocnemius heads.  While DOSI is a functional imaging 

technique, the ability to resolve superficial muscle groups suggests that structural 

information can be extracted from DOSI.  Since a fixed source-detector separation (28 

mm) was used in this study, the sampling volume and depth was roughly the same 

between measurements.  This means that locations with thicker subcutaneous adipose 

layers would have decreased contribution from the underlying muscle.  Previous 

research has shown that an approximate adipose layer thickness can be calculated with 

NIRS data and it is possible that data from this study could be used in a similar fashion 

[38]. Future research should examine this concept with the usage of ultrasound imaging 

or other comparable technology. 

Several DOSI parameters reflective of hemoglobin and myoglobin content were 

shown to linearly correlate with lean mass fraction (LMF) as measured by DXA. This 

correlation was observed both before and after five weeks of training. While most DOSI 

parameters were significantly correlated with LMF, StO2 did not significantly correlate 

with LMF once the Holm-Bonferroni correction was applied, possibly due to the 

relatively small sample size.  This study suggests that, regarding LMF, DOSI may be 

equivalent to DXA with no requirement of ionizing radiation. While the imaging 

performed in this study was limited to the lower leg, DOSI can be used to measure 

superficial sites throughout the body, and one aim of future work is to determine 
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whether the correlation between DOSI parameters and LMF is consistent across muscle 

groups. 

Human muscle volume is overwhelmingly composed of myocytes (~80%), with 

blood vessels comprising a small fraction of muscle volume (~7%) [43]. These 

proportions emphasize the importance of accounting for myoglobin when describing the 

chromophore concentrations within muscle tissue.  The separation of myoglobin and 

hemoglobin absorption in muscle tissue is exceedingly difficult because the absorption 

spectra of the two hemeproteins are very similar.  Some groups have reported that it is 

possible to determine the relative Mb/Hb contributions to NIRS absorption via a 

combination technique with 1H MRS [40], novel spectroscopic techniques [37], and 

assumption-based models of human physiology [36, 43].  While early work with NIRS in 

exercise demonstrated that NIRS deoxygenation signals primarily come from 

hemoglobin [41, 44], recent work with the above techniques suggests that more than 

50% of resting NIRS absorption in muscle is due to myoglobin [36, 37, 40, 43].  These 

findings are not contradictory but highlight the complex nature of studying muscle with 

NIRS.  If the THbMb concentrations (49 - 123 µM) from this study can be equally 

attributed to hemoglobin and myoglobin absorption, this suggests that we observed 25 - 

62 µM total-hemoglobin and four times as much total-myoglobin, since myoglobin 

presents only one heme group per protein.  It is important to note, however, that non-

invasive NIRS measurements of muscle tissue are affected by adipose tissue thickness 

as well, so our reported values are representative of a bulk, layered tissue structure and 

not pure muscle tissue. 
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 While significant increases in THbMb and HbMbO2 were seen with training, it is 

unclear whether these changes come from increased myoglobin content, increased 

perfusion to formerly closed capillaries before training, increased capillary density, or 

other modifications throughout the complex skeletal muscle environment.  The literature 

is equivocal on whether myoglobin concentrations in human muscle change with 

resistance training [45]. Another possibility is that resting blood flow into the 

gastrocnemius muscles increased and a portion of previously closed capillaries are 

perfused.  Research has shown that resistance training is associated with an increase 

in the diameter of conduit arteries and peripheral blood flow [46], so this might cause 

increased perfusion into the downstream arterioles and capillaries.  The literature is also 

inconclusive on whether resistance training affects capillary density, with Tesch et al. 

reporting a decrease [47], Campos et al. suggesting that it does not change [48], and 

Hather et al. suggesting that capillary density increases [49].  The number of capillaries 

per fiber is known to increase with training, however, suggesting that potential increases 

in capillary density are masked by a concomitant hypertrophic increase in muscle fiber 

area [48].    If the 5 µM average increase in THbMb witnessed in our study was purely 

due to changes in capillary density (i.e. no changes in myoglobin concentration or 

capillary perfusion), this would constitute an 8 - 20% increase over the 25 - 62 µM total-

hemoglobin range estimated above.  In a sub-group analysis of the study by Campos et 

al., they noted an 8% decrease for low repetition training (3 – 5 reps), a 4% increase for 

intermediate repetition training (9 – 11 reps), and a 7% increase for high repetition 

training (20 – 28 reps) [48]. In addition, they note that the higher repetition training may 

mimic the characteristics associated with aerobic training, wherein capillary density is 



32 
 

well known to increase.  Taking these findings into consideration, the ~6% increase in 

THbMb seems unlikely to be solely explained by capillary density increases such as 

those seen in certain training protocols by Campos et al [48].  Given the large (~60%) 

mean increase in one-rep-max and ~2% mean increase in LM (from DXA) observed in 

this training protocol, it is likely that several of the above-mentioned mechanisms are 

contributing to the detected hemeprotein changes.  It is also possible that a thinning of 

the overlying subcutaneous adipose tissue led to a proportional increase in sampled 

hemo+myoglobin, however this is not supported by corresponding changes in tissue 

lipid and water content with training. 

Tissue lipid and water content were monitored with DOSI but no changes were 

detected with training.  While researchers have suggested that early hypertrophic 

changes are possibly due to edema from tissue damage, we were unable to verify this 

with DOSI after five-weeks of resistance training.  It is possible that the window to detect 

edema was missed and participants had adapted to their training by week five.  Future 

studies would benefit from more frequent imaging, particularly in the period immediately 

after exercise, to measure changes associated with edema. 

 In summary, we have shown significant correlations between DXA and DOSI 

information content in the assessment of gastrocnemius muscle composition during a 5-

week longitudinal study. These findings suggest that DOSI could be used to assess 

body composition in a similar fashion to DXA with the advantage of bedside 

accessibility, frequent measurements, and reduced cost.  In addition, we have 

demonstrated that DOSI is sensitive to changes in concentrations of hemeproteins that 

accompany resistance training over an extended period of several weeks.  This 
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information could be used to guide training regimens and other long-term interventions 

designed to improve muscle function, as well as assess and mitigate the effects of 

muscle wasting and atrophy associated with degeneration and disease.  Future studies 

that include more frequent DOSI measurements and additional imaging correlates could 

provide further insight into the physiological origins and mechanisms of the spatial and 

temporal changes in DOSI signals.  

 

3.2) Body Composition: A Pediatric Exercise Study 

3.2.1) Introduction to Obesity and Whole-Body Composition Assessment 

For at least 30 years, obesity and overweight has become more prevalent 

throughout the world, with increased prevalence seen in developed and undeveloped 

countries, in children and adults, and both sexes [50].  Obesity is associated with many 

additional health issues [51], shortens lifespan [52], and represents excessive personal, 

industrial, and societal monetary costs [53, 54].  In addition to the need for better 

prevention and treatment of obesity, enhanced screening and monitoring techniques 

could play a role in optimizing such prevention and treatment methods.  For example, 

body mass index (BMI) has been used for over 100 years to characterize an individual’s 

body fatness, but it is only an estimate of adiposity.  Direct methods to assess body 

composition involve cadaver analysis, but indirect methods, such as hydrodensitometry 

or dual energy x-ray absorptiometry (DXA), have been developed which involve some 

form of assumption about biological tissues.  Unfortunately, these more accurate 

methods to determine adiposity are typically not portable and cannot be accessed by 

large portions of the population.  In addition to more accurate assessments of adiposity, 
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methods are also needed which provide additional, orthogonal information content that 

can characterize the metabolic status of individuals.  For example, researchers have 

shown that cardiopulmonary exercise testing, a common biomarker of fitness, is more 

readily interpretable when an individual’s lean body mass is known [55].  For these 

purposes, low-cost, portable, and quantitative technologies which can assess both body 

composition and metabolic status could serve an important role in routine clinical 

examinations. 

In the previous section, we demonstrated a relationship between optical measures of 

heme protein, water, and fat content with DXA measures of lean soft tissue.  This 

finding provided evidence that diffuse optical spectroscopy (DOS) could be used to non-

invasively measure body composition in specific tissue compartments.  In addition, we 

have also used DOS to monitor adipose tissue of obese individuals as they underwent 

caloric restriction and discovered that absorption and scattering changes track and may 

elucidate metabolic changes which accompany weight loss.  These studies were limited 

to the gastrocnemius and the abdomen, however, and it is unclear how well DOS can 

be adapted to characterize the entire body. 

In this study, we used DOS and DXA to characterize body composition in ~100 

participants aged 7 – 34 years.  Using DOS, we quantified hemo+myoglobin, water, fat, 

and the wavelength dependence of scattering in several locations of the body 

(gastrocnemius, shin, quadriceps, abdomen, biceps).  Using DXA, full body scans were 

performed and a 3-component model was utilized to quantify fat mass, lean mass, and 

bone mineral content.  We demonstrate correlations between several DOS and DXA 

parameters and propose a DOS protocol for the prediction of whole body fat and lean 
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soft tissue percentage.  Finally, in a subset of tissue locations in which DOS was 

performed, ultrasound was also used to measure skin+adipose tissue thickness (SATT) 

and the relationship to DOS-derived parameters is described. 

 

3.2.2) Methods 

Participants and Experimental Design 

A total of 113 participants were recruited for the study, with 103 completing all 

DOS and DXA scanning and 100 completing all DOS, DXA, and ultrasound scanning.  

All testing took place in the Institute for Clinical and Translational Science (ICTS) at the 

University of California, Irvine.  Participants provided written informed consent before 

their involvement in the study. 

 

Dual Energy X-Ray Absorptiometry (DXA) Measurements 

 DXA measurements were performed using a Hologic Discovery A DXA system 

with Apex 3.3 software (Hologic, Marlborough, MA, USA).  Prior to scanning, 

participants removed all metal objects and laid supine on a padded table.  A 3-

component model was utilized to quantify fat mass (FM), lean mass (LM), and bone 

mineral content (BMC) for each participant, and each of these parameters were 

converted to percentages (fat%, LST%, and BM%) by dividing by total body mass. 

 

Diffuse Optical Spectroscopy (DOS) Measurements 

 DOS measurements were performed using a previously described instrument 

(2015 Ganesan).  Briefly, 3 intensity-modulated laser diodes (690, 785, and 835 nm) 
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and an avalanche photodiode are used to perform frequency domain photon migration 

measurements of tissue.  At each wavelength, these measurements allow for 

determination of absorption and reduced scattering coefficients.  If the reduced 

scattering data from the FDPM measurements is fit to expected scattering behavior in 

biological tissue (Mie theory), broadband reduced scattering coefficients can be 

obtained in the form 

𝜇𝑠
′ (𝜆) = 𝐴×(

𝜆

500 𝑛𝑚
)−𝑏  

where 𝐴 is the scattering amplitude, 𝑏 is the scattering power, and the denominator is a 

scaling factor which has been used in previous work to more easily compare results to 

other studies [5, 22]. In conjunction, a broadband (650-1000 nm) continuous-wave (CW) 

diffuse reflectance spectroscopy measurement is performed using a quartz tungsten 

halogen lamp and a miniature spectrometer.  The broadband reduced scattering results 

can be used as previously described to determine broadband absorption coefficients 

from the CW reflectance results [8].  These absorption coefficients can be further 

decomposed into basis near-infrared (NIR) absorbers.  The dominant NIR absorbers in 

biological tissue are oxygenated hemo+myoglobin (HbMbO2), de-oxygenated 

hemo+myoglobin (HbMbR), water, and lipid. 

 Twelve anatomical sites were chosen and measured with DOS for each 

participant (Figure 6).  These twelve locations were the short and long heads of the 

biceps (BS, BL), four locations surrounding the navel on the abdomen (LL, LR, UL, UR), 

the vastus lateralus (VL), rectus femoris (RF), upper and middle shin (SU, SM), and 

medial and lateral gastrocnemius (GM, GL).  At each location, 3 DOS measurements 

were performed and chromophore concentrations were later averaged over these 
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separate measurements.  The same source-detector separation was used for FDPM 

and CW measurements and for all participants and anatomical locations: 28 mm. 

 
Figure 6. This figure shows how DOS data leads to predictions of DXA fat% and LST%.  On the left, a 
representative DXA image is shown.  X marks are placed on approximate locations of DOS 
measurements.  Each DOS measurement contains broadband, 650-1000 nm absorption and reduced 
scattering coefficients (shown in the middle for an abdominal measurement).  These broadband 
measurements are performed at 12 separate locations and placed into a linear regression model which is 
fit to DXA fat% and LST% data. 

 

Statistical Analysis 

 All data analysis and statistical tests were performed within MATLAB (2015a, 

The MathWorks, Inc.). 

 Pearson product-moment correlation coefficients were calculated between DXA 

fat%, LST%, and BM% and all 5 DOS parameters at each of 12 measurement locations 

(60 tests in total per DXA parameter).  This initial set of tests was used to determine if 

specific parameters of DOS data taken from specific locations explained a significant 

degree of the variance seen in a corresponding parameter from DXA.  If correlations 

were not significant for a specific parameter at a given measurement location, this DOS 

data was not considered for our regression model. 
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 Once DOS parameters and locations were selected for regression modeling, 

participants were randomly assigned to a training subset (n=82) and a test subset 

(n=21).  The training subset was used to build linear regression models while the test 

subset was used to evaluate the predictive accuracy of the generated models.  For 

regression modeling, data from distinct locations were averaged together such that only 

one value of each DOS parameter remained for each participant (THbMb, water, fat, 

scattering power, and scattering amplitude).  Finally, the following regression model was 

used to fit our data: 

𝑌𝑛 = 𝛽0 + 𝛽1(𝑋𝑛1) + 𝛽2(𝑋𝑛2) + 𝛽3(𝑋𝑛3) + 𝛽4(𝑋𝑛4) + 𝛽5(𝑋𝑛5) + 𝜀𝑛 

where 𝑌𝑛 is DXA fat percentage for the nth participant, 𝛽0 is a fixed effect intercept term, 

𝑋𝑛1, 𝑋𝑛2, 𝑋𝑛3, 𝑋𝑛4, and 𝑋𝑛5 represent THbMb, water, fat, scattering power, and 

scattering amplitude for the nth participant, respectively, 𝛽1, 𝛽2, 𝛽3, 𝛽4, and 𝛽5 are 

regression coefficients for each of the corresponding DOS terms, and 𝜀𝑛 is a random 

error term which describes all other factors which might influence DXA fat percentage 

for the nth participant. 

Finally, while it was important to average data across multiple tissue sites to 

increase the accuracy of prediction of whole body composition, tissue locations were 

only used if they added predictive accuracy to the linear model.  This selective process 

was performed by beginning with only one tissue location, that with the strongest 

individual association with DXA (highest R2 from training set), in the linear model.  After 

this model was computed, DOS data from the initial tissue location was averaged with a 

second tissue location and the model was re-calculated.  We repeated this process with 

all possible pairs of tissue locations and the pair with the most accurate prediction 
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(highest R2 from training set) was determined.  This process was repeated to add a third 

tissue location to the model, then a fourth, and so on, until the R2 of the training data no 

longer increased.  In this manner, the combination of tissue locations which comprise 

the most accurate prediction was eventually identified (Figure 6). 

 

3.2.3) Results 

Participant Demographics 

 In all, 103 participants (54 female, 49 male) aged 7-34 years completed body 

composition assessments with DOS and DXA.  For comparisons between ultrasound 

skin+adipose tissue thickness (SATT) and DOS on the vastus lateralus and rectus 

femoris, only 100 of these participants successfully completed DOS and ultrasound 

assessments.   

 

Optical Properties of Tissues with Respect to Age 

 While previous studies have described DXA results in similar cohorts to this 

study [55], optical properties (absorption and scattering coefficients) are still lacking, 

particularly in younger populations.  Optical properties for all 12 anatomical locations 

can be seen in the appendix of this thesis for participants in early puberty, late puberty, 

and adulthood (Appendix B).  While statistical tests were not performed on these 

results, there are clear distinctions between certain subcohorts in certain tissues. 

 

Correlation Tests and Regression Model 
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 Significant correlations were detected between most DOS parameters from 

individual measurement sites and whole body DXA fat% and LST%, with the only 

exceptions involving scattering amplitude at several measurements sites.  Using the 

initial set of tests as a filter for constructing a regression model, we decided to remove 

the scattering amplitude predictor term (𝛽5) from the model and proceed with only four 

DOS parameters for prediction of fat% and LST%.  No associations were detected 

between DOS parameters and BM% in any tissue sites.  For this reason, we did not 

proceed with model construction for prediction of BM%. 

 For linear regression modeling, an initial model using only data from one tissue 

location was generated.  All tissue locations were tested at this initial step, but our 

composite model began with data from the location with the highest R2 for linear least 

squares fitting.  For both the prediction of fat% and LST%, this tissue location was the 

short head of the biceps (Figures 7-8).  Other tissue locations were added to the linear 

regression model and root mean square errors for prediction were 2.56% for whole 

body fat% and 2.50% for whole body LST%, with both models resulting in R2 = 0.86 

(Figure 9). 
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Figure 7. These plots show the relationship between specific DOSI parameters 
measured from the short head of the biceps (BS) and DXA whole-body fat%.  In the 
upper left and right, negative relationships between DOSI THbMb and fat% and DOSI 
Water and fat% are seen, respectively. In the lower left and right, positive relationships 
between DOSI Fat and fat% and DOSI Scattering Power and fat% are seen, 
respectively. 
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Figure 8.  These plots show the relationship between specific DOSI parameters 
measured from the short head of the biceps (BS) and DXA whole-body LST%.  In the 
upper left and right, positive relationships between DOSI THbMb and LST% and DOSI 
Water and LST% are seen, respectively. In the lower left and right, negative relationships 
between DOSI Fat and LST% and DOSI Scattering Power and LST% are seen, 
respectively. 
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Figure 9.  These plots show the final DOSI predictions based on linear regression 
modeling compared to the actual DXA data.  A training data set (white dots) was used to 
build the linear regression model and a test set was used to evaluate the accuracy of 
model prediction.  Root mean square errors for prediction were 2.56% for whole body 
fat% and 2.50% for whole body LST%, with both models resulting in R2 = 0.86.  A red 
line, showing perfect agreement, is shown in each plot. 

 

SATT and DOSI 

 DOSI results were associated with the skin+adipose tissue thickness (SATT) as 

quantified by ultrasound.  Like the associations described above between DOSI and 

DXA, the strongest association with SATT was detected in THbMb (Figure 10).  SATT 

ranged from 0.23 – 1.79 cm while THbMb concentration ranged from 15.3 – 152.3 µM.  

A two-term exponential function of the form 

𝑇𝐻𝑏𝑀𝑏 = 𝑎𝑒𝑏×𝑆𝐴𝑇𝑇 + 𝑐𝑒𝑑×𝑆𝐴𝑇𝑇 

was used to fit ultrasound SATT against DOSI THbMb data (R2 = 0.87). 
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Figure 10.  This plot shows the relationship between skin+adipose tissue 
thickness (SATT) and concentration of THbMb.  Data is shown from the 
rectus femoris and the vastus lateralus.  The lowest detected concentration 
of THbMb was ~15 µM and this is potentially a lower limit where skin and 
adipose tissue are the primary tissues sampled.  A two-term exponential fit 
is shown in blue and describes the relationship well (R2 = 0.87). 

 

3.2.4) Discussion 

In this study, we show that DOSI can be used to predict whole body fat and lean 

soft tissue percentages with high accuracy.  DOSI information content at a single 

anatomical location predicts body composition well, but when collected from several 

locations around the body predictions with minimal error of ~2.5% can be made.  This 

sensitivity is largely due to DOSI’s ability to directly sample the thickness of 

subcutaneous adipose tissue which overlies deeper lean tissues throughout the body. 
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While many participants (100+) were assessed in this study, most participants 

were of relatively normal health.  Whole body fat percentage ranged from 10 – 40%, 

with the bulk of participants falling between 15 – 35%.  An interesting future study could 

involve obese individuals or elite athletes which will test the dynamic range of DOSI in 

each direction.  In addition, it is unclear how the presence of disease will affect an 

individual’s results from this type of exam and diseased populations should be carefully 

studied with age-matched controls. 

In this study, optical parameters are highly associated with adipose tissue 

thickness, but a potential strength of this optical spectroscopic technique is the ability to 

sense intramuscular fat.  While techniques like ultrasound and skin-fold calipers are 

strictly limited to determining the thickness of subcutaneous adipose tissue for 

prediction of whole body fat percentage, DOSI takes into consideration the overall 

composition of a probed tissue volume which will typically contain some amount of 

muscle.  A combination of several factors including disease, obesity, inactivity, age, and 

injury can lead to a buildup of intramuscular fat [56].  The presence of intramuscular fat 

can result in dysfunction in metabolism, muscle performance, and mobility [56].  Tools 

which can assess whole body and specific tissue adiposity have the potential to be 

impactful in the management of such patients. 

Finally, a major result from this study is that high accuracy fat and lean soft tissue 

prediction with DOSI can be translated into a portable and cost-effective device.  While 

DXA is a powerful technology, its size and cost prevent it from reaching large portions of 

society.  Further minimization and cost-reduction of DOSI is possible and the next 

section discusses a potential continuous-wave approach based on this study. 
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3.3) Utilizing Continuous-Wave Data without FDPM 

Continuous-wave (CW) Fat-Water Prediction 

 As described in Chapter 2 of this thesis, the raw continuous-wave (CW) data in 

DOSI (obtained with a lamp and spectrometer) must effectively be calibrated by the 

wavelength dependence of scattering which is derived from FDPM.  The output of the 

CW system is a broadband reflectance spectrum which contains information about the 

overall attenuation due to the medium.  However, this attenuation is partially due to light 

scattering and partially due to absorption.  To determine the concentrations of 

chromophores in a medium, we need the absorption spectrum to be removed from this 

overall attenuation.  FDPM and CW techniques work together to accomplish this goal.  

A major outcome from this body composition study, however, was a robust 

characterization of the range of CW responses we obtain when measuring biological 

tissues.  With such a large dataset as a calibration, we attempted to utilize specific 

features of the raw CW reflectance spectrum to directly obtain chromophore 

concentrations.  Since the wavelength dependence of scattering trends according to an 

inverse power law, this means the wavelength dependence decreases as wavelength 

increases.  In addition, the relative concentrations of water and fat are often directly in 

opposition due to tissues being either lean or fatty.  With these trends in mind, we 

hypothesized that CW reflectance within the wavelength range of 900 – 1000 nm could 

have minimal wavelength dependent influence from scattering and might largely reveal 

the relative concentrations of water and fat. 

 Since fat and water have absorption peaks around 930 nm and 970 nm, 

respectively, we used these two wavelengths to maximize contrast between the two 
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chromophores.  While the output of the CW technique is reflectance as a function of 

wavelength, it can be converted to a form which is proportional to absorbance by taking 

a log transform of the inverse of reflectance [57]: 

"𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒(𝜆)" =  −𝑙𝑜𝑔10(𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑎𝑛𝑐𝑒(𝜆)). 
 
Once in this form, we defined a parameter  

𝑇𝑖𝑠𝑠𝑢𝑒 𝐻𝑦𝑑𝑟𝑎𝑡𝑖𝑜𝑛 𝐼𝑛𝑑𝑒𝑥 (𝑇𝐻𝐼) =  
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒(970 𝑛𝑚)

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒(930 𝑛𝑚) + 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒(970 𝑛𝑚)
 

which we hypothesized would be associated with the amounts of water and fat in a 

measured biological tissue.  Finally, we used our entire body composition dataset with 

12 anatomical locations and 103 participants to fit this 𝑇𝐻𝐼 against typical DOSI-derived 

concentrations of water (R2 = 0.90) and fat (R2 = 0.85) (Figure 11).  

 

Figure 11. These plots show the relationship between a CW-based metric we term the tissue 
hydration index (THI) and normal DOSI-derived water and fat content. 

 These results suggest that a simplified, low-cost approach can be made using 

only a CW technique to estimate tissue water and fat content.  It is possible that these 

values alone could be sufficient to characterize whole body fat and lean soft tissue 

percentage. 
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4) HEMODYNAMIC ASSESSMENT WITH DOS 

4.1) Introduction to Vascular Reactivity 
 
Numerous studies have reported endothelial dysfunction to be a strong predictor for 

adverse cardiovascular events and an underlying feature of PVD. Researchers have 

discovered that endothelial dysfunction takes place prior to morphological 

atherosclerotic changes which include inflammation, extracellular matrix digestion, and 

vascular smooth muscle cell migration and proliferation [58, 59]. These changes in 

conjunction with endothelial dysfunction act synergistically in a manner that likely leads 

to atherosclerotic plaque formation [59].  As a result, the vessels begin to stiffen and 

narrow in diameter, thereby limiting the supply of oxygen to tissue and requiring an 

increase in cardiac output to compensate.  

Arterial stiffness is another important feature of PVD and predictor of 

cardiovascular risk. Broadly, arterial stiffness describes the structural characteristics of 

the vasculature such as its distensibility and compliance [60]. The mechanical 

properties of the vessel walls are dictated by the amount of collagen and elastin present 

as well as smooth muscle tone [61]. As such, endothelial health also regulates arterial 

stiffness, mainly by production of NO and other vasodilators.  With increased arterial 

stiffness, the left ventricle of the heart works to maintain output against greater 

peripheral vascular resistance.  This leads to elevations in mean arterial pressure, 

further PVD, and increased risk of adverse cardiovascular events.  

 

Assessing Vascular Health  
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Several studies have demonstrated a prognostic role for the assessment of endothelial 

function [62, 63] and arterial stiffness in CVD [60, 64, 65]. This concept has motivated 

the development of numerous techniques for assessing these parameters, the most 

popular of which are coronary epicardial vasoreactivity, ultrasound flow-mediated 

dilation (US-FMD), venous occlusion plethysmography, and peripheral applanation 

tonometry. Currently used standard-of-care, non-invasive bedside commercial 

instruments for assessing endothelial function and arterial stiffness that incorporate 

these techniques include the EndoPAT (Itamar Medical) and SphygmoCor (AtCor 

Medical), respectively. In addition, many commercial US devices have features that 

allow FMD measurements of endothelial function. Although each technology has 

validated performance features and can be deployed non-invasively at the bedside, one 

practical limitation is that multiple instruments must be used to determine each 

characteristic of vascular health.  In addition, US-FMD, which is widely considered to be 

the gold standard for measuring endothelial function, is difficult to perform and highly 

operator dependent.  None of these technologies can provide a complete picture of 

cardiovascular health by themselves. Combinations of devices can provide a more 

complete view, but differences in measurement procedures, operator expertise, and 

equipment costs effectively reduce widespread access.  As a result, there is a 

significant unmet need to develop a single, non-invasive bedside technology that can 

characterize multiple facets of cardiovascular health in a time- and cost-effective 

manner.  This could provide health practitioners and patients with new opportunities to 

develop personalized approaches for detecting, managing, and optimizing PVD as well 

as overall cardiovascular health. 
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Optical Methods of Monitoring Hemodynamics 

There have been many studies demonstrating the potential impact of optical 

measurements of microvascular hemodynamics [66-70]. De Blasi et al. provided the 

earliest demonstration of muscle oxygen consumption assessment with near-infrared 

spectroscopy (NIRS) [66]. NIRS can non-invasively measure the absorbance of 

chromophores such as oxygenated and deoxygenated hemoglobin to quantify their 

concentration. The number of distinct chromophore concentrations that can be 

measured is dependent on the number of wavelengths used. Additionally, NIRS can 

acquire information at tissue depths on the order of centimeters. Hamaoka et al. further 

validated oxygen consumption rates measured with NIRS by comparing to 31P-magnetic 

resonance spectroscopy [67].  In addition to oxygen consumption measurements, 

vasodilation accompanies changes in blood flow and researchers often use NIRS to 

study endothelial function [68-70].  There have been studies suggesting that a NIRS 

assessment of vascular reactivity can also have impact in sepsis [69], peripheral 

vascular disease [68], and coronary artery disease [70].  These studies all utilize either 

exercise, injection of vasodilator agents, or induced ischemia to modulate microvascular 

oxygenation and blood flow.  In addition, these studies have demonstrated that NIRS 

can reliably assess hemodynamics and can be a valuable diagnostic adjunct. 

 

Diffuse Optical Spectroscopic Imaging of a Vascular Occlusion 

We have been developing a type of quantitative NIRS technology based on principles of 

diffuse optical spectroscopic imaging (DOSI) for more than 20 years [71]. Unlike 



51 
 

conventional NIRS, DOSI utilizes hundreds of optical wavelengths (650 - 1000 nm) and 

broadband, temporally-modulated lasers (50-500 MHz) to quantitatively determine 

tissue composition (oxy- and deoxy- hemoglobin, water, and lipid concentration) as well 

as tissue scattering. Calculation of the contribution of lipid and water to the optical signal 

enables a more accurate determination of the concentration oxy and deoxyhemoglobin. 

DOSI probes cm-depths into tissue and can quantitatively measure several features 

relevant to PVD, including tissue composition, vascular reactivity (VR), and the tissue 

metabolic rate of oxygen consumption (TMRO2) [72]. 

We have recently begun preliminary DOSI assessments of individuals during 

vascular occlusion tests (Figure 12).  In these tests, baseline measurements are 

performed for several minutes after which a blood pressure cuff is inflated to a 

suprasystolic pressure (220 mmHg) for 5 minutes.  Following the 5 minutes of blood 

flow occlusion, the pressure is released and normal blood flow is restored to the tissue.  

DOSI data is analyzed to calculate absorption and scattering properties of biological 

tissue throughout the test.  Absorption spectra are further analyzed to determine 

absolute concentrations of oxyhemoglobin (HbO2) and deoxyhemoglobin (Hb).  The 

result is a continuous assessment of hemodynamics reflective of tissue composition, 

metabolism, and vascular reactivity (Figure 12).



 

 
 

 
 

 
Figure 12. (A) A DOSI device. (B) A study participant during a vascular occlusion test.  (C, D, & E) HbO2, Hb, and StO2 are shown for 
a healthy control and a patient with known endothelial dysfunction.  Each graph shows baseline (2 minutes), occlusion (5 minutes), 
and recovery (5 minutes).  In these hemodynamic results, resting tissue composition can be determined during the baseline phase.  
The occlusion phase allows for calculation of the tissue metabolic rate of oxygen consumption (TMRO2).  The recovery phase allows 
for calculation of a hemodynamic hyperemic response (HHR) as well as time-dependent parameters representing the vasculature’s 
adaptation to increased blood flow (τpeak) and the slower relaxation (τrelaxation) back to baseline.

5
2
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In a vascular occlusion test, we calculate several parameters with DOSI (Figure 

12).  Tissue composition is determined during the baseline of the test in terms of HbO2 

and Hb concentrations.  During the occlusion phase, the tissue metabolic rate of oxygen 

consumption (TMRO2) is determined by calculating the rate of change of Hb.  Finally, 

the recovery phase allows for quantification of hemodynamic hyperemic response 

(HHR), the time-to-peak (τpeak) following occlusion release, and the time for relaxation 

back to baseline (τrelaxation).  The HHR is defined as the percentage increase from 

baseline HbO2 to post-occlusive peak HbO2.  The τpeak is the time required following 

occlusion release to reach peak StO2 and τrelaxation is the time required to relax from 

peak StO2 back to baseline StO2.  While additional parameters can be calculated from 

this rich data set, these specific parameters have been identified because of: (a) unique 

advances over previous near-infrared spectroscopy (NIRS) work, (b) correspondence to 

previous NIRS work, and (c) correspondence to EndoPAT and Ultrasound-FMD 

outcomes. 

 

4.2) Metabolism and Vascular Reactivity in Healthy Controls 

4.2.1) Methods 

Participants and experimental design 

A total of 13 participants (5 female, 8 male) were recruited for this study.  Participants 

were limited to non-smokers, those without known cardiovascular diseases, and people 

between the ages of 18 – 40 years old.  The study took place at the Beckman Laser 

Institute and Medical Clinic, University of California, Irvine, and the study protocol was 

approved by the Institutional Review Board of University of California, Irvine.  
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Participants were asked to avoid alcohol, caffeine, and exercise on the day of their 

study visit and provided written informed consent prior to all assessments. 

 

Study Protocol 

Participants sat in a relaxed position for at least 15 minutes prior to the collection of 

optical data to ensure a stable baseline.  During this time, an automated blood pressure 

cuff (Hokanson, Inc., Bellevue, WA, USA) was placed around the upper right arm and 

optical probes were placed distal to the cuff on the right arm (Figure 12).  Baseline 

optical measurements were acquired for 5 minutes prior to inflation of the blood 

pressure cuff to 220 mmHg which established an arterial/venous occlusion.  The 

vascular occlusion was released after 5 minutes and 10 minutes of recovery data was 

collected.  After the full 20 minutes of optical data was collected, blood pressure, height, 

and weight were measured.  Finally, ultrasound was used to measure the adipose 

tissue thickness where the DOSI probe had previously been placed. 

 

Diffuse Optical Spectroscopy 

Diffuse optical spectroscopic imaging (DOSI) has been described in detail previously 

[73] but a brief overview will be provided here.  DOSI combines frequency domain 

photon migration (FDPM) and continuous-wave, broadband spectroscopy to obtain 

absorption coefficients (µa(λ)) and reduced scattering coefficients (µs’(λ)) across a broad 

range of wavelengths (650 – 1000 nm).  For FDPM, three intensity-modulated laser 

diodes (690 nm, 785 nm, and 830 nm) were used for illumination and an avalanche 

photodiode detector was used to collect the diffusely reflected light in the form of photon 
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density waves.  For broadband spectroscopy, a quartz tungsten halogen lamp was used 

for illumination and a spectrometer was used for light detection.  The two methods were 

combined into a single probe and interrogated approximately the same tissue volume 

with source-detector separations of 22 mm.  The resulting broadband absorption 

coefficients allow for an absolute calculation of chromophore concentrations in bulk 

tissue.  The primary chromophores contributing to absorption and recovered in this 

study are oxy-hemo+myoglobin (HbMbO2), deoxy-hemo+myoglobin (HbMb), water, fat, 

and the derived parameters total-hemo+myoglobin (THbMb = HbMbO2+HbMb) and 

oxygen saturation (StO2 = HbMbO2/THbMb).  DOSI measurements were performed 

approximately every 15 seconds throughout the 20-minute test session. 

 

Diffuse Correlation Spectroscopy 

 A diffuse correlation spectroscopy (DCS) device was also used in this study to 

quantify blood flow during the vascular occlusion test.  The device has been described 

previously [74] but will be briefly described here.  A long coherence length 785 nm laser 

was coupled into a 200 µm optical fiber and placed alongside DOSI fiber sources in a 

larger probe housing.  Two single mode fibers were used for DCS collection and these 

were placed near the DOSI detectors so a comparable tissue volume was studied.  

After collection of remitted light into these optical fibers, light was transmitted to two 

photon-counting modules.  The outputs of these detectors were connected to a 

hardware correlator board to measure the auto-correlation function of the detected 

signal.  This autocorrelation function is sufficient to quantify movement of particles in the 
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studied medium and in the case of these experiments it allows for quantification of blood 

flow. 

 

Diffuse Reflectance Spectroscopy and Laser Doppler Flowmetry  

In addition to DOSI and DCS, skin microcirculation was measured using a 

PeriFlux 6000 EPOS system (Enhanced Perfusion and Oxygen Saturation; Perimed AB, 

Järfälla, Stockholm, Sweden), integrating diffuse reflectance spectroscopy (DRS) and 

laser Doppler Flowmetry (LDF) in a fiber-optic probe. The system consisted of a PF 

6010 laser Doppler unit, a PF 6060 spectroscopy unit, a broadband white light source 

(Avalight-HAL-S, Avantes BV, the Netherlands) and a fiber-optic thermostatic heating 

probe. The PF 6010 unit contains a laser light source at 785 nm and a thermostatic 

heating controller. The PF 6060 unit had two spectrometers (AvaSpec-ULS2048L, 

Avantes BV) and an optical notch filter behind the slit in the spectrometers to ensure 

minimal influence from the PF 6010 laser light source on the DRS spectra by 

suppressing wavelengths 790±20 nm. The fiber-optic probe (Figure 13), consisted of 

two central emitting fibers and three detecting fibers. The fiber for the LDF laser light 

source and the LDF detecting fiber at a distance of 0.8 mm had a core diameter of 125 

µm. Two detecting fibers were placed at distances of 0.4 and 1.2 mm from the fiber 

connected to the white light source and were connected to one spectrometer each. 

Those fibers had a core diameter of 200 µm and all fibers had a numerical aperture of 

0.37 and were made of fused silica. During the measurements, the probe was fixated to 

the skin using rings of double-sided adhesive tape (PF 105-1, Perimed AB), not 

covering the fiber ends. 
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Figure 13. Fiber optic probe with fiber configuration. The 
probe (D = 23 mm), included a thermostatic heater, a 
central black part with fibers (D = 3 mm), a central white 
ring where adhesive tape is not attached to and the outer 
light grey ring where the double adhesive tape is applied. 
The fibers are two LDF fibers (black; D = 125 µm) and 
three DRS fibers (grey; D = 200 µm). The upper two 
fibers are the LDF and DRS source fibers. DRS detector 
fibers are at distances 0.4 mm and 1.2 mm from the 
source, while the LDF detector fiber is at 0.8 mm from 
the source.   

 

Data Analysis and Statistics 

 Several parameters were quantified using the optical techniques.  During the 

baseline portion of the vascular occlusion test, blood flow, total hemoglobin 

concentrations, and tissue oxygen saturation were quantified from DOSI and DCS.  

During the occlusion portion of the test, the tissue metabolic rate of oxygen 

consumption (TMRO2) was determined by performing a linear fit to the 

deoxyhemoglobin concentrations over time.  TMRO2 was determined in deep tissue 

and skin.  For the deep tissue technique, 2 minutes of data was used for the fit while in 

the skin technique 15 seconds was used. In our occlusion experiment, we directly 
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measure the rate of change of deoxygenated hemoglobin, 
Δ𝐻𝑏

Δt
, in units of µMolar per 

minute.  Since there are four molecules of oxygen bound to each hemoglobin complex, 

the rate of oxygen consumption is 4 times this value, or 

∆𝑂2 = (4 ∙ ∆𝐻𝑏) 𝜇𝑀𝑜𝑙𝑎𝑟 ∙ 𝑚𝑖𝑛−1, 𝑜𝑟 𝜇𝑚𝑜𝑙 ∙ 𝐿−1 ∙ 𝑚𝑖𝑛−1. 

If we make certain assumptions about the environment in which oxygen is located, 

namely the specific gravity of tissue, temperature, and pressure, then we can convert to 

more popularly published units of oxygen consumption.  First, we assume that tissue 

has a specific gravity of 1.06 kg/L, 

∆𝑂2 = (4 ∙ ∆𝐻𝑏) 𝜇𝑚𝑜𝑙 ∙
1

𝐿
∙

1 𝐿

1060 𝑔
∙ 𝑚𝑖𝑛−1. 

Finally, we assume that the volume of 1 mole of O2 gas is 22.4 liters at standard 

temperature and pressure, 

∆𝑂2 =
22.4∙(4∙∆𝐻𝑏)

10.6
 𝜇𝐿 ∙ (100 𝑔)−1 ∙ 𝑚𝑖𝑛−1 =  (0.008 ∙ ∆𝐻𝑏) 𝑚𝑙 ∙ (100 𝑔)−1 ∙ 𝑚𝑖𝑛−1. 

During the recovery portion of the test, hyperemic responses in oxyhemoglobin 

concentrations and blood flow were quantified for deep tissue and are reported as a 

percentage change from baseline.  These two results for oxyhemoglobin and blood flow 

are respectively defined as 

𝐻𝑏𝑂2𝐻𝑅 =  
(𝐻𝑏𝑂2𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒

− 𝐻𝑏𝑂2𝑝𝑒𝑎𝑘
)

𝐻𝑏𝑂2𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒

×100% 

and 

𝐵𝐹𝐻𝑅 =  
(𝐵𝐹𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒−𝐵𝐹𝑝𝑒𝑎𝑘)

𝐵𝐹𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒
×100% . 

 

In addition to quantification of the above parameters, each of the parameters is 

compared to SATT to demonstrate if and how the parameters are dependent on SATT. 
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4.2.2) Results 

Participant Demographics 

All 13 recruited participants completed the study.  Age, height, weight, blood pressure, 

heart rate, and forearm adipose tissue thickness for each participant can be seen in 

Table 2. 

Table 2. Demographic and physical information for participants in this study. 

Participant # Gender 
Age 
(yrs) 

Height 
(cm) 

Weight 
(kg) 

Systolic BP 
(mmHg) 

Diastolic BP 
(mmHg) 

HR 
(bpm) 

Adipose 
Tissue 

Thickness 
(cm) 

1 F 29 171 62.8 109 92 68 0.68 

2 M 29 176 61.9 142 91 76 0.35 

3 M 25 175 53.0 110 80 67 0.15 

4 M 27 182 73.7 134 96 69 0.26 

5 M 23 175 70.5 119 55 71 0.20 

6 M 22 192 77.1 136 76 68 0.35 

7 F 24 170 65.8 123 78 72 0.55 

8 F 21 175 57.7 121 89 96 0.60 

9 F 34 173 63.5 99 91 57 0.47 

10 M 38 177 78.5 119 87 76 0.48 

11 F 25 165 55.3 111 75 71 0.58 

12 M 38 180 84.5 130 97 65 0.45 

13 M 25 200 83.0 132 87 82 0.30 

 
AVG 28 178 68.3 122 84 72 0.44 

 
STDEV 6 9 10.4 13 11 9 0.15 

 

Optical Results 

 Participants presented a range of occlusion responses with a strong overall 

dependence on SATT.  In general, deep tissue assessments resulted in baseline and 

dynamic results which were damped in magnitude with thicker SATT (Figures 14A & 

14C) compared to thinner SATT (Figures 14B & 14D).  At baseline, deep tissue THbMb 

concentrations showed a significant inverse relationship to SATT (R2 = 0.9162) (Figure 
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15A).  For deep tissue hemodynamic results, TMRO2 (Figure 15B), HbO2HR (Figure 

15C), and BFHR (Figure 15D) were inversely related with SATT, but only TMRO2 

results reached statistical significance (R2 = 0.5944, 0.3849, and 0.2405 respectively).  

The only measure that was extracted from the skin assessment technique was TMRO2 

and this did not show a significant relationship to SATT (R2 = 0.26) (Figure 15B). 

 

 

Figure 14. These plots show deep tissue hemodynamic responses from the vascular occlusion test for 
0.55 cm (left) and 0.35 cm (right).  In the top row, much lower baseline concentrations of HbMbO2 and 
HbMb are seen in the participant with thicker SATT (15-40 µM vs. 30-120 µM).  Damped TMRO2 can also 
be seen during the occlusion phase of the test in the participant with thicker SATT.  In the bottom row, 
StO2 and blood flow are displayed for each participant.  StO2 does not drop as low in the participant with 
thicker SATT, but blood flow levels do not seem dependent on SATT. 
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Figure 15. These plots show the relationship between optical parameters and SATT.  In the upper left, a 
significant association is shown between baseline THbMb and SATT.  Similarly, in the top right, TMRO2 
for the deep tissue technique is significantly associated with SATT.  The skin technique’s TMRO2 results 
are also shown in the top right, but the results were not significantly associated with SATT.  Similarly, 
HbMbO2HR and BFHR are shown against SATT in the bottom plots but no significant associations were 
detected. 

 

4.2.3) Discussion 

In this study, we characterize the range of vascular occlusion results for a healthy 

population.  A major confounding factor in previous studies of hemodynamics has been 

SATT.  In this study, we quantified SATT in all participants and characterize the 

relationship between SATT and hemodynamic parameters of interest. 

 As expected, a strong relationship was seen between SATT and deep tissue 

results.  Both baseline composition (THbMb) and metabolic rate (TMRO2) were 
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significantly associated with SATT.  However, hyperemic response parameters in both 

hemoglobin and blood flow did not seem significantly related to SATT.  The range of 

results for TMRO2 agree with previous reports in literature.  Niwayama et al. used a 

spatially resolved continuous-wave device to study vascular occlusions in 13 healthy 

males [75].  A similar range of SATT was noted in their participants and TMRO2 ranged 

from ~0.025 – 0.15 ml·(100g-1)·(min-1). 

 These results demonstrate that DOSI can reliably measure hemodynamic 

parameters throughout a vascular occlusion test, however, SATT is a major 

confounding issue and must be addressed.  It is possible that multi-layer models could 

clarify results if multiple source-detector views are utilized.  Such a technique would 

allow for a unique characterization of both adipose and the underlying muscle tissues. 

 

4.3) Using Multiple Source-Detector Views to Account for Adipose Tissue 

As demonstrated in the previous section, SATT is a major confounding factor for 

hemodynamic tests when deep tissue assessment techniques such as DOSI are used.  

As a follow-up to the previous study, we constructed a two source-detector (10 mm and 

20 mm) system in our lab and performed preliminary testing on two individuals with 

different SATT (3 mm and 6 mm).  While this study is in its preliminary stages, it 

demonstrates how a two source-detector system could help to better characterize 

vascular occlusion tests. 

Both individuals were monitored for two minutes on the inner forearm, 

approximately the same location used in the previous section.  After two minutes of 

baseline data collection, a blood pressure cuff was inflated to 200 mmHg and was left 
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inflated for three minutes.  Following the three minutes of occlusion, the pressure was 

released and the individuals were monitored for another three minutes (Figures 16-18). 

In Figure 16, the relationship between source-detector separation and 

composition can be seen.  Even with a larger source-detector probe, the individual with 

6 mm of SATT shows a resting composition that is largely adipose tissue.  In Figure 17, 

only the occlusion response in deoxyhemoglobin is shown and a linear fit is performed 

on the data.  These results show the magnitude of metabolism change between the 

overlying SATT and deeper muscle tissue.  If we assume that the shorter source-

detector probe is largely not sampling the underlying muscle tissue, it seems that 

resting muscle metabolism is >6x higher than adipose tissue metabolism.  Finally, in 

Figure 18, the hyperemic response of HbMbO2 does not seem related to the individual’s 

SATT.  While an increase in source-detector separation resulted in an increased 

magnitude of hyperemic response, the participant with thicker SATT seems to have a 

larger hyperemic response than the thinner participant.  This result confirms our findings 

from the study of the previous section that hyperemic response is not significantly 

related to the overlying SATT.  The arterial end of the vasculature contains endothelial 

cells and will dilate in response to changes in blood flow.  Since arteries reside deeper 

in tissue than veins, it makes sense that the deeper DOSI probe would detect a greater 

magnitude of hyperemic response. 
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Figure 16.  These plots show composition results from vascular occlusion tests for two 
individuals (left and right) using our two-channel DOSI system.  The top row shows results in 
the two individuals using a superficial probe with a source-detector separation of 10 mm. The 
bottom row shows results in the two individuals using a deep probe with a source-detector 
separation of 20 mm.  While the deep probe seems to be interrogating muscle in the lean 
individual (bottom left), the other results seem dominated by adipose tissue. 
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Figure 17. These plots show deoxyhemoglobin results during vascular occlusions for two 
individuals (left and right) using our two-channel DOSI system.  The top row shows results in 
the two individuals using a superficial probe with a source-detector separation of 10 mm. 
The bottom row shows results in the two individuals using a deep probe with a source-
detector separation of 20 mm.  Linear fits were performed on the deoxyhemoglobin data 
during the occlusions and the slope represents the magnitude of the metabolism rate 
(TMRO2).  It seems likely that the deep probe was interrogating muscle in the thinner 
individual and this suggests that the TMRO2 of muscle tissue is >6x higher than adipose 
tissue. 
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Figure 18. These plots show hyperemic responses from vascular occlusions for two 
individuals (left and right) using our two-channel DOSI system.  The top row shows results in 
the two individuals using a superficial probe with a source-detector separation of 10 mm. The 
bottom row shows results in the two individuals using a deep probe with a source-detector 
separation of 20 mm.  While composition and metabolism seems dependent on SATT, these 
results suggest that an individual’s SATT will not largely affect their resulting hyperemic 
response.  These findings agree with our results in the previous section.  Source-detector 
separation does seem to alter the resulting hyperemic response, however, with deeper 
probes resulting in a greater detected hyperemic response. 

 

4.4) Preliminary Work in Patients with Vascular Disease 

 
The preliminary data in Table 1 shows values for these DOSI parameters and 

EndoPAT’s reactive hyperemia index (RHI) in a patient with endothelial dysfunction (62 

yrs, female) and an age-matched, healthy control (63 yrs, female).  Both participants 

have comparable tissue composition as indicated by the HbO2 (~60 µM) and Hb (20-30 

µM) concentrations, however, the two participants have very different metabolism and 
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reactivity characteristics.  TMRO2 is nearly 2x lower in the patient with disease and 

resting StO2 is higher in the patient with disease (74% vs. 65%).  These two findings 

indicate altered tissue metabolism and such effects are expected in patients with PVD.  

In a recent review article by Rontoyanni et al., muscle bioenergetics in peripheral 

arterial disease patients is discussed and significant evidence for altered muscle 

oxidative capacity and altered mitochrondrial function is presented [76].   The HHR is 

reduced by more than 3x in the patient with disease.  Previous work using other 

methods to assess hyperemic response such as FMD or EndoPAT have clearly 

demonstrated that vascular disease results in reduced hyperemic response [58].  In 

these two patients, an EndoPAT was also performed and the EndoPAT-derived reactive 

hyperemic index (RHI) is much lower in the patient with disease (1.34 vs. 1.94).  Finally, 

the τpeak and the τrelaxation are shorter in the patient with disease (33 s vs. 45 s, 118 s vs. 

188 s, respectively).  We believe that these last parameters could be revealing 

information about arterial stiffness in patients.  While we currently do not have arterial 

stiffness assessments on these preliminary participants, stiffer arteries are known to 

result in a faster pulse wave velocity (PWV) [60].  In future work, we will incorporate 

SphygmoCor to determine the relationship between the two DOSI time-based 

parameters and PWV. 

Table 1. DOSI and EndoPAT results in healthy, age-matched control and patient with endothelial dysfunction. 
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5) CONCLUSIONS AND RECOMMENDED FUTURE WORK 

The detection and management of cardiovascular disease is extremely difficult 

and approximately one third of patients who die from cardiovascular disease were 

undiagnosed or asymptomatic.  We need more accurate tools which assess an array of 

information content, but these tools must also be cost-effective and simply to reach all 

sectors of the population. 

Throughout this thesis, I have shown how DOSI is able to characterize a wide 

range of physiological phenomena which are relevant to vascular heath.  DOSI can be 

used to study the effects of exercise and can potentially be used as a feedback 

mechanism when doctors prescribe lifestyle changes to patients.  DOSI can also 

quantify tissue composition and whole-body composition in a short assessment time 

with a portable form factor.  Obesity leads to various cardiovascular complications and 

tools which can accurately quantify adiposity throughout the body, including 

intramuscular fat, could have large impact in guiding treatment.  Finally, the 

hemodynamic capabilities of DOSI allow for metabolic and blood flow response 

characterization.  Many diseases can be related back to metabolism and a mismatch of 

Parameter 

Type

DOSI 

Parameters

EndoPAT 

Parameters

Healthy Control Disease Healthy Control Disease

TMRO2 3.1 µM/min 1.7 µM/min

StO2 65% 74%

[HbO2] 63 µM 58 µM

[Hb] 33 µM 21 µM

HHR 16% 5%

τpeak 45 s 33 s

τrelaxation 188 s 118 s

DOSI Results from         

Participants in Figure 1

EndoPAT Results from 

Participants in Figure 1

Metabolism

Composition

Reactivity RHI 1.94 1.34

NA NA NA

NA NA NA
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supply and demand of energy at the tissue level and the potential for a non-invasive 

means of assessing endothelial function could directly address the presence of “silent” 

cardiovascular disease that leads to death in patients that did not know they had lurking 

health issues. 

The work in this thesis can be extended in several critical ways.  First, the current 

form of DOSI uses FDPM instrumentation which has a ~450 MHz bandwidth for 

intensity modulation.  In low absorbing tissues, this bandwidth is sufficient.  However, 

the tissues which allow an assessment of an individual’s vascular health are typically 

much more absorbing, requiring ~1 GHz of frequency content.  Our lab is currently 

testing and designing a network analyzer based system which allows for these higher 

bandwidth measurements and it should be utilized in future work in applications of this 

thesis.  Second, the vascular occlusion studies have clearly demonstrated a sizable 

effect from adipose tissue.  This will continue to confound hemodynamic measurements 

unless multi-source-detector and modeling approaches are implemented. 

Finally, a quick summary of this thesis work can be summarized as follows: by 

studying an individual’s tissue composition, metabolism, and vascular reactivity, we can 

provide a multi-parametric assessment of their vascular health.  While several 

optimizations are needed for each component of this assessment paradigm, a larger 

study should be designed where all components are assessed for a large range of 

patients and age-matched controls.  The tests performed throughout this thesis were 

largely on healthy individuals and the next step will be to evaluate the dynamic range of 

these assessments by understanding where various disease processes place patients 

on each of the composition, metabolism, and vascular reactivity scales. 
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APPENDIX A: ACCF/AHA RECOMMENDATIONS FOR ASSESSMENT 
OF CVD RISK IN ASYMPTOMATIC INDIVIDUALS  
The ACCF/AHA author committee scores each risk assessment technique on a 2-D grid[2].  
Along one axis is an estimate of the precision of the risk assessment with scores of: A, multiple 
populations evaluated; B, limited populations evaluated; and C, very limited populations 
evaluated.  The other axis is the strength of the assessment with scores of: Class I, benefit >>> 
risk and procedure should be performed; Class IIa, benefit >> risk and it is reasonable to 
perform the procedure; Class IIb, benefit ≥ risk and the procedure should be considered; and 
Class III, either no benefit or significant harm and the procedure should not be used.  Results 
are summarized in the following table: 
Table 3. ACCF/AHA Recommendations for CVD Risk Assessment 

Risk Assessment Technique Precision Strength Notes 

Global Risk Scoring (e.g. 
Framingham Risk Score) 

B Class I Multivariable technique that 
combines "classic risk factors"* 

Family History B Class I  

Genotyping B Class III  

Lipoprotein & Apolipoprotein C Class III  

Msmt of Natriuretic Peptides B Class III  

Msmt of C-Reactive Protein B Class IIa- 
III 

Depends on previous risk scores, 
age 

Metabolic: Hemoglobin A1C B Class IIb Predictor of diabetes 

Urinary Albumin Excretion B Class IIa-
IIb 

Affected by 
diabetes/hypertension status 

Lipoprotein-Associated 
Phospholipase A2 

B Class IIb  

Resting Electrocardiogram C Class IIa-
IIb 

Affected by 
diabetes/hypertension status 

Resting Echocardiography B-C Class IIb-
III 

Affected by hypertension status 

Carotid Intima-Media Size B Class IIa  

Brachial/Peripheral Flow-Mediated 
Dilation 

B Class III  

Measures of Arterial Stiffness C Class III  

Ankle-Brachial Index B Class IIa  

Exercise Electrocardiography B Class IIb  

Stress Echocardiography C Class III  

Myocardial Perfusion Imaging C Class IIb-
III 

Affected by diabetes status, 
family history, and previous risk 
scores 

Computed Tomography (CT) for 
Coronary Calcium 

B Class IIa-
III 

Depends on previous risk scores 

Coronary CT Angiography C Class III  

MRI of Plaque C Class III  

Special Cases: diabetes mellitus, 
sex, ethnicity, race, age, chronic 
kidney disease 

See 
article. 

See 
article. 

See article. 

*"Classic risk factors" are recognized as cigarette smoking, cholesterol levels, blood pressure 
levels, and diabetes status. 
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APPENDIX B: OPTICAL PROPERTIES OF TISSUES WITH RESPECT 
TO AGE 
 
 

 
Figure 19.  These plots show optical properties for the long head of the biceps (BL, outer 
biceps).  Absorption coefficients are shown in the left plot and reduced scattering 
coefficients are shown in the right plot. 

 

 
Figure 20. These plots show optical properties for the short head of the biceps (BS, inner 
biceps).  Absorption coefficients are shown in the left plot and reduced scattering 
coefficients are shown in the right plot. 
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Figure 21. These plots show optical properties for the lateral head of the gastrocnemius 
(GL).  Absorption coefficients are shown in the left plot and reduced scattering coefficients 
are shown in the right plot. 

 

 
Figure 22. These plots show optical properties for the medial head of the gastrocnemius (GM).  
Absorption coefficients are shown in the left plot and reduced scattering coefficients are shown 
in the right plot. 
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Figure 23. These plots show optical properties for the lower left abdomen (LL).  Absorption 
coefficients are shown in the left plot and reduced scattering coefficients are shown in the right 
plot. 

 

 
Figure 24. These plots show optical properties for the lower right abdomen (LR).  Absorption 
coefficients are shown in the left plot and reduced scattering coefficients are shown in the right 
plot. 
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Figure 25. These plots show optical properties for the rectus femoris (RF, top of the 
quadriceps).  Absorption coefficients are shown in the left plot and reduced scattering 
coefficients are shown in the right plot. 

 

 
Figure 26. These plots show optical properties for the middle of the shin (SM).  Absorption 
coefficients are shown in the left plot and reduced scattering coefficients are shown in the right 
plot. 
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Figure 27. These plots show optical properties for the upper shin (SU).  Absorption coefficients 
are shown in the left plot and reduced scattering coefficients are shown in the right plot. 

 

 
Figure 28. These plots show optical properties for the upper left abdomen (UL).  Absorption 
coefficients are shown in the left plot and reduced scattering coefficients are shown in the right 
plot. 
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Figure 29. These plots show optical properties for the upper right abdomen (UR).  Absorption 
coefficients are shown in the left plot and reduced scattering coefficients are shown in the right 
plot. 

 

 
Figure 30. These plots show optical properties for the vastus lateralus (VL, side of quadriceps).  
Absorption coefficients are shown in the left plot and reduced scattering coefficients are shown 
in the right plot. 
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APPENDIX C: AN EMPIRICAL ADJUSTMENT TO THE DOSI DATA 

PROCESSING ALGORITHM 

While not discussed throughout this thesis, a frequently encountered issue was 

low signal-to-noise ration and insufficient frequency bandwidth with certain FDPM laser 

diodes for accurate separation of absorption and scattering behavior.  At low 

frequencies, phase lag increases linearly with increasing frequency but amplitude decay 

(or demodulation) does not significantly occur [77].  These frequency dependent 

behaviors are a result of the absorption and scattering properties of the tissue with 

higher relative levels of absorption (lower levels of scattering) increasing the critical 

frequency at which amplitude decay begins to take place. 

In our lab, previous studies have typically focused on breast tissue which is high 

in scattering and low in absorption [28, 30, 78].  As these studies progressed and our 

DOSI technology was made more portable, hardware limitations were imposed which 

restrain our frequency range from 50 – 500 MHz [79].  Unfortunately, the applications 

discussed throughout this thesis are heavily focused on muscle and higher absorbing 

tissues where 450 MHz of bandwidth is too little.  This loss of performance can be 

simulated in controlled intralipid-nigrosin phantom experiments (Figure 31). 
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Figure 31. These plots show the results from a liquid phantom experiment.  The experiment 
was initially composed of only intralipid (high scattering, low absorption).  Nigrosin ink was 
added in small amounts to increase absorption.  After ~25 mL of added nigrosin, absorption 
results are no longer accurate and erroneous absorption decreases and scattering increases 
are reported by FDPM. 
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 By adding increasing levels of nigrosin to an intralipid phantom, we 

expected to see a linear increase in absorption and a small, linear decrease in 

scattering.  This behavior was seen at low levels of absorption in all wavelengths of our 

DOSI device, but at high levels of absorption each wavelength produced erroneous 

results (Figure 31).  However, using the large number of measurements collected 

throughout the body composition study, we have devised a method where we can 

leverage the more reliable data from the continuous-wave half of the DOSI instrument to 

potentially salvage problematic data that would otherwise be lost due to a failure from 

FDPM.  In the past, this CW information content was entirely subject to the fidelity of 

FDPM and errors would lead to large inaccuracies when FDPM data was of poor 

quality, even if the CW data was of high quality. 

The method works in the following steps: 

1. Select reliable FDPM wavelengths which can accurately separate absorption 

and scattering. 

2. Calculate 𝜇𝑎(𝜆) and 𝜇𝑠′(𝜆) at the FDPM wavelengths. 

3. Use the 𝜇𝑎(𝜆) data from the FDPM wavelengths to calculate only the 

concentrations of oxy- and deoxy-hemoglobin. (Note: at this step, we expect 

FDPM-derived hemoglobin concentrations to have lower accuracy.) 

4. Use the CW method described above to calculate water and fat content. 

5. Sum the component absorption spectra for each chromophore (oxy- and deoxy-

hemoglobin as calculated from FDPM and water and fat as calculated from the 

CW method) to obtain a broadband 𝜇𝑎(𝜆) spectrum. 
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6. Utilize the CW reflectance spectrum and the 𝜇𝑎(𝜆) spectrum derived in step 5 to 

calculate 𝜇𝑠′(𝜆) coefficients at 930 and 970 nm (wavelengths used to calculate 

fat and water content). 

7. Fit FDPM-derived reduced scattering coefficients and the two reduced 

scattering coefficients derived in step 6 at 930 and 970 nm to the expected 

power law from Mie theory. 

8. Utilize the broadband 𝜇𝑠′(𝜆) derived in step 7 and the CW reflectance to 

calculate a broadband 𝜇𝑎(𝜆) spectrum. 

9. Use the broadband 𝜇𝑎(𝜆) spectrum from step 8 to solve for component spectra 

and chromophore concentrations. 

10. Carry forward the oxy- and deoxy-hemoglobin concentrations from step 8 then 

repeat steps 3 – 8 once more to obtain final chromophore concentrations. 
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