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ABSTRACT OF THE DISSERTATION 

Portable, Real-time Tissue Functional Imaging Using Frequency Domain and Continuous Wave 

Diffuse Optics 

By 

Soroush Mohammad Mirzaei Zarandi 

 

Doctor of Philosophy in Biomedical Engineering 

 

University of California, Irvine, 2014 

 

Professor Bruce J. Tromberg, Committee Chair 

 

 

 

The aim of this research is to develop and build a low cost portable integrated frequency-

domain and continuous wave (CW) system for real-time spectroscopic imaging of human tissue. 

This system measures four tissue chromophore concentrations (water, lipid, deoxygenated, and 

oxygenated hemoglobin) using eight near-infrared wavelengths ranging from 660nm to 980nm, 

in real-time. The frequency domain (FD) module measures the phase and amplitude of photon 

density waves from 50-500 MHz with an operating speed of 0.5Hz, while the CW module uses 

frequency multiplexing to achieve sampling rates up to 250Hz. The FD component provides 

quantitative information about optical scattering and absorption using the acquired phase and 

amplitude data at four wavelengths (660, 690, 785, and 830nm). The CW component expands 

spectral bandwidth and improves acquisition speed by measuring only low frequency (11-19 

KHz) intensity changes at four wavelengths (880, 904, 915, and 975nm). The CW system has a 

50 dB dynamic range, enabling measurements in tissue with a source-detector spacing up to 4 cm 

and it is immune to background noise from ambient light by utilizing low-frequency modulation 

and bandpass filtering.  

 



xix 

 

The performance of this hybrid system and its equivalency to previous diffuse optical 

spectroscopy systems are tested and validated using a tissue-simulating phantom with an 

embedded inclusion. The system enables continuous scanning of surfaces which can replace 

discrete measurements on a grid pattern used in previous systems. The instrument outperforms 

the current system's data acquisition speed by 2 orders of magnitude while reducing the overall 

cost by $9000. We demonstrate in-vivo applications of this combined instrument by measuring 

abdomen, muscle and brain tissues. The extremely fast data acquisition enables high resolution 

characterization of the pulsatile waveform. Finally, vasculature reactivity and hemodynamics are 

measured and characterized by using vascular occlusion and paced breathing models. 
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Chapter 1 

 

Introduction 

1.1 Background 

Diffuse optical spectroscopic imaging (DOSI) provides a low-cost, non-invasive method for 

obtaining critical information regarding the architecture and function of tissue.  DOSI technology 

uses Near Infrared (NIR) light between 650 and 1000 nm to interrogate tissue. NIR light has a 

high penetration depth of several centimeters through tissues including the brain, breast, and 

muscle as a result of the tissues relatively small absorption rate. Also, the low energy output and 

non-ionizing radiation of the NIR spectrum causes no damage to tissue, making DOSI a viable 

method for medical imaging purposes. Access to important physiological processes in the human 

body requires penetrating through 2-3 cm of tissue. DOSI provides information about tissue 

function and structure through the detection of four major components found in tissue: 

oxygenated hemoglobin, deoxygenated hemoglobin, water, and lipids  [1]. 

Tissue acts as a highly scattering turbid medium with low absorption when interacting with NIR 

light. As photons enter the tissue, they undergo multiple scattering and absorption events that 

cause the photons to diffuse in random directions. Diffusion models have been developed for 

light-tissue interactions to study subsurface tissue characteristics [6-7]. Three main modalities 

currently exist for measuring tissue optical properties: continuous wave (CW), frequency domain 

(FD), and time domain (TD) imaging [1,3,8-9]. 
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1.2 DOSI Techniques 

The CW (time-unresolved) method provides qualitative information by measuring only relative 

changes in tissue components. This technique provides fast measurements and simple circuit 

designs, but is unable to separate scattering from absorption in a single measurement [9-10]. 

Moreover, constant wave measuring techniques assume constant scattering and neglect possible 

changes in scattering occurring during a continuous measurement. This assumption can introduce 

significant errors when accurately calculating absorber concentrations in the tissue [11-12]. 

In contrast, TD and FD methods (time-resolved) provide quantitative approaches to optical 

imaging by separating absorption from scattering [3-4,13-14]. A TD technology implements a 

short pulse beam (<100ps) into tissue that broadens as it reaches the detector due to the scattering 

and absorbing events within the tissue [13-14]. Despite its ability to obtain both scattering and 

absorption information, time domain imaging has a few limitations that prevent the translation of 

this technology to a portable real-time clinical friendly system. TD’s optoelectronic high cost and 

complex circuitry reduces spectral bandwidth; thereby in applications such as breast cancer, 

information about water and fat content are inaccessible [4,9,15-16].  

The FD modality implements the Fourier transform of the TD approach[1,3]. On the source side, 

the FD system modulates the light source intensity with a Radio Frequency (RF) signal as the 

light enters the tissue. On the detector side, the AC amplitude, DC average intensity, and phase 

shift are measured using photon detectors [4,8]. These amplitude and phase measurements are 

made at multiple frequencies and are subsequently fed into a frequency-domain diffusive 

analytical model of light propagation for a (semi)infinite medium to extract optical properties 

(absorption and scattering) [3, 17-20].  FD also has limited spectral bandwidth similar to TD 

modality. However, FD circuit complexity, cost, and size are improved in comparison to TD 
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[1,3-4,8]. Because a limited number of wavelengths can affect the recovering of chromophore 

concentrations significantly, a large wavelength range is required [4, 21]. Achieving this goal, 

covering a large spectral bandwidth, using time-resolved techniques requires tunable sources or a 

large collection of laser diodes resulting in a bulky slow expensive system with complex 

maintenance [4].  

One strategy for overcoming both time-resolved and time-unresolved technique limitations is 

development of a hybrid method that utilizes both modalities in tandem to extract near-infrared 

absorber concentrations accurately [4,22-24]. Our group has developed a combined broadband 

quantitative platform to recover absolute NIR absorption and scattering spectra of biological 

tissues. The quantitative information is provided by the Frequency Domain Photon Migration 

(FDPM) module while large spectral bandwidth from 650nm to 998nm with step of 0.5nm (697 

wavelengths in total) is provided by the steady state module [4,24]. Four tissue chromophore 

concentrations are extracted from broadband spectra. Depending on media attenuation and 

required source-detector spacing, a single tissue measurement with this system can take up to 5 

seconds. The current broadband platform used in this technology costs $9,000. The current 

system is also incapable of providing access to fast physiological signals such as tissue 

hemodynamics and muscle cardio-respiratory signals.  

1.3. Motivation 

The scope of this research is focused on invention of strategies for expanding spectral bandwidth 

and improving acquisition speed in diffuse optical spectroscopic imaging. It is also desired to 

improve system cost and dimensions in order to lower barriers to clinical access. This work 

presents a novel inexpensive integrated method for continuous spectroscopic imaging in human 
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tissues. Starting with the theoretical background and finishing with in-vivo studies, this paper 

presents the required framework for achieving this aim. 

A brief review of theoretical background of diffuse optics is described in chapter 2. Simulations 

and feasibility studies for replacing broadband platform with a discrete multi-wavelength system 

are illustrated in chapter 2 as well. The new continuous wave module instrumentation is 

explained in details in chapter 3. The development process of FD and CW module integration is 

summarized in chapter 4. Characterization of hybrid system and validation of its equivalency to 

previous diffuse optical spectroscopy systems are also discussed in chapter 4. New applications 

of this system along with results are described in chapter 5. Chapter 6 presents a summary of my 

research and discusses the future direction for this technology.  
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Chapter 2 

 

Theoretical Background and Feasibility Study 

2.1. Diffusion Model 

The theory of diffuse spectroscopy and imaging is based on the conservation of energy. Light 

propagation in tissue is described by the Radiative Transport Equation (RTE). The RTE is a 

summation of intensities that ignores the correlation among fields, thereby disregarding 

interference or diffraction effects [6,25]. This approximation is valid as long as the photon 

propagation in the tissue has a much greater incoherent than coherent intensity component. Thus, 

the light injected into the tissue is treated as photon particles that undergo elastic scattering and 

absorbing events within the tissue.  This assumption leads to equations that contain no 

correlation between fields and only satisfy the addition of intensities [6,25-26]. 

RTE models light propagation in tissue by conserving the number of photons N(r,s,t) in a volume 

centered at position r in direction s, and time t.  From the conservation of these photons we get 

[6,25-27]:  

 











VV

V
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rdtrSrddtrLp
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             (1) 

Where,  

L(r,, t) is the radiance[W/(m
2
 sr)] at position r in direction  and at time t. 



6 

 

 is the photon speed in the tissue (mm/s) 

a is the absorption coefficient of tissue (1/mm) 

s is the scattering coefficient of tissue (1/mm) 

S(r,, t) is the source of photons in tissue at point r in direction  at time t 

p (,’) is the normalized scattering phase function which satisfies   1')'ˆ,ˆ( dp  

The loss of photon current in direction s out of the volume V is explained by the first term on the 

right hand side of equation (1), photons lost due to scattering or absorption is described by the 

second term, the gain of photons scattered from direction s’ in to direction s is explained by the 

third term accounts for, and any photon sources in the volume V will be described by the final 

term.  The transport equation is derived by applying Gauss’s law to the integral over the surface 

and dropping the integral over the volume leads to the [26]: 
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Spherical harmonics can be expanded to write the radiance L using Legendre polynomials and 

for the case of highly scattering medium ( as    ) so that we can reduce the expansion to the 

first two terms. Therefore, they are named P1 approximation. The first term represents an 

isotropic term for radiance, and the second term accounts for a small anisotropic component of 

radiance [26]:  
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Where the photon fluence rate is described by: 
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And the net flux is provided as: 
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Expansion of the radiance into two independent terms and two independent equations from the 

transport equation can be obtained through the following processing: 1) integration of equation 

(2) over 4; 2) multiplication of equation (2) by the s unit vector and integrating over 4.  This 

results in to the following two equations [27]:
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Where,  

g is the anisotropy of tissue (average cosine of the scattering angle ) 

S0 is an isotropic source term 

S1 is a slightly anisotropic source term 

The scattering angle is independent of direction and p(,’) can reduce to p(’), thereby The 

tissue anisotropy g reduces to the average cosine of the scattering angle  .  When this is 

multiplied by  and integrated over d we get g equal to the average cosine of the scattering 

angle.  Tissue scattering is highly in forward direction and g values therefore are in the range 

[0.7-0.9].  Defining the reduced scattering coefficient as )1(' gss   we can eliminate the 
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anisotropy of the tissue within equation (5) and have an effective scattering coefficient that 

provides equations for a tissue that scatters isotropically (g = 0). 

Eventually, there is an assumption in the diffusion approximation that the collision rate, 

)'(' sat    on a much faster time scale that changes in the net flux occur.  Taking into 

account only an isotropic source, we will have an equation similar to Fick’s law [27]: 

 ),(),( trDtrj          (6) 

Where D is the diffusion coefficient and is defined as )]'(3/[1 saD   . 

The standard diffusion equation can be derived by plugging equation (6) into equation (4). This 

equation is commonly used as a principal element for fitting routines: 
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After derivation of the diffusion equation, we need to define boundary conditions in order to 

acquire solutions for our measurement routine.  We currently consider a homogenous semi-

infinite slab to model tissue. We use the extrapolated boundary condition for a semi-infinite 

geometry which assumes a source placed at z0= 't   beneath the tissue surface.  Although the 

fluence at the boundary is not zero, instead we can extrapolate it to be zero at distance zb outside 

the boundary.  In this model, there is an assumption that the two regions have the same index of 

refraction which doesn’t take Fresnel reflection at the boundary interface into account.  Moulton 

developed an analytical solution for the extrapolated boundary with a mismatch in the index 

interface, and a simpler form was introduced by Groenhuis et al [7,28]:  
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By using methods of images for finding zb, a source configuration can be obtained to model this 

condition of zero fluence at a distance zb above the tissue surface [28].  An isotropic source a 

distance of 1/ t’ beneath tissue surface is a valid approximation for where the lights first 

scattering interaction within the tissue occurs. It should be an exponentially decreasing function 

with depth that begins at the tissue surface.  Hence, for applying methods of images, we consider 

a positive isotropic source located at, ( = 0, z = 1/t’), and a sink (negative source) is placed at (

 = 0, z = -2zb-1/t’), then the fluence is equal to zero everywhere on the plane z = -zb. A 

frequency modulated source will be modeled as emitting power PDC+PAC e
it

, where PAC 

accounts for the modulating (sinusoidal) current driving the light source and PDC accounts for a 

direct current driving the light source. The diffusion equation can be solved by using the 

extrapolated boundary condition as follow [28]: 
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The diffused photons detected at the tissue surface (reflectance) will be obtained by an integral 

of the radiance detected at z=0 over the backward hemisphere is the reflectance: 
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Here Rfres is the Fresnel reflection coefficient for light with an angle of incidence given by the 

angle, defined through the ·z=cos (Θ).  Integrating over the backward hemisphere gives [17]:  

0|),,(306.0),0,(118.0),( 



 zz

z
DzR     (9) 

The phase lag and the modulation amplitude of the light that has propagated through the tissue 

are the physically measured quantities in a frequency domain measurement, which are given by 

[31, 33, 39-41]: 

)/arctan( reim RR , 
22

imre RRAmp       (10) 

Where, the real and imaginary components of the reflectance are Rre and Rim. Continuous-wave 

measurements are fit to equation (9) with modulation frequency set to zero ( )0 . 

In the initial phase of our research and before instrument prototyping, we have done simulations 

and feasibility studies to check the possibility of replacing the broadband platform with discrete 

sources. The results of these investigations would be discussed in the following section.  

2.2Wavelengths Selection Algorithm 

Wang et al used a similar combined CW-FD technique to image normal and malignant breast 

tissues [29-30]. There was a main difference in instrumentation where they replaced broadband 

light source with CW laser diodes. They demonstrated extraction of tissue water and lipid 

content in addition to oxygenated and deoxygenated hemoglobin concentrations from nine 

wavelengths ranging from 661nm-948nm. We have also done a feasibility study on ten breast 

cancer patients’ chromophore maps to investigate an optimal set of wavelengths required to 

recover all tissue component maps accurately [31-37]. 
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Our strategy in this study was focused on input data minimization along with system speed 

maximization. By reducing the number of wavelengths, we can replace the broadband source 

with laser diode sources which will results in faster data acquisition as well as a reduction in cost 

and space. Moreover, photodiodes can substitute for spectrometers to detect DC signals to 

improve system speed, size, and cost. We used the broadband system maps as golden standards 

since it recovered four main chromophore concentrations using 697 absorption coefficients 

ranging from 650nm to 998nm with 0.5nm step. Frequency-domain system diodes are sensitive 

to deoxygenated and oxygenated hemoglobin (659nm, 693nm, 784nm, and 829nm). Thus, CW 

system diodes should be more sensitive to water-lipid absorption peaks (880nm to 980nm range).  

We developed a selection algorithm to find an optimal set of wavelengths in addition to the four 

FD wavelengths that can recover water-lipid content with less than 10% error in respect to the 

broadband system. As we mentioned before, FD diodes are sensitive to the blood chromophore, 

therefore algorithm optimization criteria is biased toward calculating water-lipid content. The 

algorithm starts with the largest wavelength set, which is four FD diodes plus 16 CW 

commercially available wavelengths (N) ranging from 850 to 985nm (N=20). In each iteration, 

the computer will eliminate one wavelength from the set and calculate concentrations using N-1 

wavelengths. The wavelength with maximum error will be excluded, and the remaining set with 

minimum error will be fed to the next iteration at the end of each iteration. The termination 

criterion for the algorithm was a water-lipid error of more than 10%. We ran the algorithm on ten 

patients’ datasets and found out that the minimum eight wavelengths, including FD diodes, are 

required for accurate recovery of all components: 658nm, 689nm, 785nm, 830nm (FD diodes), 

880nm, 904nm, 915nm and 975nm (CW diodes). The 904 and 915nm wavelengths are more 

sensitive to fat while 975nm is very close to water absorption peak. Removal any diode above 
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900nm would increase the error in water-lipid images dramatically (more than 20%). In data 

analysis of four patients, we found out that 850nm wavelength can replace 880nm however 

addition of any wavelength below 850nm would not benefit water-fat recovery. Figure1.a shows 

all eight diodes on a tissue in the near-infrared absorption spectrum. Figure 1b depicts the current 

data acquisition method where measurements are taken in a grid pattern every 10 mm and 

interpolated to create DOSI maps. In figure 2, a breast cancer patient’s original water and fat 

maps calculated using all 697 absorption coefficients are compared to chromophore images 

recovered by the wavelengths selection approach. In all cases, the maximum introduced error in 

water-lipid images stayed below 7%. 

The result of this study provides the framework for development of a continuous wave platform 

with discrete illuminating sources and detectors that can replace broadband platform. This 

system should be able to increase the data acquisition while maintains rich spectral content. 

Achieving these aims along with reduction in size and cost would be ideal. In the next chapter, 

development process for such a system will be discussed in details. 
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Figure 1. Tissue NIR absorbers and Breast Imaging Method. The left figure shows all FDPM (triangle) and 

CW diodes (circle) in NIR spectrum. The right figure shows the current method of breast cancer imaging. 

 

 

Figure 2. Wavelength Selection Algorithm. First column depicts original images. Second column shows 

images recovered using 4 FD plus 4 CW diodes. Third column shows the previous columns differences. 

 CW  

  FDPM  
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Chapter 3 

 

A Low Cost Portable, Real-time Tissue Functional Imaging System 

3.1 Abstract  

In this work, we present a low cost portable (10cm×5.5cm×4.25cm) continuous wave (CW) 

system for real-time spectroscopic imaging in diffuse media. This system measures tissue blood 

chromophore relative concentrations (deoxygenated and oxygenated hemoglobin) at four near-

infrared wavelengths ranging from 660nm to 830nm, in real-time. The module operates at 

various sample rates from 80Hz to 250Hz depending on the number of wavelengths needed for 

illumination (or application). The instrument expands spectral bandwidth and improves 

acquisition speed by only measuring changes in the amplitude. The CW system has a 50 dB 

dynamic range, enabling measurements in tissue with source-detector spacing up to 4cm; it can 

also resolve 0.00015 mm
-1

 changes in absorption with the ability to detect a minimum 17pW. 

The CW module frequency-encodes wavelengths for parallel illumination resulting in rapid data 

acquisition. The system suppresses background noise from ambient light by utilizing low-

frequency modulation and narrow bandpass filters on the source and detector sides, respectively. 

We were able to extract respiration and heart rates from different thick tissues such as brain and 

muscle using this system. We also characterized muscle vasculature reactivity and 

hemodynamics in response to changes in blood flow induced by vascular occlusion and paced 

breathing.  
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3.2 Introduction 

3.2.1 Diffuse Optical Spectroscopic Imaging  

Diffuse optical spectroscopic imaging (DOSI) provides a low-cost, non-invasive method for 

obtaining critical information regarding the architecture and function of tissue. Access to 

important physiological processes in the human body requires penetrating through 2-3 cm deep 

in tissue.  DOSI technology uses Near Infrared (NIR) light between 650 and 1000 nm to 

interrogate tissue. NIR light has a high penetration depth of several centimeters through tissues 

including the brain, breast, and muscle as a result of the tissue’s relatively small absorption rate. 

Also, the low energy output and non-ionizing radiation of the NIR spectrum causes no damage to 

tissue, making DOSI a viable method for medical imaging purposes. DOSI provides information 

about tissue function and structure through the detection of four major components found in 

tissue: oxygenated hemoglobin, deoxygenated hemoglobin, water, and lipids.  

3.2.2 DOSI modalities 

Tissue acts as a highly scattering turbid medium with low absorption when interacting with light. 

As photons enter the tissue, they undergo multiple scattering and absorption events that cause the 

photons to diffuse in random directions. Diffusion models have been developed for light-tissue 

interactions to study subsurface tissue characteristics. Three main modalities currently exist for 

measuring tissue optical properties: continuous wave (CW), frequency domain (FD), and time 

domain (TD) imaging.  

The CW modality, calculates relative absorption from the attenuation of the light source’s 

intensity after returning from the tissue. Although CW imaging is unable to recover absolute 

optical properties in a single measurement due to its inability to measure optical pathlength, its 
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simplicity makes it possible to create a low-cost portable system for imaging dynamic changes in 

tissue chromophores [1,38-40]. Because time-resolved modalities are able to separate absorption 

from scattering, they require complex circuitry and algorithms, leading to a higher cost and 

slower data acquisition [3-4,41-43].  

3.2.3 Clinical Motivations 

Extraction of vital signals (respiration and heart rates) from thick tissues provides critical 

information for characterization of their different metabolic and physiological states [44-45]. 

Furthermore, tissue hemodynamics and their vasculatures’ reactivity to various stimuli can be 

monitored and characterized by diffuse optical methods [11,23,46]. Photoplethysmography 

techniques (pulse-oximetry) have been used to investigate oxygenated hemoglobin dynamics in 

different tissue sites, such as, fingertips, toes, and ears [47]. However, similar information is 

desired and has considerable significance in assessing vasculature in thick tissue sites, such as 

brain and muscle; this is more challenging due to the complex and highly-scattering nature of 

these tissues and their deeper vasculatures [44]. The fundamental frequencies of these 

physiological signals range from 0.2Hz to 3Hz, thereby a fast system with a sampling rate of 

more than 10Hz is desired to recover them [45]. The development of point-of-care technologies 

are needed to monitor physiological signals for improving primary health care and lower barriers 

to clinical access. Achieving these using quantitative techniques would be ideal; however, as of 

now, clinical needs have not been met since it would be expensive and non-portable to build 

such a system [49-50]. We developed a transportable CW system for less than $500 with the 

ability to measure dynamic changes in deep tissue blood chromophores. We will present our 

clinical results collected by this system for three different tissue oximetry applications in chapter 

5. First, we will demonstrate the system ability to extract cardiac pulse from different tissues 
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(muscle and brain). Second, we will show results for continuous monitoring of tissue 

oxygenation during paced breathing. We recovered respiration rate corresponding to breathing 

frequency from wrist and arm blood chromophores, and analyzed heart rate variations during 

measurements. Third, we will illustrate characterization of muscle hemodynamics response to 

perturbations in blood flow. A cuff occlusion was used to block subject’s arm brachial artery. 

For validation of system performance in recovering heart rate from thick tissues, its results were 

compared to a commercial pulse oximeter (OHMEDA BIOX 3200) data. The system’s ability to 

extract respiration rates were verified using two different signal processing methods in the time 

and frequency domain. 

3.3. Method & Materials 

3.3.1 System Block Diagram 

An instrument block diagram is depicted in figure 3. DC bias current for driving laser diodes are 

provided and regulated through analog output pins (DAC) of an Arduino Due microcontroller.  

Lasers are modulated at low frequencies (11 and 19 KHz) where amplitude data is considered 

only, and phase shifts are negligible. This technique protects the system from background 

ambient light noise since any signal out of modulation frequency will be rejected both on 

hardware (detection platform) and software sides. Narrowband transimpedance amplifiers (TIA) 

with actives filters were added after the photodiode to detect light from tissue. In order to have a 

low-cost portable system for clinical usage, both source (laser driver) and detection (TIA and 

filter) platforms were custom-designed by our group. The analog input pins on the 

microcontroller are used as an Analog-to-Digital converter (ADC). The ADC has 12 bits 

resolution across 0-3.3V, and it can be configured to operate at different sampling rates 
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(maximum 1 MSPS rate). The data are sent to the laptop through a serial USB port. At the laptop 

end, digitized waveforms will be processed to extract FFT power spectra and peaks at 

corresponding laser modulation frequencies.  

Laser Driver

 Filters

AC-Decoder

Oscillators

DC-Decoder

Tissue

Photodiode

TIA+Filter

Computer

11&19KHz

USB

Arduino Due 

Microcontroller
ADC DAC

Optical

Analog

Digital

 

Figure 3. CW System Block Diagram  

3.3.2 Source Design  

The source module is consisted of four laser diodes and circuitry that provides DC-bias and AC 

modulation for the laser diodes. The four laser diodes have wavelengths sensitive to 

deoxygenated hemoglobin, oxygenated hemoglobin, and total hemoglobin. Two independent 

wavelengths are illuminated simultaneously by using the frequency encoding technique. For 

laser driver design, two different modulation methods, voltage and current modulation, were 
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implemented and tested. The current modulation scheme was employed for final system due to 

its better performance which is explained with more details in section 3.2.2. 

3.3.2.1 Voltage Modulation 

In this method, the voltages across the diodes are modulated at 11 and 19 KHz. We embedded 

filters on both source and detector hardware to suppress background noise, improving the 

measurement’s quality (section 3.4). At the software end, data analysis will be focused on laser 

modulation frequencies; thereby, background noise at other frequencies will be rejected through 

signal processing analysis. The laser’s powers are controlled through microcontroller analog pins 

(DAC) which can regulate the input DC voltage from 0 to 3.3V with 12bit resolutions (0-4096 

value). A bipolar junction transistor (BJT) transistor is utilized to amplify the microcontroller’s 

current since it is not adequate for driving lasers. Due to temperature changes in semiconductors, 

an automatic current control (ACC) circuit is embedded for each diode to adjust the laser current 

level through a feedback loop. The system is also able to measure all diodes sequentially instead 

of parallel illumination. This is provided through using a dual multiplexer-decoder IC 

(MAX4618 Maxim Integrated). Based on the desired application, users can configure the IC to 

shine either two or one diode at a time. The circuit diagram for driving one laser diode is 

depicted in figure 4. 
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Figure 4. Voltage Modulation Circuit 

3.3.2.2 Current Modulation 

Laser diode output power adjustment with current modulation has multiple advantages over 

voltage modulation such as faster laser stabilization, DC-AC coupling and AC swing. Laser 

output power is also linearly dependent on input current; therefore, in the final system we 

implemented a current modulation circuit for the laser driver. The voltage needed for the 

required current would be automatically made by this scheme (figure5). The harmonic content of 

11 KHz and 19 KHz square waves will be eliminated by using narrow bandpass filters.  The DC 

bias is set through DAC output of Arduino Due. The output sinusoidal signal from the filter is 

AC-coupled by C1 capacitor to the operational amplifier (OpAmp) while leaving the DC-bias 

from the microconroller unchanged. The combined voltage (DC bias plus AC signal) across the 

R1 is regulated through the feedback circuit which provides current modulation for the laser 

diode.  
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Figure 5. Current Modulation Circuit 

3.3.3 Detection Platform (Transimpedance Amplifier) 

For primary prototyping and testing, we used commercial photodiode amplifiers (Thorlabs PDC-

200) that support a broad range of frequencies from DC to 20MHz. However, the cost ($828) and 

weight (7lbs) are not desired for a low cost portable point-of-care medical device. Therefore, a 

photodiode bias circuit and a low frequency (0 to 20 KHz) transimpedance amplifier (TIA) with 

similar gain (1 x 10
6
 V/A) to commercial systems, were custom-designed and implemented on a 

printed circuit board (PCB) (figure6.a).  

The photodiode is reverse-biased to operate in the photoconductive mode. A low pass RC filter is 

used in the photodiode biasing circuit to suppress noise of the voltage source. OpAmps with 

feedback resistors are used in all TIA stages. This is a very common architecture for TIAs with 

bandwidths in the low frequency range (KHz to MHz). The value of the feedback resistor (R3) in 

the first stage determines the transimpednace gain of the TIA. The system gain is designed and 

set with a transimpedance gain of 100KΩ. The capacitor C2 is chosen to adjust the TIA 

bandwidth to 20KHz. Resistor R2 is added to the non-inverting input of the OpAmp to balance 

the resistor across the OpAmp inputs. A voltage amplifier with a gain of 10 (consisting of R4, 
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R5, and an OpAmp) follows the TIA to amplify the voltage at the output stage. Therefore, the 

overall detection chain has a gain of 10
6
 V/A. 

 

 

Figure 6. Transimpedance PCB and Circuit 

We characterized the TIA performance (dynamic range and sensitivity) by a linearity test. We 

positioned neutral density filters ranging from 2.5 OD to 8.5 OD with step of 0.1, 0.3, and 0.5 

OD between the laser diode fiber and photodiode fiber, and measured TIA output at each step. 

The system has a linear response over a 50 dB dynamic range, enabling measurements in tissues 

with source-detector spacing up to 4cm. It can also resolve 0.00015 mm
-1

 changes in absorption 

with the ability to detect a minimum 17pW (figure7). 
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         Figure 7. CW System Dynamic Range 

3.3.4 Filter Design 

Through primary stages of development, a noticeable amount of background noise was observed 

in the FFT power spectrum of signal from the TIA output. Although lasers are modulated at 

specific frequencies (11-19 KHz) to reduce background noise, there still exist situations where 

signals are attenuated dramatically to similar power levels of other frequencies, making it 

difficult to recover them (figure8.a).  
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Figure 8. Simple RC filter and Butterworth Filter 

Also, measurements with large source-detector spacing on highly scattering and absorbing 

tissues require narrowband filters to suppress excessive noise. To achieve this goal, we first 

implemented a simple three stage 3
rd

 order RC simple filter and tested it on tissue simulating 

phantoms (figure8.c only 1 stage is shown here).  However, filter output signal quality and 

circuit dimensions were not acceptable. Therefore, we designed and built a Butterworth two 

stage 4
th

 order filter which provides a 1KHz passband frequency (-3dB attenuation) and  40KHz 

stopband frequency region (-45dB attenuation) (figure8.d).  

The Butterworth response is a reasonable trade-off between number of components and other 

characteristics such as step response and component tolerance sensitivity. It provides the steepest 
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transition between passband and stopband regions while still avoiding peaking [50]. We used the 

Analog Devices filter wizard to design the filter and extract the components’ values. Then, we 

designed and implemented the filter on PCB and inserted the filter to the same PCB right after 

TIA. A similar simple RC filter would have several extra stages which require more space and 

cost. Figure8.a&b shows both of the filters’ FFT power spectrums at 19 KHz with identical 

measurement settings. Figure9 summarizes the Butterworth signal specifications. Figure9 is 

created by Analog Devices filter design tool [50]. 

 

Figure 9. Butterworth Filter Frequency Response (courtesy of Analog Design Company) 

3.3.5 System Integration  

In the final step toward a fully automated system, a central control unit is required to 

communicate with the source and detector platform, transferring measurements to the computer 

for post-processing. In addition to handling data communication, the Arduino Due 

microcontrollers can play key roles on both source and detection sides. On the source side, 

Arduino analog output pins can provide input voltage for laser drivers up to 3.3V; on the detector 

side, it can sample and digitize output waveforms from TIA stage up to 8 channels at maximum 
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1MSPS rate.  The benefits of using microcontroller on-chip components instead of external 

components are three-fold: We save more space, simplify communication within components, 

and decrease the overall cost.  

3.3.6 Data Analysis 

Digitized waveforms will be sent to a laptop via USB for post-processing. Modulation power 

will be recovered by applying (FFT) algorithms. Before fitting data for recovering optical 

properties, raw data will be calibrated by removing instrument response. Absolute instrument 

response functions will be characterized by measuring tissue-simulating phantoms. In the last 

step, by using a modified beer-lambert law and diffusion model for semi-infinite medium, 

relative changes in oxygenated and deoxygenated hemoglobin concentrations will be obtained.  

3.3.6.1 Calibration 

In this section, we describe the measurements’ calibration procedure. Phantoms with known 

optical properties are used to characterize and validate instrument performance. Measurements 

always encompass instrument response, thereby it is required to remove artifacts in order to 

calculate optical properties accurately. Before each measurement session, system performance is 

tested by taking 50 consecutive measurements at each wavelength on multiple phantoms with 

different optical properties. After checking the source and detector functionality, we would 

proceed to tissue measurements and acquire desired data. Since we know the phantoms’ optical 

properties, we can use diffusion approximation to radiative transport as a forward model to 

calculate true amplitude for each wavelength. Next, we can compare the phantom’s raw data to 

the true amplitude from diffusion model, and obtain the calibration factor constant for each 

wavelength. Finally, we divide tissue measurements at each wavelength by the corresponding 
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calibration factor to remove instrument response. Calibration process is summarized in figure10 

block diagram. 
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Figure 10. CW System Data Analysis Process 

3.3.6.2 Post Processing  

Extracted tissue chromophore concentrations are a mixture of different dynamic physiological 

signals. For instance, oxygenated hemoglobin (Oxy-Hb) and deoxygenated hemoglobin (Deoxy-

Hb) provide information about physiological signals such as heart rate and respiration rate. In 

order to recover these dynamic fast signals from thick turbid tissues, optical systems should be 

able to image the tissue at reasonable source-detector separation for deep penetration and also 

imaging at high rates.  

There are different approaches to analyze this type of physiological data, such as, Fast Fourier 

Transforms (FFT) and Empirical Mode Decomposition (EMD). These techniques are able to find 

frequencies corresponding to desired signals. Heart rate signals are in order of 0.9-1.5Hz, and 

respiration signals in order of 0.2-0.4 Hz [43,47]. We employed both techniques to verify our 

instrument’s ability to recover these signals. FFT is more convenient to implement, but it is 

sometimes unable to recover true frequencies standalone because these signals are not perfect 

sinusoidal waves. Moreover, the DC-average for each signal is usually different which makes it 

more difficult for the FFT algorithm to distinguish. On the other hand, EMD is an adaptive 

technique which can extract intrinsic mode functions (IMF) from non-stationary and non-linear 
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data, such as, human tissue signals. EMD is a powerful algorithm for decoupling phenomena that 

occur on different time scales from highly non-stationary signals. However, number of modes 

and their frequencies recovered by EMD can change due to different reasons such as noise and 

subject motions which make it difficult to have a general automated data analysis approach for 

all datasets. EMD modes for each subject should be investigated individually. Detailed EMD 

analyses are explained in appendix A1 for more clarifications. In this work, we used both 

techniques in tandem to analyze the tissue measurements. EMD was employed to decompose 

signals to different frequencies bands. In the next step, FFT was applied to desired EMD mode to 

extract the underlying frequency. 

In the next chapter, replacement of broadband platform with this system will be explained. 

Integration of CW system with both FDPM modality and a surface tracking system will be 

described as well. Clinical results obtained by this system would be illustrated in chapter5. 
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Chapter 4 

 

Portable, Real-time Tissue Functional Imaging Using Frequency Domain and 

Continuous Wave Diffuse Optics 

4.1 Abstract 

In this work, we present a portable high speed integrated frequency-domain and continuous wave 

(CW) system for spectroscopic imaging in diffuse media. This system measures four tissue 

chromophore concentrations (water, lipid, deoxygenated, and oxygenated hemoglobin) at eight 

near-infrared wavelengths ranging from 660nm to 980nm, in real-time. The frequency domain 

(FD) module measures the phase and amplitude of diffusing light from 50-300 MHz with an 

operating speed of 0.5Hz; while the CW module operates at 40-250Hz. The FD component 

provides quantitative information by separating scattering from absorption using the acquired 

phase and amplitude data. The CW component expands spectral bandwidth and improves 

acquisition speed by measuring only amplitude changes. The CW system has a 50 dB dynamic 

range, enabling measurements in tissue with a source-detector spacing up to 4 cm. The CW 

module frequency-encodes wavelengths for parallel illumination resulting in rapid data 

acquisition. It is also less sensitive to background noise from ambient light by utilizing low-

frequency modulation and a narrow bandpass filter on the source and detector sides, respectively. 

The standalone FD module can be utilized in applications where scattering coefficients are 

required from every measurement and only deoxygenated and oxygenated hemoglobin 

concentrations are desired. In combined mode, concurrent FD and CW measurements are 

available where information about water and lipid contents is also necessary. In media with 

constant scattering, a single FD measurement can be used as a baseline and the CW module can 
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be used for subsequent measurements to extract the absolute chromophore absorption 

coefficients. Finally, if only relative changes in tissue content, (e.g., oxygen saturation) are 

desired, the instrument can operate in standalone CW mode. We will demonstrate the 

performance of this combined system using a tissue-simulating (breast tissue) phantom with an 

embedded inclusion (tumor) located at 1 cm beneath the surface. We will also compare maps of 

abdomen tissue chromophores imaged by this technology and previous platform to check their 

equivalency.    

4.2 Introduction  

Diffuse optical spectroscopic imaging (DOSI) is an inexpensive, powerful tool to investigate and 

characterize thick turbid tissue function and architecture, non-invasively. DOSI utilizes near-

infrared (NIR) light sources to recover four tissue absorbers concentrations: oxygenated 

hemoglobin, deoxygenated hemoglobin, water, and fat. There are three main techniques to 

measure optical properties in turbid media: Time domain (TD), Frequency Domain (FD), and 

Continuous Wave (CW). 

4.2.1 DOSI Modalities 

The CW (time-unresolved) method provides qualitative information by measuring only relative 

changes in tissue components. This technique provides fast measurements and simple circuit 

designs, but is unable to separate scattering from absorption in a single measurement. Moreover, 

constant wave measuring techniques assume constant scattering and neglect possible changes in 

scattering occurring during a continuous measurement. This assumption can introduce significant 

errors when accurately calculating absorber concentrations in the tissue [51]. 
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In contrast, TD and FD methods (time-resolved) provide quantitative approaches to optical 

imaging by separating absorption from scattering. A TD technology implements a short pulse 

beam (<100ps) into tissue that broadens as it reaches the detector due to the scattering and 

absorbing events within the tissue. Despite its ability to obtain both scattering and absorption 

information, time domain imaging has a few limitations that prevent the translation of this 

technology to a portable real-time clinical friendly system. TD’s optoelectronic high cost and 

complex circuitry reduces spectral bandwidth [52-53]; thereby in applications such as breast 

cancer, information about water and fat content are inaccessible.  

Similar to time domain imaging, the FD modality implements the Fourier transform of the TD 

approach. On the source side, the FD system modulates the light source intensity with a Radio 

Frequency (RF) signal as the light enters the tissue. On the detector side, the AC amplitude, DC 

average intensity, and phase shift are measured using photon detectors [54]. These amplitude and 

phase measurements are made at multiple frequencies and are subsequently fed into a frequency-

domain diffusive analytical model of light propagation for a (semi)infinite medium to extract 

optical properties (absorption and scattering) .  FD also has limited spectral bandwidth similar to 

TD modality. However, FD circuit complexity, cost, and size are improved in comparison to TD. 

Because a limited number of wavelengths can affect the recovering of chromophore 

concentrations significantly, a large wavelength range is required. However, achieving this goal, 

covering a large spectral bandwidth, using time-resolved techniques requires tunable sources or a 

large collection of laser diodes resulting in a bulky slow expensive system with complex 

maintenance [4].  
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4.2.2 Hybrid Technique  

Our group has developed a hybrid DOSI platform that utilizes FD and CW techniques in tandem 

to extract near-infrared absorber concentrations accurately (figure11.a). The FD module provides 

quantitative information by decoupling scattering from absorption at several wavelengths. 

Scattering broadband spectrum is obtained by fitting FD scattering data into a power [3-4]. The 

CW broadband reflectance measurement will be corrected by using a scattering spectrum. Then, 

the tissue NIR absorption spectrum will be calculated from the scatter-corrected reflectance 

measurement (figure11.d). In the last step, absolute tissue chromophore concentrations will be 

extracted from a broadband quantitative absorption spectrum.  

Although this combined technology takes advantage of both FD and CW modalities to provide 

quantitative broadband scattering and absorption spectra, there is still room for optimization of 

platform speed, cost and size (figure12). For instance, broadband light sources and spectrometers 

used in this technology for increasing spectral bandwidth causes slow data acquisitions and 

significant increases in the overall cost ($9000).  
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Figure 11. Current DOSI System Block Diagram and Data 

 

 

Figure 12. Inside Current DOSI System Case 

4.2.3 Fast Scanning  

For real-time optical scanning and creating functional maps of biological tissues, DOSI 

technology requires improvement in two areas.  First, for increasing the measurement rates, the 

broadband light source and the spectrometer combination need to be replaced with a module 

capable of fast data acquisition. However, the overall system large spectral bandwidth and 

consequently its ability to recover water-lipid should be conserved. Development of a DOSI 
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technology capable of imaging at high rates with rich spectral content is a technical challenge. 

Removal of broadband source-detector platform requires addition of reasonable number of 

sources which results in slower data acquisition. Therefore, the new platform should be capable 

of sub-second illumination and detection of several wavelengths in a single location. Second, for 

taking advantage of real-time optical scanning, integration of a tracking system into the optical 

probe is required to record the measurement paths on tissue surface. Co-registration of rapid 

optical measurements with tracking sensors data would provide high density tissue chromophore 

maps.  

The design of a tracking system and its integration with the CW system from chapter 3 will be 

explained in this chapter. We demonstrate the new system high temporal resolution by showing 

absorption maps a breast-simulating phantom (10cm in diameter) with an embedded tumor in 

less than 20 seconds. Also, spatial resolution is increased dramatically due to the system ability 

to real-time scanning similar to ultrasound approach. Results for phantom measurements 

performed by combination CW and tracking system would be discussed in this chapter. 

4.2.4 New Applications 

4.2.4.1 Monitoring Adipose Tissue Metabolism 

Large spectral bandwidth for recovering water and lipid content can be used to provide 

functional images of not only breast tissue but also other tissues such as abdomen and muscle 

tissues. Our group has pioneered the use of DOSI technology in monitoring adipose tissue 

metabolism and physiology. Adipose tissue plays an important role in the development of 

metabolic dysfunctions [55-56]. Our group has studied a group of volunteers undergoing weight 

loss using a calorie restriction strategy. We measure their abdomen tissue and reconstruct 2D 
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maps of chromophore concentration throughout the weight loss program, allowing us to monitor 

changes in abdomen tissue structure and function. Similar to the breast cancer studies, we take 

the measurements in a grid pattern every 10 mm and interpolate to create the image maps in 

figure13. The maps in the following figure are provided by current DOSI technology (SSFD). 

We demonstrate maps of all four tissue chromophore concentrations in addition to tissue optical 

index (TOI). TOI summarizes all tissue components into one single variable and is sensitive to 

the metabolic activity of tissue [3,31]. 

    
               

     
 

In this chapter, we will also show results for mapping abdomen tissue using both new and old 

platforms to check their equivalency in recovering in-vivo optical properties. We can recover 

chromophore concentrations by technology developed in this research with less than 10% error 

in comparison to the previous hybrid broadband system (SSFD). 

4.2.4.2 Tissue Oximetry 

 Besides improving imaging speed, system size, and cost, this new platform also enables us to 

delve into new applications such as real-time monitoring of tissue hemodynamics. Moreover, 

vital signals such as heart rate and respiration rate can be extracted from thick tissues using this 

system. These physiological signals’ frequencies are in a range from 0.2Hz to 3Hz, thereby for 

accurate recovery, a multi-wavelength imaging system with minimum 20 Hz data acquisition 

rate is required. The system described in previous chapter can operate with four wavelengths at 

80Hz in CW mode. We can correct the CW measurements with scattering coefficients recovered 

in baseline using FDPM module. This platform enables continuous investigation of pulsatile  
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Figure 13. Abdomen Tissue Chromophore DOSI Maps 
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waveforms in thick tissues as well as characterization of hemodynamics response to stimuli [57-

59]. Results will be illustrated for these applications in chapter 5. 

4.3. Methods & Materials 

4.3.1 Frequency Domain Module 

The FDPM module components are a signal generator, a laser light source and driver, and an 

Avalanche Photodidode (APD). For signal isolation and SNR improvement, electronic filters and 

amplifiers are used for connection to each component. The laser driver modulation frequency 

range (50 MHz to 300 MHz) is too large to be generated directly from oscillators, thus instead, a 

variable frequency in the 2 to 2.94 GHz band is mixed with a fixed 3-GHz frequency. A phase-

rocked loop (PLL) generates stable and precise stable frequencies by merging the stability of a 

10-MHz temperature compensated crystal oscillator (TCXO) with the flexibility of a voltage-

controlled oscillator (VCO) [54,60].  

Fluctuations in laser power caused by temperature changes are compensated through a feedback 

loop. An automatic power control (APC) system is embedded for each laser by monitoring its 

photodiode pin. An operational amplifier (op-amp) compares voltage induced by the digital 

potentiometer to the voltage induced by the photodiode to adjust laser power precisely. This is an 

important feature for medical devices since temperature changes in semiconductors are 

inevitable as a result of long measurement intervals in clinic [60-61]. 

The Laser diodes’ intensities are modulated from 50MHz to 300MHz on the source side 

sequentially, and changed in amplitude and phase shift (measured by a custom heterodyne 

structure) on the detector side. Calibrated amplitude and phase measurements are fitted to 
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diffusion models to extract absorption and scattering optical properties. More details about 

measurements calibration and optical properties recovery are provided in the data analysis 

section (3.4).  An example of fitting amplitude-phase measurements over 50-300MHz are 

depicted in figure14. 

 

Figure 14. FDPM Fitted Data (Amplitude – Phase) 

4.3.2 Continuous Wave Module 

The main innovation in the combined CW-FD system lies in this module. We designed a low 

cost portable (10cm×5.5cm×4.25cm) CW system for real-time spectroscopic imaging in diffuse 

media. This system measures four tissue chromophore relative concentrations (water, lipid, 
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deoxygenated and oxygenated hemoglobin) at four near-infrared wavelengths ranging from 

660nm to 980nm, in real-time. The module operates at various sample rates from 50Hz to 250Hz 

depending on the number of wavelengths needed for illumination (or application). The 

instrument expands spectral bandwidth and improves acquisition speed by only measuring 

changes in the amplitude. The CW system has a 50 dB dynamic range, enabling measurements in 

tissue with source-detector spacing up to 4cm; it can also resolve 0.00015 mm
-1

 changes in 

absorption with the ability to detect a minimum 17pW. The CW module frequency-encodes 

wavelengths for parallel illumination resulting in rapid data acquisition. The system suppresses 

background noise from ambient light by utilizing low-frequency modulation and narrow 

bandpass filters on the source and detector sides, respectively. The system block diagram is 

shown in figure15. 
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Figure 15. Steady State Replacement System Block Diagram 
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DC bias current for driving laser diodes are provided and regulated through analog output pins 

(DAC) of an Arduino Due microcontroller.  Lasers are modulated at low frequencies (11 and 19 

KHz) where amplitude data is considered only, and phase shifts are negligible. This technique 

protects the system from background ambient light noise since any signal out of modulation 

frequency will be rejected both on hardware (detection platform) and software sides. 

Narrowband transimpedance amplifiers (TIA) with active filters were added after the photodiode 

to detect light from tissue. In order to have a low-cost portable system for clinical usage, and to 

reduce cost and size, both source (laser driver) and detection (TIA and filter) platforms were 

custom-designed instead of using commercial components. The analog input pins on the 

microcontroller are used as an Analog-to-Digital converter (ADC). The ADC has 12 bits 

resolution across 0-3.3V, and it can be configured to operate at 1 MSPS rate. The data are sent to 

the laptop through a serial USB port. At the laptop end, waveforms data will be fed to digital 

signal processing algorithms to extract FFT power spectra and peaks at corresponding laser 

modulation frequencies. 

4.3.3 Integration 

4.3.3.1. Combination of Frequency and Continuous Wave  

We designed a central control program for computers to communicate with both CW and FDPM 

systems. The algorithm was based on National instruments CVI platform. The computer triggers 

a FDPM measurement by sending commands over the Ethernet to the FDPM microcontroller. 

Next, the computer will communicate with CW Arduino microcontroller over the serial USB to 

initiate measurement. The FDPM measurement time can change based on number of modulation 
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frequencies and number of wavelengths. We usually use all four diodes in the FDPM system. 

The CW measurement rate can be set according to the number of wavelengths and number of 

required measurements. At the minimum, 10 CW measurements are required which will take 40 

to 125msec. There are four modes of operation for the system. In the first mode, the FDPM 

module is the only one functional. This mode provides quantitative information by decoupling 

scattering from absorption at four wavelengths sensitive to deoxygenated and oxygenated 

hemoglobin.  In the second mode, which is the fastest method, the CW module operates at 

different rates and number of wavelengths from 80Hz (four wavelengths) to 250Hz (two 

wavelengths). The third mode, which was not available in the previous generation of this 

platform, can operate once with the FDPM system at the baseline to measure scattering 

coefficients and the rest of the measurements with CW system. In this mode, we can take 

advantage of FDPM module’s ability to provide quantitative information (scattering) and CW 

module fast data acquisition. The main assumption in this mode is that alterations in scattering 

throughout the measurements relative to the baseline are negligible (less than 5-10%). Bascially 

second mode and third mode are the same one main difference which is scattering estimation. 

Therefore, we can run FDPM module once before all CW measurements to correct for scattering 

effect. In the fourth mode, which is the slowest method, the FDPM and CW are interleaved to 

take consecutive measurements. Scattering information will be provided in all measurements. 

Therefore, this mode provides the most accurate quantitative information for all four tissue 

components (Water, Lipid, Deoxy-Hb, and Oxy-Hb). A summary of modes and relative 

application is summarized in table 1.  
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Table 1.DOSI Modes and Applications 

Modes Applications Rate(Hz) Wavelengths 

FDPM+CW Full Recovery of Scattering in All Measurements 0.5-1 4-6-8 

FDPM Quantitative Monitoring of Blood Components 0.5-0.8 4 

Baseline FDPM+CW 

Constant Scattering Assumption Available - 

Quantitative & Rapid Measurements - 

(Fast Scanning- Hemodynamic Monitoring) 

40-250 2-4 

CW Monitoring Rapid Changes in Hemodynamic 80-250 2-4 

4.3.3.2. Integration with tracking sensors   

The CW fast measurements require a tracking system to record the displacement of DOSI probe 

on the 2D surface. We employed two sensors to quantify the measurements’ path. In the 

following sections, integration of these sensors with the DOSI system will be explained. 

4.3.3.2.1. Linear Displacement 

An optical mouse IC ADNS-9800 (Avago Technologies, San Jose, CA, United States) was 

utilized to measure the linear displacement of DOSI probe. The chip consists of a low resolution 

detection chip designed for high speed data transfer and a VCSEL that illuminates 0.5 mW at 

840nm. Light reflection from the surface is imaged on to the detector where displacement 

information is calculated from reflected image by an embedded digital signal processor. The 

sensor can support a frame rate of 12,000 frames per section at a resolution up to 8200 counts per 

2.54cm (1 inch). The motion detection is up to 381 cm (150 inches) per second at an acceleration 

of up to 30g.  
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4.3.3.2.2. Rotational Displacement 

Three inertial motion sensors were utilized to quantify the rotational displacement of DOSI 

imaging probe. The 9 Degree of Freedom Sensor stick was purchased from Sparkfun (Denver, 

CO,USA) and contains the ADXL345 accelerometer (Analog Devices, Norwood, MA USA), 

HMC5883L compass (Honeywell, city state USA), and ITG-3200 gyroscope (Invensense, San 

Jose, CA USA). The accelerometer chip is capable of measurements up to +/- 16g’s with 10 bits 

of resolution, the gyroscope can measure up to +/- 2000 degrees with 16 bits of resolution, while 

the magnetometer chip has a 12 bit resolution that can sense up to 8 gauss. 

A sensor fusion algorithm based off open source software, Altitude and Heading Reference 

System, processes the raw data output of each of these sensors. From the same source, a 

modified version of sensor calibration procedure was also utilized. The method that merges the 

data is a Directional Cosine Matrix algorithm, which is a simplification of a Kalman Filter. The 

directional cosine matrix first computes the magnetic heading. Then the algorithm normalizes the 

three directional matrices to enforce orthogonality that may be off caused by numerical error. 

The error is estimated and corrected for roll and pitch drift based on the accelerometer, while 

yaw drift error is based on magnetic heading. Based on the three inertial motion sensors, the 

orientation of the probe can be estimated using the DCM algorithm. 
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                                               Figure 16.DOSI and Tracker Sensors Integration 

4.3.4 Data Analysis 

The FDPM module separates absorption ( ) from reduced scattering ( ) at the laser 

diode wavelengths via measuring amplitude changes and phase shifts over a 50-300 MHz 

frequency bandwidth. Measurements are affected by the system components’ response such as 

the RF cables, RF switches, and optical fibers. Thereby, objects with known optical properties 

(tissue-simulating phantoms) are used as references to remove the inherent response of the 

instrument from measurements. Optical properties are recovered via fitting calibrated data to the 

P1 diffusion approximation to radiative transfer equation (RTE) for light propagation in turbid 

media with semi-infinite boundary conditions [3-4].  

The scattering values measured at FDPM diodes enable us to obtain the scattering spectra across 

the 650-1000nm range. The FDPM scattering coefficients are fit to a power law according to the 
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Mie theory [4], and scattering coefficient can be interpolated and extrapolated at the CW 

wavelengths:  .  

CW amplitude measurements need to be calibrated in a similar manner to FDPM amplitude data. 

With estimated scattering coefficients at CW laser diodes, the CW data is fed to the same model 

used for FDPM measurement to extract absorption coefficients (measurement frequency is set to 

zero and phase shifts are discarded). In the final step, tissue components concentration will be 

extracted from absorption coefficients at FDPM and CW diodes. Overall process of data analysis 

is show in the figure17 block diagram. 
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4. 4.Results & Discussion 

4.4.1 Performance Comparison of DOSI Systems 

We performed two different measurements in-vitro (phantom study) and in-vivo (abdomen tissue 

mapping) to validate and characterize the instrument (CWFD) performance in recovering optical 

properties and tissue chromophore concentrations. We compared the results to those provided by 

the previous generation of DOSI systems (SSFD). 

4.4.1.1 Phantom Study (Mode1) 

We measured a tissue-simulating (breast) phantom with an embedded tumor 1cm beneath the 

surface (figure18.b) with both CWFD and SSFD. The rationale behind this study was to test and 

compare the new platform ability in extracting optical properties equivalent to those measured by 

SSFD technology. Figure18.a depicts the location of measurements which is a line-scan with 

nine discrete points. The locations should be selected in a way that they cover different range of 

absorption optical properties. To achieve this, we measured 10 spots starting at locations with 

low absorption (background) and adequate distance from tumor, and then moved the probe with 

step of 7mm toward the tumor position and continued the measurements to pass the tumor 

region. For more accurate results, we used the same source-detector separation (22cm) for both 

instruments, and repeated these measurements three times on each location. Phantoms absorption 

coefficients at four wavelengths (880nm, 904m, 915nm, and 975nm) recovered using both 

systems in three trials are summarized in table 2.   
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Figure 18. Tumor Phantom Measurements 

 

Table 2. Phantom Opitcal Properties Comparison 

 Absorption Difference 

Location Mean Min Max 

Background 3.6% 1.3% 4.9% 

Tumor 4.2% 2.7% 5.8% 

These results shows CWFD have similar performance to SSFD which means it have capability of 

recovering different range of optical properties as same as previous generation (less than 6% 

difference).  

4.4.1.2 In-vivo measurements (Mode1) 

The degree of biological tissue inhomogeneity is significantly higher than phantoms. Therefore, 

an ultimate test to show equivalency between both CWFD and SSFD system would be a tissue 

measurement. We chose the abdomen tissue for this purpose since breast cancer patient 

measurements were unavailable due to the CWFD system packaging. Based on the fact that one 

of main goals for adding CW modality to the FD technology was increasing spectral bandwidth 
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to above 880nm region, characterization and recovery of abdomen tissue lipid and water content 

can be a proper platform to compare both generations. 

We measured a 3cm×10cm rectangle area on abdomen tissue with both systems. We marked the 

tissue 30points in a grid pattern with 1cm spacing among adjacent points centered on subject’s 

umbilicus. Similar to previous study, for more accurate results, we used the same source-detector 

separation (22cm) for both systems, and repeated these measurements three times on each 

location and averaged the extracted absorption coefficients before fitting for tissue 

chromophores. Figure19 shows abdomen tissue DOSI images measured with both systems.  



49 

 

   

   

   

   

   

Figure 19. Abdomen Tissue Chromophore Maps 

We also calculated the percent difference between maps at each pixel and summarized them in 

the table 3. Largest is found in the TOI variable (9.7%) while Oxy-Hb has the lowest error (3%). 
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Table 3. Adbomen Chromophore Error Analysis 

Chromophore Error Range 

Lipid 5-9% 

Water 4-8% 

Deoxy-Hb 5-8% 

Oxy-Hb 3-6 % 

TOI 0.6-9.7% 

4.2 Real-time Scanning (Mode3) 

We scanned a phantom with an embedded inclusion with both SSFD and CWFD systems. We 

used 22mm source detector spacing for both instruments. SSFD measurements were taken on 49 

different points on a 7cm×7cm grid pattern with 1cm distance between adjacent points 

(figure20.a). For CWFD measurements, we took the advantage of system high temporal 

resolution and tracking system high density measurements to scan the phantom continuously at 

40HZ with four CW wavelengths (800nm, 880nm, 904nm and 980nm) (figure 20.b). CW 

measurements are corrected with a baseline FD measurement. The absorption maps at 800nm 

from both approaches are shown in (figure20.c&d). It takes 30-40 minutes to measure the 

phantom at 49 points (pixels) with SSFD system while the CWFD instrument measures the same 

area with 1518 points takes less than 20seconds. The differences between recovered absorption 

coefficients were similar (less than 4.5%) to the previous study in section 4.1.1.  
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Figure 20. Methods for Measuring Tumor Phantom 

In order to compare the two methods in more details and characterize their differences, we 

looked at cross-section line-scans in 1D (figure 21a). We plotted the absorption coefficients 

along a line-scan over the tumor region for both instruments (figure 21b&c). As we expected, 

high temporal and density measurements by CWFD system improves the imaging dramatically. 

It is expected and very routine that different operators use different grid patterns. We down 

sampled the CWFD data to simulate and investigate the effect of grid variation on the tumor 
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absorption shape. Figure21c shows that slight variations in SSFD grid pattern will results in 

significant changes in recovered tumor shape.  

 

  

Figure 21. Comparison of Grid Pattern and Continous Scan Measurements 

In order to improve CWFD data, we defined a region of interest (ROI) in CWFD first scan 

(figure22a). We rescanned over the tumor region continuously multiple times to obtain high 

density measurement over the ROI (figure22b).  As it was mentioned earlier, DOSI images are 

produced by interpolation of data obtained from grid patterns. We interpolated both SSFD 

images and CWFD images to compare their performance in recovering overall tumor shape 

(figure 22c versus figure23b&c).  

As it was expected, SSFD system has lower resolution due to its inability to take continuous 

measurements. The interpolation algorithm attempts to estimate absorption among measurements 

every 10mm which results in sharp edges (diamond shape figure 23b&c). On the other hand, 
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CWFD images are more uniform in tumor region since large number measurements were taken 

in ROI (figure22c).  

The analysis of tumor absorption dependency on grid pattern and interpolated images suggest 

that real-time scanning by CWFD modality provides higher resolution and more accurate maps 

in comparison to SSFD method. 

 

   

Figure 22. Tumor Phantom Real-time Continuous Scanning 

   

Figure 23. Tumor Phantom Grid Pattern Measurements 
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Chapter 5 

 

New Applications for Hybrid DOSI System  

In this chapter, we will present three different sets of in-vivo applications of our system. First, 

we will describe the system’s ability to recover heart rate from the fingertip, muscle, and brain. 

Second, we demonstrate system performance in monitoring continuously the wrist and muscle 

hemodynamics changes induced by paced breathing and recovering respiration rates from blood 

chromophores. Third, we characterize the arm vasculature reactivity during arm cuff occlusion.  

5.1 Tissue Oximetry  

In the first step, we attempted to extract the heart rate from the fingertip, which is also a common 

target for pulse-oximetry instruments. Below, in figure24, we show raw data from the left index 

finger, where two laser diodes (780nm and 820nm) were illuminated and data recorded at sample 

rate of 250Hz.  The laser diodes were selected below and above isosbestic point (810nm) where 

both deoxygenated hemoglobin and oxygenated hemoglobin have the same absorption 

coefficients. As our control, we used a commercial system that was placed on the index finger of 

the right hand. We calculated the heart rate from raw optical and oxygenated hemoglobin 

concentrations signals with two different approaches. First, we ran a peak searching algorithm to 

find corresponding peak in PPG signal and divide the number of peaks by measurement duration 

to obtain average per second ,and then multiplied by 60 to get hear rate in beat per minute unit 

(bpm). We used EMD algorithm to remove motion artifacts and noise from data.  
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Figure 24. Fingertip Pulse-Oximetry Raw Data 

We developed an algorithm that can find peaks with certain distance which is feasible for 

physiological parameters. There are reasonable threshold for minimum and maximum distances 

between consecutive peaks. For instance, peaks with more than 2seconds (30bpm heart rate) or 

less than 0.3 seconds (200bpm heart rate) are not possible. In the figure24 (above), the algorithm 

found 17 peaks for both diodes during 14 seconds of measurements which corresponds to 72.8 

bpm (~73bpm).  

In the second algorithm, we applied FFT on oxygenated hemoglobin concentrations and obtained 

a frequency peak at 73.4bpm (~73bpm) (figure 25). The commercial system reported the heart 

rate to be 74-bpm. 
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Figure 25. Index Finger Heart Rate and Oxygenated-Hb 

Next, we used the second approach (FFT) on wrist and brain (frontal cortex) tissue with 2 and 3 

cm source-detector separations, respectively. The reason for choosing larger source-detector 

spacing for brain tissue is because of the presence of the skull.  

Brain and wrist FFT analyses are depicted below in figure26: 
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Figure 26. Thick Tissue Oximtery 

The system was able to extract the heart rate from different tissue sites accurately, which was 

validated with a commercial pulse oximeter. The following table 4 summarizes all heart rates 

extracted by our system. The largest error belongs to the brain tissue which also has the highest 

signal attenuation. 
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Table 4. Heart Rate Extracted from Various Tissues 

Rate(bpm) Tissue Fingertip Wrist Brain 

CW System 73 76 71 

Commercial System 74 72 77 

Error 1.35% 5.55% 6.49% 

5.2. Pace Breathing 

We continuously monitored and measured arm muscle and wrist hemodynamics during paced 

breathing for two reasons. First, we wanted to test the system’s ability to recover respiration rate 

from thick tissues such as the wrist and arm. Second, we wanted to introduce a stimulus to the 

tissue hemodynamics and investigate corresponding vasculature reactivity caused by paced 

breathing. We asked subjects to control their respiration rate during measurements. Subjects 

were asked to breath-in over a period of two seconds and then breath-out over a period of 2 

seconds (0.25Hz) as the system was recording its measurements. To control the patient’s 

breathes, they were shown a video clip with 0.25HZ frequency instead of a metronome where 

they synchronized their respiration cycle to a visual signal with 0.25Hz frequency (2 seconds 

inhale and 2seconds exhale). The optical probe with 2cm source-detector separation was 

positioned on the left wrist and left arm triceps muscle and the system was running at 80Hz. 

Relative changes in oxygenated hemoglobin and deoxygenated hemoglobin concentrations were 

also calculated from four wavelengths 680nm, 780nm, and 800nm and 820nm absorption 

coefficients(figure 27a&c). 

We applied EMD algorithm to oxygenated and deoxygenated hemoglobin concentration times 

series and extracted different underlying signals. The first few modes (1-3) are usually noise 
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data, and last modes are generally motion artifacts and DC average. Physiological signals are 

usually embedded in the fourth (heart rate) to seventh modes (respiration). Because of 

differences in physiology and subject motions, vital signals mode vary. This is why we combine 

the FFT algorithm with EMD modes to improve data analysis and visualization dramatically.  

In figure27 first column (part a&d), the wrist blood chromophore concentrations extracted are 

shown over a 16 second period. First three EMD modes are subtracted from data to remove the 

noise. EMD modes are sorted according to frequency (high to low). Since respiration frequency 

was 0.25Hz, we would expect four respirations during the measurement (16seconds total). The 

6
th

 EMD mode of wrist oxygenated and deoxygenated hemoglobin concentration have exactly 

four peaks (figure 27b&e) corresponding to respiration event shown in figure 27a&d. We also 

applied FFT algorithm to this mode to obtain the respiration frequency. FFT power spectrum are 

shown in figure27c&f which have peaks at frequency of 0.235Hz and 0.230Hz for oxy-Hb and 

deoxy-Hb respectively. Both analysis methods recovered the same respiration rate for 

measurements.  

Next, we tried the same measurement on arm’s triceps muscle with one difference, a longer 

measurement time. Instead of 16 seconds of data collection, we recorded 44 seconds of data. The 

corresponding mode in EMD for respiration changed from 6
th

 to 7
th

 for arm oxygenated and 

deoxygenated hemoglobin in comparison to wrist data. The FFT algorithm recovers 0.254Hz 

peak for oxy-Hb (figure 28b), and there were 10 peaks in EMD 7
th

 mode time domain signal 

(figure28a). For deoxy-Hb, FFT algorithm finds 0.235 Hz (figure 28d) while EMD 7
th

 mode time 

signal shows 8 peaks (figure 28c). For both tissue sites, our instrument was able to recover 

respiration  rates (0.25Hz) induced by the stimulus(paced breathing) from accurately with both 
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time domain(EMD) and frequency domain (FFT) algorithms. This underscores the ability to the 

system to monitor and characterize organs’ hemodynamic response to changes in blood flow. 

   

   

Figure 27. Wrist Hemodynamics during Paced-breathing 

5.3. Vascular Occlusions 

One of the prominent roles of vascular function is its ability to adjust blood flow in response to 

stimuli. One way of assessing vascular reactivity is by stimulating the vasculature by imposing 

ischemia on main arteries. To simulate ischemia, we position cuff occlusions upstream of the 

targeted tissue and then relieve the occlusion after a predetermined period of time.  

In this experiment, we placed a vascular cuff on left arm’s brachial artery, and positioned the 

optical probe on the forearm muscles to record its hemodynamic changes with four wavelengths 

(680nm, 780nm, 800nm, 820nm) running at 80Hz. The cuff inflation with 220mmHg pressure 

was started after 20 seconds and was deflated after 30seconds.  
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Figure 28. Arm Hemodynamics during Paced-breathing 

We can split the hemodynamic signal to three phases: pre-occlusion stage (baseline), occlusion 

stage (ischemia), post-occlusion stage (recovery). In addition to characterizing vascular reactivity 

to changes in blood flow, we were able to extract the heart rate from baseline and recovery stages 

and compare our findings to those from the commercial pulse-oximeter (As a control, we 

recorded the pulse from the index finger on the same side using a commercial system.). We took 

advantage of the system’s fast data acquisition to investigate dynamic changes in blood 

chromophore concentrations. In figure29.a, both oxy- and deoxy-hemoglobin dynamics are 

depicted. We also included individual chromophore concentrations to show dynamics at the 

baseline and recovery stages (figure29b&c).  
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Again, the same approach (EMD-FFT) as previous sections were used to recover heart rates from 

oxygenated and deoxygenated hemoglobin throughout the experiment, are shown in 

figure30a&b. The comparison to the commercial system is summarized in table 5. We found that 
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Figure 29. Forearm Vascular Reactivity during Vascular Cuff Occlusion 
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after releasing the cuff, heart rate was elevated from baseline values which might be due to fast 

reperfusion of blood to the tissue. 

Table 5. Heart Rate during Vascular cuff occlusion 

Heart Rate (bpm) Baseline Recovery 

CW System 77 85 

Pulse Oximeter 71-72 80-82 

Error 7.8% 6.25% 

 

 

  

 

Figure 30.  Baseline and Recovery Stage Heart Rates ( FFT) 

5.5. Discussion  

Diffuse optical techniques can provide information about tissue metabolism and architecture 

non-invasively [62]. Prominent application of this technology would be characterization and 

continuous monitoring of hemodynamic changes and vascular reactivity in response to stimuli 

such as paced breathing and blood flow obstruction [63-64]. Respiration and heart rates are key 

physiological parameters that can provide useful information about tissue health [65-68]. Real-
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time measurement of these important physiological parameters with 0.2 to 3Hz frequency 

requires an imaging system with high rates of data acquisition (more than 10Hz). A portable low-

cost system would help to lower the barriers to clinical access [69-70]. We designed and built a 

portable high speed continuous-wave for tissue functional imaging system that can have various 

speed from 80-250Hz based on number of wavelengths needed for the corresponding 

application. We tested system ability to recover cardio-respiratory signals from thick tissues 

(muscle and brain) in different settings. We compared part of our findings (heart rate) to those 

from a commercial system (OHMEDA BIOX 3200) as well. For validating the instrument 

capability in respiration rate recovery from thick tissues, we instructed the subjects to lock their 

respiration to a visual metronome (video clip) with 0.25Hz frequency. 

The simplest and most accessible tissue for extracting the vital signals is fingertip. 

Monitoring these physiologic parameters provides an important tool for investigation of local 

tissue metabolism and dysfunction. However recovery of these signals from deep tissues such as 

muscle and brain are more challenging due to their complex architecture and deeper accessibility 

[71]. For instance, in the case of brain, large-source detector separation is needed to penetrate 

deep and access its vasculature. Our system can measure optical properties in real-time up to 

4cm source-detector spacing which meets the requirement for brain measurements.  

First we were able to replicate pulse-oximeters results by extraction of pulse rate from the 

fingertip. Next, we recorded optical signals from subjects’ brain frontal cortex and wrist muscle. 

The challenge in obtaining heart rate arises from the fact that non-invasive access to muscle and 

brain tissue hemoglobin oxygenation requires extracting information through a top layer (e.g., fat 

or skull) with thickness ranging from a few mm to over a centimeter.  Therefore, recorded data 

would be noisier in comparison to those from the fingertip.  We used different approaches to 
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analyze the data for fingertip. In the first approach, we developed peak searching algorithms to 

find local maximums in optical signals in time domain, and divided their count by duration and 

multiplied it by 60 to get pulse per minute. In the second approach, we applied Fast Fourier 

Transform algorithms on data to find corresponding peaks of the cardiac cycle in the frequency 

spectrum. For both approaches, we first removed motion artifacts and noise by using EMD 

algorithm. For analyzing muscle and brain measurements, we utilized the second approach since 

both methods’ results agree with each other for fingertip. During all measurements, we recorded 

pulse using commercial system for validating our results. In the worst case (during brain 

measurements), the recovered heart rates are 6.49% different from commercial system values. As 

we moved from fingertip to brain measurements, we noticed the error in calculations also 

increased from 1.35% to 6.49%. The reason for increased inaccuracy in heart rates recovered 

from muscle and brain tissue is dramatic decrease in signal to noise ratio and consequently signal 

quality. Access to these tissue vasculatures requires larger source-detector separations which 

results in lower signal levels on the detector side. The existence of a cardiac pulse in tissue could 

be an indicator for presence of localized arterial flow. On the other hand, the absence or 

abnormal recovered heart rate would be a symptom of tissue malfunction. 

In the second application, we used our system to recover respiration rate which is another 

important vital signal in clinical settings. Subjects were instructed to synchronize their breath to 

a 0.25Hz signal using a video clip. Optical data (four wavelengths) was recorded from wrist and 

triceps muscle tissue with 2cm source-detector separation at 80Hz rate. Combination of EMD-

FFT was again utilized to extract desired information. We were able to characterize the 

vasculature response to the stimuli by extract the induced frequency from both time domain and 

frequency domain signals of oxygenated and deoxygenated hemoglobin concentrations. In the 
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wrist tissue, time domain result (EMD) showed four peaks during 16seconds which corresponds 

to a 0.25Hz signal in frequency domain. The respiration rate recovered from oxy-Hb by FFT 

method was 0.235Hz while the deoxy-Hb showed a 0.230Hz peak (2.2% difference). In the arm 

tissue, measurement duration was increased from 16seconds to 44 seconds. In this case, FFT 

method recovered a 0.254 Hz peak which is close (8% difference) to the value recovered for 

deoxy-Hb 0.235Hz. EMD time domain data showed ten peaks during 44 seconds instead of 

eleven. The main reason for this phenomenon is the subject inability to maintain constant 0.25Hz 

respiration rate over the period of measurements. The EMD mode used in the wrist tissue was six 

while in the muscle it was seven. There are different reasons for this phenomena, one can be 

because of lower SNR in more scattering and absorbing tissue which would results in more noise 

in the data and more primary modes (high frequency) in EMD. The next reason can be subjects’ 

motions and movements which results in higher modes (low frequency) in EMD.  Another 

reason for performing these measurements and analysis was investigation of tissue ability to 

adjust its hemodynamics in response to changes induced by paced breathing. In case of tissue 

vasculature dysfunction, it would be unable to respond to the stimulus. Consequently, the 

recovered respiration rate would be significantly different from paced breathing frequency. 

In the last experiment, we used the continuous-wave system for characterizing muscle 

vasculature reactivity to changes in blood flow. Cardiovascular disease impairs the vessels’ 

ability to change their diameter and architecture in response to stimuli. Cuff occlusion is a 

common method for assessing vasculature reactivity and changing blood flow. We chose the left 

arm’s brachial artery for the occlusion site and forearm muscle for optical monitoring. It has 

been established to analyze the rate of tissue ischemia and recovery to assess vascular reactivity. 

In addition to this parameter, we also took advantage of system high speed data acquisition to 



67 

 

look at dynamic changes in oxygenated hemoglobin and recover heart rate during the 

measurements. We compared our pulse rate results to ones from commercial pulse oximeter 

system since we used it to monitor index finger. They are in agreement with less than 8% 

differences. This shows the system ability to monitor hemodynamics changes in response to 

different stimuli and recover vital signals continuously. After cuff release, we observed increase 

in heart rate (85 bpm) in muscle tissue in comparison to the baseline value (77bpm). This can be 

caused by sudden release of cuff occlusion and fast reperfusion of blood to the tissue 

(hyperemia). Characterization and investigation of vasculature response to various modified 

blood perfusion conditions have significant clinical values. For instance, in the case of diabetic 

patients with peripheral vascular disease, their tissue hemodynamic response to blood flow 

blockage and re-perfusion would be significantly different from normal subjects due to their 

vasculature dysfunction. 
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Chapter 6 

 

Summary and Impact 

 

We have developed a low cost portable high speed quantitative system for diffuse optical 

spectroscopic imaging of human tissue. The new hybrid system (CWFD) can measure absolute 

optical properties from 660nm to 980nm and recover all tissue chromophore concentrations. The 

standalone FD module can be utilized to measure scattering at every measurement and recover 

deoxygenated and oxygenated hemoglobin concentrations. The CW module can operate 

concurrently with the FD module to also measure water and lipid. For applications where 

scattering changes are negligible, a single FD measurement can be used as a baseline and the 

CW module can be used for subsequent high-speed measurements to extract the absolute 

chromophore absorption coefficients. Finally, if only relative changes in tissue content, (e.g., 

oxygen saturation) are desired, the instrument can operate in standalone CW mode. The major 

advantages of this new platform include significantly improvement in temporal and spatial 

information content in addition to dramatic reduction in cost and size compared to the previous 

generations.  

The technology development process has been described and detailed extensively. This includes 

detailed descriptions of the CW system custom-designed laser driver, CW detection platform, 

hardware circuits, filter design, 2D tracking module, FDPM module, and software programs 

developed to interface and integrate different module of the instrument, calibrate the 
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measurements, and recover optical properties. We have characterized and illustrated main 

parameters of the system, including operation speed, dynamic range, and instrument. 

The performance of new system to extract phantoms optical properties and tissue chromophore 

concentrations has been compared to the previous DOSI generations. The CWFD recovers 

optical properties in laboratory setting (phantom study) with maximum 5.8% error in comparison 

to the current DOSI system (SSFD) while the maximum error increases to 9.7% for in-vivo 

measurements (abdomen tissue). A new methodology has been developed for two-dimensional 

mapping tissue subsurface via integration of a tracking module with the CWFD system. A high 

density continuous measurement over the region of interest outperforms the conventional method 

(discrete measurements over a grid pattern) in estimation of tumor shape and contrast. 

We have taken the advantage of CWFD system high temporal resolution and large signal-to-

noise ratio to explore tissue oximetry applications. We presented measurement of pulsatile 

waveforms in thick tissues. Finally, we have used vascular occlusion and paced breathing models 

to measure and analyze tissue hemodynamics response to changes in blood flow. Continuous 

monitoring of vasculature response to various modified blood perfusion conditions can provide 

information about local tissue metabolism and physiological state (dysfunction). 

The low cost, portable, high speed, and quantitative characteristics of this instrument, it is ideal 

for point-of-care settings. It is hoped that the progress of this research will advance DOSI 

technology one step closer to widespread clinical use. 
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Future Work 

Further developments can be categorized in two main areas of technology development and in-

vivo studies.  On the instrumentation side, the current system can be expanded to a multichannel 

platform which can either provide multiple views or multiple tissue measurements 

simultaneously. With further miniaturization on both CW and FD systems, a handheld DOSI 

probe for direct contact with tissue can be designed. Fiber-coupled laser diodes in CW system 

can be replaced by either VCSELs or LEDs. On the clinical side, the scanning method developed 

for the tumor phantom can be employed to measure a breast cancer patient and recover tissue 

DOSI maps. Moreover, monitoring muscle and brain hemodynamic response to different paced-

breathing frequencies and vascular occlusion can be investigated. Future directions for research 

and development are summarized in Table 6. 

Table 6.  DOSI Future Developments 

Instrumentation Clinical Work 

Multichannel Breast Cancer Patient Scanning 

Miniaturization Muscle Hemodynamic Monitoring 

Direct Contact Probe Brain Oximetry 
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Appendix 

A.1 Empirical Mode Decomposition 

EMD is a data-driven method for signal analysis. It decomposes a signal to its intrisinic 

mode functions (IMF) from high frequency to low frequency. If one sums all the IMFs, the 

original signal will be obtained. In the following section (figure 31), different EMD modes for 

wrist oxy-Hb concentration during paced-breathing (0.25Hz) are illustrated:  
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Figure 31. EMD modes for Wrist Oxy-Hb during Paced-Breathing 
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The lower modes usually correspond to the noise which can be subtracted from the 

original signal. In this case, the sixth mode in this case was match with the subject respiration 

rate. It showed four peaks during 16 seconds which agrees with the breathing frequency 

(0.25Hz). Fourth and fifth modes (higher frequency) can be explored for heart rate recovery.  




