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Abstract

Tissue oxygen saturation, blood flow and blood volume are physiological bio-markers

of tissue health. Diffuse Optical Spectroscopy(DOS) and Diffuse Correlation Spectroscopy

(DCS) are two complementary approaches to measure tissue oxygen saturation and blood

flow respectively. Quantitative Diffuse Optical Spectroscopy (DOS) uses multi-spectral in-

tensities of near-infrared light that have been modulated at RF frequencies to estimate

static tissue optical properties and hence concentrations of oxygenated and de-oxygenated

hemoglobin. Diffuse Correlation Spectroscopy estimates tissue dynamics - i.e., blood flow,

by measuring temporal intensity auto-correlation function of back scattered light diffusing

through the tissue. Conventionally, DCS instruments use coherent light sources with con-

stant intensity. This dissertation focuses on applying frequency domain methods to DOS

and DCS to improve measurement fidelity and reduce systemic errors prevalent in current

technology. To this end, I introduce a new broadband heterodyne demodulation technique

for multi-frequency frequency domain DOS (FD-DOS) and a novel frequency domain DCS

(FD-DCS) technique to estimate tissue oxygenation and blood flow index from a single mea-

surement. First, I demonstrate a frequency domain DOS system that measures amplitude

and phase of diffuse photon density waves at different source-modulating frequencies and

a single source-detector separation. This multi-frequency FD-DOS system reduces mea-

surement errors due to the partial volume effects and overcomes the major drawbacks in

the conventional frequency domain DOS instruments that operate at a single modulation

frequency. Critically, the (heterodyne) demodulation is performed using off-the-shelf RF

components, which decreases instrument size, reduces complexity and increasing the data

acquisition rate without requiring large data sets. I validate this new method with con-

trolled experiments on tissue simulating phantoms and in-vivo experiments. In the second

viii



part of the dissertation, I extend the multi-frequency aspect to DCS and develop a novel

technique - Frequency Domain Diffuse correlation Spectroscopy(FD-DCS). FD-DCS uses in-

tensity modulated light source at RF frequencies to measure frequency dependent intensity

auto correlation functions and estimate static and dynamic optical properties of the tissue at

a single source-detector separation in a single measurement. FD-DCS system can be easily

executed by modifying the source of conventional DCS system to a RF modulated source.

I derive a new general photon diffusion model that describes tissue light propagation and

a new frequency domain solution for diffuse correlation density waves (DCDW). I built a

bench-top prototype, and validated this new theory with experiments on tissue simulating

phantom experiments. FD-DCS eliminates the measurement errors caused by differences in

tissue sampling volumes and source-detector positions of DOS and DCS systems, thereby

eliminating the need for hybrid DOS-DCS system.
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Chapter 1: Introduction

1.1 Introduction

Optical methods based on the diffusion of light through tissue, hold the ability to probe

a wide variety of tissue types, and measure endogenous bio-markers of tissue health from

structures a few centimeters below the surface. [6,36] Optical methods are broadly applicable

to any tissue type because they employ non-ionizing radiation, are non-invasive, and are

portable. Due to this niche combination of clinical utility and measurement versatility,

optical technologies have tremendous potential and power, to be a ubiquitous clinical bedside

monitor of tissue function.

Quantitative measurements of tissue function, and technologies that facilitate them, im-

pact all aspects of biomedical research from disease diagnosis and treatment monitoring to

physiological modeling of healthy and pathological tissues. Since the discovery of the near

infrared ‘optical window’ in 1977, [59] optical technologies have facilitated niche in vivo mea-

surements of deep-tissue hemodynamics, because they are noninvasive, are safe and easy to

use, and they offer endogenous sensitivity to two important markers of tissue function – tis-

sue blood flow (oxygen delivery) and tissue oxygen saturation (oxygen consumption) [38,87].

Often, the primary goal of these noninvasive measurements is to elicit the effect of focal

changes in tissue function; for example, hemodynamic changes due to localized strokes/brain

injuries [20, 39, 40, 44, 48], to image [7, 26, 85, 112] or monitor hemodynamics of localized tu-

mors in the body [21, 27, 30, 31, 36], and functional activation of specific neuronal circuits

in the brain. [38, 41, 52, 57, 64, 67, 71, 88, 98, 111] However, the accuracy and fidelity of focal

hemodynamic measurements is confounded by systemic biases [15] introduced by instrumen-

tation approaches that require optical detection/measurements at multiple spatial positions
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on the surface and heterogeneous tissue geometries. The primary goal of this dissertation

is to develop a new class of diffuse optical instruments that will permit robust quantitative

monitoring of focal responses in both oxygen saturation and blood flow, with measurements

from one source-detector pair.

Currently, two complementary optical technologies are used to quantitatively measure

tissue hemodynamics – Diffuse Correlation Spectroscopy (DCS) estimates tissue perfusion

by analyzing the temporal fluctuations of highly coherent light that has diffused through tis-

sue [13,14]. Multi-distance Diffuse Optical Spectroscopy (DOS) estimates tissue oxygenation

from the differential absorption of light at two or more wavelengths [14,37,42,49,50,107]. In

multi-distance DOS, amplitude and phase changes of intensity modulated source are used

to obtain the optical parameters at multiple source detector separations. However, these

multi-distance measurements suffer from errors due to the partial volume effect; i.e., data

recorded at different source-detector separations originate from different tissue regions un-

der the probe (both laterally and in depth). Thus, unless tissue is completely homogeneous,

estimates of tissue properties from multi-distance tissue optics measurements are prone to

systemic errors. [72, 73] To overcome these limitations, I implement DOS and DCS with

intensity modulated sources, and perform frequency resolved measurements of light inten-

sity (DOS) or intensity auto-correlation functions (DCS). Critically, these frequency-resolved

measurements can be performed at a single-source detector separation.

In the first part of the dissertation, I develop and validate a ‘multi frequency Frequency

Domain Diffuse Optical Spectroscopy’(mfFDDOS) system that can estimate the tissue oxy-

genation at a single source-detector separation. This system introduces a new heterodyne

demodulation method to parse amplitude and phase changes from frequency resolved mea-

surements of detected intensity.

The combination of quantitative estimates of tissue hemoglobin concentrations along

with blood flow and tissue oxygen saturation measured by these optical techniques, yield

important information about the tissue metabolic rate of oxygen, as well as overall tissue
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health, function and pathology. Conventional approaches to bedside optical monitoring

combine DCS with multi-distance DOS in a bulky hybrid probe to simultaneously measure

both static (oxygen concentration) and dynamic (blood flow) tissue properties [4,22,25,43,65,

71, 110]. However, simple combination of these two technologies could result in systematic

errors in estimation of tissue hemodynamics and metabolism in heterogeneous tissues, or

when monitoring focal changes like functional activation.

The goal of the second part of this dissertation is to address this limitation by adapting

DCS to quantitatively and simultaneously measure blood flow and blood oxygenation in a

new class of diffuse optics instruments. More specifically, I develop and validate a novel

Frequency Domain Diffuse Correlation Spectroscopy (FD-DCS) approach for fast optical

bedside monitoring of tissue hemodynamics from a single data set measured at one detector

location. In addition, I show that FD-DCS is a general model describing the diffusion of

coherent light through tissue, and that conventional DOS and DCS are its special cases.

1.2 Dissertation Organization

Outline of my dissertation is as follows:

Chapter 2 provides a brief introduction to Diffuse Optical methods - DOS and DCS, the

underlying theory and various solutions of these two methods with respect to the source

types.

In chapter 3, I have introduced a new ’Broadband Frequency Domain DOS system with

a heterodyne demodulation at single source-detector separation’. This new system uses

off-the-shelf equipment to produce increased data acquisition speeds and throughput while

reducing cost and size. In this chapter, I explain the need for multi- distance DOS systems

and briefly outlay prior work. I present the instrumentation methods, validation experiments

and results.
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Chapter 4 introduces a novel ’Frequency Domain Diffuse correlation Spectroscopy(FD-

DCS)’ system that can estimate blood oxygenation and blood flow in a single measurement

at a single source-detector separation. This system eliminates the need for the bulky in situ

hybrid DOS - DCS system and thereby the systematic errors that arise in the measurement.

The new model developed for FD-DCS can be considered as the general photon diffusion

model of light transport in the tissue. The chapter includes theory for the new model,

characterization experiments, validation experiments and results.

Chapter 5 concludes the dissertation by outlaying the possible future application with

the systems I developed.
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Chapter 2: Diffuse Optics for Quantitative Tissue Spectroscopy

2.1 Introduction

Optical methods are widely employed in clinical and biomedical research because light

is inherently sensitive to a number of tissue physiological properties [35]. In particular,

light in near infrared wavelengths exhibit characteristic sensitivity to the concentrations of

oxygenated and de-oxygenated hemoglobin and blood flow in the tissue. Generally, these

properties are indicative of tissue health and can be used to diagnose and track several

critical conditions in medical field. For example, blood flow and blood oxygenation levels in

a malignant tumors are different from that of normal tissue, because tumors are typically

hypervascularized due to angiogenesis.

Existing non-invasive clinical technologies like Magnetic Resonance Imaging (MRI), Com-

puter Tomography (CT) are used extensively to characterize and image tissue structure.

These radiological modalities provide lifesaving information by acquiring images of good

spatial resolution of different parts of the body, as appropriate for the disease. However,

these imaging modalities are ill-suited for bedside monitoring applications, because they

use ionizing radiation (CT), they are expensive, and they often need specialized suites for

imaging. On the other hand, optical methods like Diffuse Optical Spectroscopy(DOS) and

Diffuse Correlation Spectroscopy(DCS) use non-ionizing light to continuously measure tissue

parameters with a portable bedside instrument. Thus, they fill a critical gap in the clinical

infrastructure for bedside monitoring of tissue physiology. Optical methods can also measure

tissue function, which tells how tissue behaves in response to external stimuli, diseases and

other medical condition [103,105]
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Significant development in this field has been made possible with the discovery of optical

window by Jobsis in late 1970’s [59–61]. Fig. 2.1 shows the a measure of tissue absorption

by different components in tissue. The absorption of light in tissue by water and hemoglobin

chromophores is relatively low in the near infrared region (650 − 950 nm) allowing light to

penetrate deep (2 − 4 cm) into the tissue. In addition, scattering of light in tissue can be

approximated with a negative power law; low average scattering of near-infrared light allows

photons to propagate deep into the tissue. Furthermore, light in tissue is mostly forward

scattering, which allows photons that have diffused into tissue to reflect back to the surface

for detection and analysis. In this regime of relatively, low absorption, and high scattering,

light propagation in thick tissues can be modeled as a diffusive process and can be described

by a Photon Diffusion Equation [56].

Figure 2.1: Absorption spectra of different chromophores. Figure adapted with permission
from [90]

2.2 Light Transport in Tissue

Propagation of light through tissue in the NIR region is primarily characterized by two

process - absorption and scattering [56].
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2.2.1 Absorption

Absorption refers to the loss of energy by a photon as it propagates/diffuses through

tissue. Typically, this energy is converted to heat, but it can also lead to effects such as fluo-

rescence. The light attenuation in the tissue is described by absorption coefficient (µa). 1/µa

is the absorption mean free path, the average distance traveled by a photon in the tissue be-

fore it is absorbed. Absorption coefficient is also linearly related to the tissue chromophore

concentration. Considering oxy-hemoglobin and de-oxy hemoglobin are the strongest ab-

sorbing endogenous tissue chromophores, tissue absorption coefficient can be written as:

µa = ϵHbOCHbO + ϵHbRCHbR . Here CHbO and CHbR are the concentrations of oxygenated and

de-oxygenated hemoglobin (units of µM), ϵHbO and ϵHbR are the corresponding molar extinc-

tion coefficients (cm−1/(moles/liter)). Typical values of µa for tissue at NIR wavelengths are

around 0.02 - 0.3 cm−1. Multi-wavelength tissue absorption measurements allow measure-

ment of chromophore concentration by using the spectra of these chromophores.

2.2.2 Scattering

Scattering refers to the deviation in the light path of photons as it interacts with tissue.

This deviation occurs due to refraction of light through microscopic refractive index changes

in the tissue. Biological tissues vary in the refractive index spatially in the order of the

NIR light wavelengths, allowing to probe structural information of tissue molecules and

chromophores. The heterogeneous regions of the tissue makes the tissue a highly scattering

medium at NIR wavelengths allowing to probe deep tissue lengths.

Figure 2.2: Absorption and scattering interaction of photons with tissue chromophores.
Figure adapted with permission from [5]
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The distance traveled by a photon before it is scattered in the tissue is scattering mean

free path and its reciprocal is the tissue scattering coefficient (µs). Typical values of µs for

NIR wavelengths are around 100 - 1000 cm−1. Tissue scattering can be elastic(e.g., Rayleigh

and Mie scattering) or inelastic(Raman scattering). Elastic scattering refers to scattering of

photons where light energy is conserved while the incident light energy is different than the

scattered light energy in the case of inelastic scattering.

While Raman scattering can be used to probe tissue molecular properties, most scattering

in tissue is elastic. In this dissertation, we primarily deal with diffusion of light in tissue using

relatively low illumination intensities; in this regime, we consider scattering to be elastic.

Absorption coefficient and scattering coefficient, together is called the total attenuation

coefficient (µt)

µt = µa + µs (2.1)

The inverse of the total attenuation coefficient is the Mean Free Path (MFP). For the NIR

wavelengths, scattering coefficients are higher than the absorption coefficient as scattering

is more dominant in those regions.

Although, the scattering coefficient gives information about the scattering in the tissue,

it does not include information of the direction of the scattering. The information about the

direction of scattering can be obtained by scattering anisotropy factor (g) which is given by

g =< cosθ >, a measure of the average scattering angle. g varies from −1 to 1; positive

values of g denote forward scattering and negative values of g indicate back scattering.

Scattering is isotropic when g = 0. Tissue is mostly forward scattering with g ≈ 0.9.

Formal expressions for the anisotropy factor can be obtained from the Heyney-Greenstein

phase function [10,53].

The usage of the scattering phase function allows us to find the length that photon travels

before the direction is randomized and loses knowledge of its initial direction. This is called

as reduced photon scattering length, random-walk step length, or transport mean free path.
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The inverse of the transport mean free path is the reduced scattering coefficient and is given

by

µ′
s = µs(1− g) (2.2)

Typical values of reduced scattering coefficient in tissue is around 10cm−1. The transport

attenuation coefficient which is a better indicator of tissue penetration depths than the total

attenuation coefficient in biological tissues that are highly anisotropic scattering medium is

given by

µtr = µa + µ′
s (2.3)

2.2.3 Photon Diffusion Equation

Light transport in tissue can be modeled as diffusion process, enabling us to quantitatively

measure absorption and scattering in tissue. A full derivation of light diffusion in tissue is

beyond the scope of this thesis, and is best covered in numerous text books [10, 38]. Here,

we limit our discussion to solutions of the photon diffusion equation, and how they can

be leveraged for quantitative tissue spectroscopy. Briefly, the Photon Diffusion Equation

(PDE) can be derived from the Radiative Transport Equation (RTE) after applying few

simplifying approximations: (a) Light radiation is assumed to be nearly isotropic, (b) tissue

is rotationally symmetric (µa,µs are independent of the direction of light travel), (c) the

Radiative Transport Equation is valid, and (d) refractive index between scattering events is

homogeneous. With these approximations, the Photon Diffusion equation is given by:

∇.[D (⃗r , t)∇ϕ(⃗r , t)]− υµa(⃗r , t)ϕ(⃗r , t)−
∂ϕ(⃗r , t)

∂t
= −υS (⃗r , t) (2.4)

Here, S (⃗r , t)(Wcm−3) is the power per unit volume being emitted radially outwards at a

time t from a position r⃗ . D (⃗r) ≡ v/(3(µ′
s (⃗r) + µa(⃗r))) is the Photon diffusion coefficient;
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Figure 2.3: Tissue light propagation geometries: Transmission and Reflection

ϕ(⃗r , t)(Wcm−2) is light fluence rate, the power per unit area at point r⃗ and time t radiating

outwards from an element of infinitesimal volume. Photon Diffusion equation is only valid

when µ′
s ≫ µa, radiance is isotropic, fluence transmitted also has rotational symmetry, source

is isotropic, and temporal flux variations are slow compared to the frequency of light.

2.3 Diffuse Optical Spectroscopy/Near Infrared Spectroscopy

Diffuse Optical Spectroscopy (DOS) or Near Infrared Spectroscopy(NIRS) refers to the

opto-electronic instrumentation, and analysis methods to practically measure solutions to

the Photon Diffusion Equation. [8, 24, 28, 29, 32, 58, 69, 78, 91, 94, 102] The goal of a DOS

measurement is to quantitatively estimate tissue absorption and scattering coefficients, and

thereby compute tissue oxygen saturation. Practically, DOS signals can be measured from

tissue using either transmission geometry or reflection geometry, as seen in Fig. 2.3. Trans-

mission geometry cannot be used in thick tissues (> 8cm), as the light is fully absorbed in

the tissue over long distances distances. Reflection geometries are more practical for thick

tissues, where tissue is assumed to be semi-infinite and homogeneous. In a simple DOS ar-

rangement for semi-infinite homogeneous reflection geometry, NIR light is transmitted into

the tissue sample using an optical fiber. A portion of light is reflected back after being

absorbed/scattered by multiple cells in the tissue. The reflected light from the tissue is col-

lected by another optical fiber a certain distance away from the source on the tissue surface

called the source detector separation (ρ). Reflected light is typically recorded using photo

detectors such as a photo diode or a a Photo Multiplier Tube (PMT).
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2.3.1 DOS Methods

Practically, three types of solutions to the Photon Diffusion Equation can be realized

with DOS depending on the sources. 1. Frequency Domain Diffuse Optical Spectroscopy

(FD-DOS). 2. Continuous Wave NIR Spectroscopy /Diffuse Optical Spectroscopy (CW

NIRS/DOS). 3. Time Domain Diffuse Optical Spectroscopy (TD-DOS). This thesis focuses

on frequency domain methods for diffuse optics, and hence I discuss FD-DOS approaches in

detail below. Continuous wave and time-domain methods are discussed briefly for complete-

ness.

2.3.1.1 Frequency Domain Diffuse Optical Spectroscopy

In Frequency Domain Diffuse Optical Spectroscopy (FD-DOS), tissue is illuminated with

light, whose intensity is modulated at RF frequencies. The propagation of the intensities

through tissue forms a photon diffusion wave which can travel up to 2 - 4 cm deep into the

tissue. These are called Diffuse Photon Density Waves (DPDW) and have been shown to

have wave properties. [17,38] The photon diffusion wave experiences a decrease in amplitude

and changes in phase as it travels through the tissue. Amplitude and phase of the reflected

diffusion wave at a given source-detector separation forms a frequency domain solution to

the Photon Diffusion Equation. Practically, an analytical (or computational) solution (i.e.,

amplitude and phase of detected light power) to the Photon Diffusion Equation in a homo-

Figure 2.4: DOS methods - different sources. Figure adapted with permission from [72]
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Figure 2.5: A typical cerebral FD-DOS measurement

geneous, semi-infinite medium is compared to measured quantities to compute tissue optical

properties.

In FD-DOS, the intensity of source is modulated at radio frequencies. The source term

in FD-DOS contains ac and dc components and is given by equation 2.5.

S (⃗r , t) = Sdc (⃗r) + Sac (⃗r)e
−iωt (2.5)

Here, ω = 2πf is the angular frequency of modulation, where f is the frequency of modula-

tion. At a position r⃗s in the tissue, the source fluence rate is given by equation 2.6, where

δ(⃗r − r⃗s) is three-dimensional Dirac delta function.

S (⃗r , t) = So(1 + e iωt)δ(⃗r − r⃗s) (2.6)

This intensity modulated light source will produce a continuous wave component and an

oscillating component with the same modulation frequency. Light fluence rate at a distance
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r and time t is given by equation 2.7.

ϕ(⃗r , t) = Φdc (⃗r) + Φac (⃗r)e
−iωt (2.7)

Substituting the source term and the light fluence rate in the Photon Diffusion Equation 2.4,

∇.(D (⃗r)∇Φdc (⃗r))− υµaΦcw (⃗r) = −υSdc (⃗r − r⃗s) (2.8)

∇.(D (⃗r)∇Φac (⃗r))− υµa(⃗r) + iω)Φac (⃗r) = −υSac (⃗r − r⃗s) (2.9)

For homogeneous media, equation 2.8 and 2.9 simplify to

(∇2 − κ2
0)Φdc (⃗r) = −Sdcυ

D
δ(⃗r − r⃗s) (2.10)

(∇2 − κ2)Φac (⃗r) = −Sacυ

D
δ(⃗r − r⃗s) (2.11)

κ2
o = υµa/D, κ2 = (υµa − iω)/D and κ is the wave vector. The solution for equation 2.11

is fluence rate in the form of a damped wave and is called Diffuse Photon Density Wave

(DPDW). DPDW is given by equation

Φ(⃗r , t) = A(⃗r)exp[i(ωt − θ(⃗r))] (2.12)

A(⃗r) and θ(⃗r) are the amplitude and phase of the wave and relate to the real (κr ) and

complex imaginary (κi) parts of the wave vector. To obtain the optical parameters with the

DPDW, amplitude and phase are measured either at multiple source detector separations or

multiple frequencies.

A(⃗r) =
S0υ

4πDr
[exp(−κr r⃗)] (2.13)

θ(r) = κi r⃗ (2.14)
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Table 2.1: Table defining terms in semi-infinite solution to PDE

Symbol Quantity
So Input Power
υ = c/n Speed of light in tissue

Zb =
2
3
ltr

1+Reff
1−Reff

Location of ’image’ source;
extrapolated zero boundary

Reff Fresnel reflection coefficient
ltr ≈ 1/µ′

s Transport mean free path
κ2 = (µa − iω)/D Wave vector
r 21 = ρ2 + l2tr ;
r 2b = ρ2 + (2zb + ltr )

2;

The solution of Photon Diffusion Equation for semi-infinite homogeneous medium in

reflection geometry is given by equation 2.15, obtained by solving semi-infinite frequency

domain Green’s function for extrapolated – zero boundary condition.

Φ(ρ,ω,λ) =
S0υ

4πD

[
exp(−κr1)

r1
− exp(−κrb)

rb

]
(2.15)

Here, Φ(ρ,ω,λ) is fluence rate at source-detector separation (ρ), intensity modulation fre-

quency (ω) and wavelength (λ). Other parameters are described in Table 2.1

κr and κi are related to µa and µs as shown in equation 2.16 and equation 2.17

κr =

(
υ2µ2

a + ω2

D2

)1/4

cos

[
1

2
arctan(

ω

υµa
)

]
(2.16)

κr =

(
υ2µ2

a + ω2

D2

)1/4

sin

[
1

2
arctan

ω

υµa

]
(2.17)

Finally, tissue absorption coefficient is linearly related to the concentration of chro-

mophores and is dependent on wavelength.

µa(λ) =
∑
i

εi(λ)ci (2.18)

where, εi(λ) is the extinction coefficient of the i th chromophore, and ci is the concentration.
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Practically, a FD-DOS system is realized as shown in the Fig 2.6. Laser diodes having

wavelengths in the near infrared region are used as light sources. To drive the laser, a current

driver is employed. In FD-DOS this current is modulated at RF frequencies ranging from

0.05– 1 GHz using a bias tee. A reference signal is generated by splitting the optical signal

with a 90−10 fiber splitter; 90% is used to illuminate the tissue. Alternatively, the reference

signal can be obtained by splitting the RF signal. To transport the light from the source

to the tissue, optical fibers of 0.5 – 3 mm core diameter are used. A custom probe is built

to hold the optical fibers onto the tissue. The system shown in the Figure 2.5 shows DOS

implemented to measure cerebral tissues. Light travels through the tissue as diffuse photon

density waves and the back-reflected light is collected using a detector at source – detector

separation (2 ∼ 5 cm). Typically, the back-reflected light is detected using a photo diode or

a photo multiplier tube. The output from the detector is an electrical current, proportional

to the detected intensity, which is converted to a voltage signal and amplified using a trans-

impedance amplifier. The amplitude and phase of this amplified signal are measured to

estimate the optical parameters.

Figure 2.6: FD-DOS instrumentation

Amplitude (A) and phase (θ) of the detected fluence rate at the tissue surface can be

estimated with different demodulation techniques. Demodulation and extraction of these

parameters can be performed using either analog or digital methods. Analog demodulation
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approaches use discrete radio frequency components like mixers and filters. The most com-

mon analog demodulation method is IQ demodulation, which is shown in figure 2.7. Here,

the detected intensity (modulated at RF frequencies) is directed to the RF ports of two

mixers. A reference signal is directed to the Local Oscillator (LO) port of one mixer, and

a 90◦ phase shifted reference signal is directed to the second mixer. The in-phase (I) and

quadrature (Q) components, which represent A cosϕ and A sinϕ are attained at the Interme-

diate Frequency (IF) ports after low pass filtering, which are used to compute the Amplitude

(A) and phase (ϕ). If the frequency of the reference signal is the same as signal frequency,

the demodulation is referred to as Homodyne. Heterodyne demodulation refers to the mix-

ing of the signal with that of a slightly different frequency to ‘down convert’ the amplitude

and phase to a lower ‘beat’ frequency. While homodyne systems use fewer RF components,

heterodyne systems can be more sensitive because the phase detection is performed at a

lower frequency. In either case, care should be taken to properly shield RF elements to avoid

signal leakage, and prevent noise contamination. Analog methods are also not flexible to

implement; scaling the system would require multiple discrete components for larger sys-

tems. Alternatively, digital demodulation methods use Analog to Digital Converters (ADC)

to directly sample the reference and detected signals simultaneously. ADC’s digitize the

analog signal, which is stored in a computer for post processing with software like MATLAB

(Mathworks, MA) or LabVIEW (National Instruments, Austin, TX), to retrieve Amplitude

and Phase. Off-the-shelf ADC devices are extensively available at different sampling rates,

to satisfy the Nyquist sampling rule.

Note that FD solutions to the Photon Diffusion Equation vary with both source detector

separation (ρ) and frequency of modulation (ω). So far, most FD-DOS systems have used a

multi-distance approach – i.e., they measure amplitude and phase at different source detector

separations to estimate tissue optical properties. To implement this multi distance approach,

amplitude and phase measurements must be made at each separation which may require the

use of multiple sources and detectors (increase in cost and complexity) or the use of an optical
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Figure 2.7: IQ demodulation

switch (increase in measurement time). Critically, light measured at different source detector

separations sample different depths of tissue, and hence multi-distance measurements are

systemically affected by tissue heterogeneities. Alternatively, some studies have recently

suggested FD-DOS measurements at multiple modulation frequencies and at a single source-

detector separation. These multi-frequency FD-DOS measurements can be performed with

instruments that are simpler. Critically, measurements made at different frequencies are less

affected by tissue heterogeneities because measurements at different frequencies sample the

same tissue volume. I detail the state-of-the art multi-frequency FD-DOS instruments, and

advances I have made to this technology in Chapter 3.

2.3.1.2 Continuous Wave

In Continuous Wave Near Infrared Spectroscopy (CW NIRS), constant intensity of near

infrared light is used to illuminate the tissue and the reflected diffuse light is detected at

a specified source detector separation (1 ∼ 3) cm. Thus, continuous wave measurement

is the easiest to implement. Measured intensity at the detector is attenuated in com-

parison to the source intensity due to absorption of light by tissue chromophores such as

oxy-hemoglobin(HbO) and de-oxy-hemoglobin(HbR) [33, 45, 92]. Changes in these concen-

trations, e.g., due to functional activation, impart changes in the measured intensity, which
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can be analyzed using the modified Beer-Lambert Law. [5] CW NIRS only measures changes

in concentrations and cannot estimate absolute values because we cannot separate light at-

tenuation due to absorption from those due to scattering. This is evident by realizing that

the light detected at the detector can be expressed as a special case of the frequency domain

solution to the Photon Diffusion Equation (equation 2.8), with (ω = 0)

Φcw (⃗r) =
υS0

4πDr⃗

[
exp(−

[υµa

D

]1/2
r⃗)

]
(2.19)

In CW-NIRS measurement performed at one source-detector separation, the detected

intensity change is due to a combination of the absorption coefficient, µa, and the diffusion

coefficient, D = υ/3(µa + µ′
s). If a CW-NIRS measurement is performed at different source

detector separations, the measured fluence as a function of source-detector separation r

would follow a negative exponential trend, which can be fit to Equation 2.8 to estimate the

effective attenuation coefficient µeff =
√
3µa(µa + µ′

s).

2.3.1.3 Time Domain

Time-Domain Diffuse Optical Spectroscopy (TD-DOS) uses light pulses of very short

duration (≈ 100 ps) to illuminate the tissue. Time domain systems track their arrival times

of these photon pulses at a detector placed on the surface to estimate the photon diffusion

time-of-flight (DTOF) curves. Practically, TD-DOS is the impulse response of tissue, and

its solution is the inverse Fourier transform of frequency domain solution.

Φ(⃗r , t) =
υS0

(4πDt)3/2
exp

[
− r 2

4Dt
− µaυt

]
(2.20)

where, t is the time. These theoretical models for light propagation in tissue enable es-

timation of absolute values of absorption co-efficient µa and scattering co-efficient µs and

thereby, oxy and deoxy-hemoglobin concentrations. TD-DOS systems are difficult to imple-

ment because of the high-power short duration pulses, need for fast electronics, high-speed
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detection, and the need to accurately characterize the instrument response function. Recent

advancements in the photonics and semiconductor industry is promising for increased usage

of TD-DOS systems [55,81,83].

2.4 Diffuse Correlation Spectroscopy

Diffuse Correlation Spectroscopy(DCS) is a complementary optical method to measure

tissue dynamics, specifically blood flow (F ). DCS measures temporal intensity fluctuations

of highly coherent laser light scattered through tissue. Light diffuses through the tissue via

multiple path-lengths from the source to the detector. At the detector, electric fields of

the multiply scattered light via multiple path-lengths interfere causing a ‘speckle’ pattern

to develop at the detector. When the scattering agents are dynamic (red blood cells in our

case), the speckle pattern, and the intensities, fluctuate in time. To quantify blood flow, the

auto-correlation functions of these fluctuating intensities are calculated, and fit to a diffusion

model. Fast decay of the intensity auto-correlation function implies high flow while slower

decay implies low flow. The normalized intensity auto-correlation function that is measured

at the detector is given by equation 2.21

g2(τ) =
⟨I (t)I (t + τ)⟩t

⟨I (t)⟩2
(2.21)

Here, I (t) is intensity at the detector at time t and I (t+ τ) is the time shifted intensity with

a delay time τ .

The diffusive process in DCS is modeled by correlation diffusion equation (CDE) which

is given by

[∇2D − υµa − 2υµ′
sκ

2
oF τ ]G1(τ) = −υSo (2.22)

Here, G1(τ) is the electric field auto-correlation function, µa and µ′
s are the tissue absorption

and scattering coefficients, D is photon diffusion coefficient, υ is the speed of light in tissue,

19



Figure 2.8: DCS measurement

κo = 2π/λ is the wave number of input light, τ is the correlation lag, So is the source power

and F is the tissue blood flow index.

The solution to the CDE is dependent on the source type and the geometry. The intensity

auto-correlation function is related to the electric field auto-correlation function using the

Siegert’s relation, given by

g2(τ) = 1 + β|g1(τ)|2 (2.23)

g1(τ) is the normalized electric field auto-correlation function, given by

g1(τ) =
⟨E (t)E (t + τ)⟩t

⟨E (t)⟩2
(2.24)

Formally, intensity I is related to the electric field E by I = |E |2

2.4.1 DCS Methods

Diffuse Correlation Spectroscopy (DCS) can be realized in different ways depending on the

source type. Conventional implementations of DCS utilize illumination sources of constant

intensity. Recently Sutin. et. al., [97], Pagliazzi et. al., [80] and Samaei. et. al., [89] have

demonstrated time domain diffuse correlation spectroscopy by using high coherence pulsed
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laser as source. The solutions to the CDE vary with respect to the source type which I

discuss in the following sections. In Chapter 4, I describe a new implementation of DCS,

Frequency Domain DCS, which used intensity modulated light sources.

2.4.1.1 Continuous Wave

Continuous wave DCS uses a long coherence laser source of constant intensity. The

coherence of the light source preserves the phase of the light wave, allowing for de-correlations

to be sensitive to flow. The coherence length of the light source should be greater than the

difference between the longest and shortest path-length in the tissue. The solution of CDE

for a continuous wave semi-infinite geometry is given by

G1(ρ, τ) =
υSo

4πD

[
exp(−κD(τ)r1)

r1
− exp(−κD(τ)rb)

rb

]
(2.25)

Here,

G1(ρ, τ) is the un-normalized electric field auto-correlation function

So is the continuous wave source

D = Diffusion coefficient ( 1
3(µa+µ′

s)

ρ - Source - Detector Separation

τ = Decay time

κD(τ) = [(υµa − 2υµ′
sκ

2
oF τ)/D]

1/2
- dynamic wave vector

r1 = (ltr + ρ2)1/2; rb = ((2zb + ltr )
2 + ρ2)1/2

ltr ≈ 1/µ′
s - Transport mean free path

Zb =
2
3
ltr

1+Reff

1−Reff
- Extrapolated zero boundary for index matched boundaries.

2.4.1.2 Time Domain

Time domain DCS uses high-powered, long coherence length pulsed lasers to resolve the

temporal point spread function at the detector. The slope of the time of flight curve gives the

optical properties. The intensity auto-correlation functions at different pulse widths of the
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source can give blood flow at different optical path-lengths in the tissue. Figure 2.9 illustrates

the time domain DCS approach. The time domain solution for correlation diffusion equation

is given by equation 2.26

Figure 2.9: TD-DCS approach. Figure adapted with permission from [97]

G1(ρ, z = 0, t) = c

(
3µ′

s

4πct

)3/2

exp[−µa + 2µ′
sDBκ

2
oτ)ct]exp

(
−3µ′

sρ
2

4ct

)
[
exp

(
−3µ′

sz
2
o

4ct

)
− exp

(
−3µ′

s(zo + 2zb)
2

4ct

)] (2.26)

Here, t is the arrival time of the photons and c is the speed of light,
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Chapter 3: Multi-frequency Frequency Domain Diffuse Optical Spectroscopy

3.1 Introduction

1In chapters 1 and 2, I described the motivations for developing a new frequency do-

main instrument for tissue spectroscopy, and the theory of the photon diffusion process.

Briefly, Diffuse Optical Spectroscopy (DOS) can be realized in three different ways depend-

ing on the the type of source used - continuous wave (CW), time domain(TD) and fre-

quency domain(FD) - which refer to light sources that use constant intensity, pulsed light

sources, and intensity modulated light sources respectively. Frequency domain DOS(FD-

DOS) systems have gained popularity as they can measure absolute values compared to the

CW systems and are easier to implement compared to the time-domain systems. Specifi-

cally multi-distance FD-DOS systems are being used widely for research and clinical stud-

ies [1,5,36,38,46,47,51,51,54,63,66,70,79,82,84,86,99–101,101,104,106,113]. Multi-distance

FD-DOS measures amplitude and phase of the detected intensity modulated light as a func-

tion of source-detector separation. To realize this system, multiple source detector pairs are

needed which not only increases the instrument complexity and probe size, but also intro-

duces partial volume effects. Alternatively, amplitude and phase can be measured at one

source-detector separation, but as a function of source modulation frequency. These multi-

frequency FD-DOS systems eliminate the need for multiple source-detector pairs, reduce the

instrument complexity and cost.

In this chapter, I implement and validate a new multi-spectral, multi-frequency FD-DOS

system with a broadband heterodyne demodulation to recover amplitude and phase of the

diffuse photon density wave, at a single source-detector separation. This system uses of

1This chapter is adapted from [77]. Permission is included in Appendix A
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off-the-shelf components and can support data acquisition rates up to 20Hz. Furthermore, I

demonstrate a low-cost phase synchronized dual signal generation system and a broadband

heterodyne demodulation technique that down converts RF signals to KHz range for easy

data acquisition and phase measurement. I validate the system using tissue simulating

phantoms and in vivo arm-cuff occlusion experiments in humans.

3.2 Need for Multi-frequency Methods

CW-DOS is extensively used for functional activation and clinical research because of

the simplicity in its instrumentation. While CW-DOS systems can be configured to im-

age blood oxygenation over large tissue volumes, they can only measure relative changes

of concentrations of oxygenated and de-oxygenated hemoglobin (∆CHbO and ∆CHbR respec-

tively). TD-DOS systems can perform quantitative depth sensitive measurements of tissue

optical properties (and hence concentrations of oxygenated and de-oxygenated hemoglobin,

CHbO and CHbR), but the instrumentation is complex to realize. TD-DOS systems need very

fast (pico second) high power pulses to measure photon diffusion time of flight (DTOF),

to estimate absolute values of absorption coefficient (µa) and scattering coefficients (µs).

FD-DOS systems can also estimate absolute values of absorption coefficient (µa) and scat-

tering coefficients (µs), and they are easy to implement when compared to TD-DOS with

respect to instrumentation, size and complexity. FD-DOS measures amplitude and phase

changes of intensity modulated light that travels through the tissue as Diffuse Photon Den-

sity Wave(DPDW). The slope of the amplitude and phase changes of the DPDW at the

detector are used to estimate absorption coefficient (µa) and scattering coefficients (µs).

Although, multi-distance FD-DOS is easy to realize compared to TD-DOS, it needs

amplitude and phase measurements to be performed in at least three different source-

detector positions. Figure 3.1 demonstrates a typical multi distance probe [72, 74]. Al-

ternatively, FD-DOS can estimate the static optical properties at a single source-detector

separation by varying modulation frequencies in the RF range using multiple wavelength
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sources which we refer to as multi-frequency FD-DOS. Using multi-frequency FD-DOS

method to acquire static optical properties eliminate the need for multiple source detector

separations. Figure 3.2, [5] demonstrates that there is a significant change in the detected

signal amplitude with respect to the modulating frequency(part (A) of the figure). Also,

the DPDW’s having modulating frequencies up-to 400MHz travel almost the same tissue

(B). (C) shows the fraction of photons detected that are visiting tissue depths greater than

1 cm. The simulations shown in this figure are for a semi-infinite medium with properties

(µa = 0.1cm−1,µs = 10cm−1, η = 1.4, ηout = 1.0) and a source detector separation of 2.5cm.

Figure 3.1: A typical multi-distance FD-DOS probe. Figure adapted with permission
from [72]

.

Figure 3.2: Modulation depth(A), Mean depth of detected photon visitation(B), fraction of
detected photons with sitting tissue depths greater than 1 cm, vs modulating frequency.
Figure adapted with permission from [5]
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3.2.1 Partial Volume Effects

One significant issue with the multi-distance FD-DOS is the partial volume effects. As

discussed earlier, most FD-DOS systems are implemented to measure amplitude and phase

changes as a function of the source-detector separations (ρ). Multi-distance approaches to

optical spectroscopy inherently assume that the measurements made at different source-

detector separations are equally sensitive to changes in tissue optical properties. Unfortu-

nately, this assumption is almost always invalidated by heterogeneous tissue compositions,

and in focal hemodynamic changes such as functional activation. Fig 3.3 highlights how

sensitivities of measured optical signal (FD amplitude, as an example) to changes in tissue

absorption is spatially distributed for multiple source-detector separations (left column), us-

ing finite element simulations (NIRFAST [34, 68, 108] ) of homogeneous semi-infinite tissue.

Thus, a focal change in absorption (e.g., due to functional activation/tumor) at a depth of

10-15 mm below the surface, would elicit a larger change in measured FD amplitude at 2.5

cm vs. 1.5 cm, resulting in systemic biases. It has been also recently shown that partial

volume effects inherent in multi-distance spectroscopy could lead to an underestimation of

hemodynamic changes during functional activation. [72] This issue is exacerbated in tissues,

which are heterogeneous. Taking cerebral measurements as an example, the measurement

volume would consist of scalp, skull, cerebrospinal fluid, and cerebral cortex, all with different

tissue optical properties. Multi-frequency FD-DOS methods eliminates the system complex-

ity and reduced the influence of partial volume effects from the multi-distance methods. The

advancement of the digital circuits in the semiconductor industry allow fast switching of the

modulation frequencies making the multi-frequency methods more desirable.

3.3 Prior Work

Over the years, the instrumentation of DOS systems have evolved to decrease cost, de-

crease complexity and increase measurement rates and accuracy. For example, a network

analyzer costing a few hundred thousand dollars has been replaced by an ADC which costs
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Figure 3.3: Partial volume effects illustration: Photon travel in tissue with varying
source-detector separation and varying source modulating frequency. Figure credit: Penaz
Parveen Sultana Mohammad

less than thousand dollars. Here, I discuss prior implementations of multi-frequency DOS

systems.

Tromberg. B. J., et. al. [100] used the multi-frequency FD DOS approach for the first

time in 1996, to record optical properties of tissue and thereby resolve physiological property

differences between normal and malignant tissues. The system uses a network Analyzer

analyzer (HP 8753C) to modulate the intensity of light at frequencies (300 KHz to 1 GHz).

Laser diodes of wavelengths 674 nm, 811 nm, 849 nm, 956 nm were used as sources. A 200µm

diameter fiber was used to illuminate the tissue, and a 100µm diameter gradient-index fiber

was used on the detector. The detector, an APD (Hamamatsu – C5658), was biased at 12

V. The optical power at the tissue was 30mW . Amplitude and phase data were acquired

for a few seconds over the frequency range sweep using the network analyzer. Acquisition

of data and control of the network analyzer was driven by a computer (MacIntosh Quadra)
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and LabVIEW. Data obtained clearly showed difference in normal and malignant tissues.

µa,µ
′
s values for the normal tissue were around 0.1cm−1 , 10.5cm−1 and for the malignant

tissue(tumor) were found to be around 0.2cm−1, 10cm−1.

B. Yu. et al. [109] used a multi-frequency FD DOS instrument to invasively measure

optical properties of breast tissue during biopsy. To measure optical properties at the same

position as the biopsy, a a 200µm diameter source fiber and 600µm diameter detector fiber

was fit into a 2.4mm diameter biopsy needle. The measurements were repeated at 12 different

angular positions encompassing a full circle. At each scan position, tissue was extracted and

the biopsy results are compared with the results obtained from the DOS system. Laser diodes

at three wavelengths, 660 nm, 811 nm, and 849 nm were controlled using a current driver

(LDC-3908, ILX Lightwave). A network analyzer (Agilent 8712) was used as the RF source

supplying -11.3 dBm RF power. An APD (C5658, Hamamatsu Japan) was used to detect

the light, followed by a 19 dB AC amplifier (ZFL – 500 HLN, Minicircuits). Heterodyne

detection at frequency 15 Hz was realized using the Network Analyzer. Each single scan

which measures fluence at frequencies from 50-150 MHz took 8 seconds to complete and the

total scan at a tissue point was finished in a minute. DOS measurements were converted to

concentrations of adipose, fibroglandular and blood content at different wavelengths. These

properties were compared with the pathological results of adipose, fibroglandural and blood

content percentages. Positive correlation with age for adipose was recorded in the study and

it was observed that fibroglandular and blood contents were not dependent on the age.

In 2000, Pham et al. [82] built a multi-frequency FD-DOS system to measure fluence at

frequencies up to 500 MHz with 201 discrete frequencies. The time taken for the frequency

sweep is 675 ms. Similar to the previous two approaches, a network analyzer was used in the

receiver electronics. 100µm diameter source fibers and 1 mm diameter detector fibers were

used to illuminate and receive light from the tissue. An APD (C5658-S6045-03, Hamamatsu

Corporation) with 3dB cutoff bandwidth of 500 MHz was used as detector. In this study,

several measurements were performed to characterize the phase and amplitude of the DOS
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measurements. The accuracy of amplitude and phase estimates was observed to increased

with RF power. The paper also discussed that the the source of noise in the measurements

were amplifiers and back ground light, which could be reduced by proper shielding. Sim-

ulations fitting phase only, amplitude only and both amplitude and phase were performed.

Simultaneous fitting of both amplitude and phase was successful in retrieving optical prop-

erties with high accuracy.

Jung, J. et. al. [63] performed multi-requency FD-DOS using digital demodulation and

under sampling. Here, the intensity was modulated from 50 to 300 MHz in steps of 4 MHz.

An RF transmitter (Rhode/ Schwartz - SMIQ03B) is used to generate a 7.8 dBm RF signal.

The measured DC outputs ranged from 10 - 20 mW for the 5 measurement wavelengths (690,

785, 808, 830, and 850 nm) used. Optical fiber for the source was 400µm in diameter and

while a 3mm core diameter fiber was used for detection. Light detection was realized using

a APD (S11519-30, Hamamatsu) having 3 mm diameter sensitive area. The system used a

14 bit, 250 MSPS ADC with a 700 MHz 3 dB cutoff bandwidth, and a low cost data capture

board (TSW1405EVM) to record data up to 64 kilobytes on the computer. Measurements

are performed at a source detector separation of 2 cm. Per data analysis, integer multiples

of Nyquist frequencies were discarded and a phase correction was implemented to account

for under sampling effects. Specifically, in even Nyquist zones, phase was reversed and

corrected using the formula (0.5 × Fsampling–Fsampling ). In the odd Nyquist zone phase was

not reversed but altered using formula (Fsampling–1.5 × Fsampling ) The results were compared

with standard Measurements and following errors were recorded - amplitude: 4.42%, phase:

0.023%, absorption coefficient : 4.87%, and scattering coefficient: 1.90%.

D. Robyler, et. al. [86] developed a Multi-frequency FD-DOS system using a Direct

Digital Synthesis signal generator (AD9910, Analog Devices) which is a 1 GSPS, 14-bit

Digital to Analog converter (DAC). A 400 MHz low pass filter was used to avoid high

frequency harmonics and 10dB amplifier was used to provide boost the modulation depth.

A current driver (LDC 3900) was used to produce a 20 mw laser output. Optical fiber for the
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source was 400µm in diameter and while a 3mm core diameter fiber was used for detection.

A 3 mm diameter active area Avalanche Photo diode (APD S6045-05, Hamamatsu) was used

as the detector. Data acquisition was done in digital domain with an ADC. A 12 bit, 3.6

GSPS and an 800 mv peak to peak ADC (ADC12D1800, National Instruments) was used to

directly record the intensity modulated fluence output following Nyquist sampling criteria.

Intensity data was recorded while modulation frequency varied from 150 – 400 MHz in steps

of 1 MHz. At each frequency 2048 samples were recorded for post processing with MATLAB.

The amplitude was found to be affected by the bit depth, signal strength, signal to noise

ratio while phase was affected if the data was sampled at peaks and troughs of the signal.

Amplitude and Phase precision decreased with modulation frequency because diffuse media

acts as a low pass filter. Also, harmonic distortion and signal to noise ratio worsened when

modulation frequency was low. When compared to a gold standard network analyzer, the

precision was found to be 1.02% for amplitude and 0.59◦ for phase. Errors for absorption

coefficient was ≈ 1.5% and ≈ 0.5% for scattering coefficient.

Finally, Torjesen et al. [99] recently developed a multi-frequency FD-DOS device using

digital demodulation and under sampling at six wavelengths. This system used a direct

digital dynthesis based signal generator (AD9910, Analog Devices) to provide RF power to

laser diodes at wavelengths 658, 690, 785, 808, 830, and 850 nm, driven by an eight channel

current driver (Newport Inc.), through an RF splitter (Mini Circuits). DOS intensities were

recorded with when source modulation frequencies varied from 100 - 400 MHz in steps of

1 – 7 MHz. 0.5mm area diameter APD ( C5658, Hamamatsu) was used as the detector.

A 14-bit ADC sampling at 250 MSPS was used to digitize the samples with a max output

of 2 v peak to peak. A high pass filter was used after the output of APD to remove any

harmonics. In the system, all signals above 125 MHz were aliased. A MATLAB program

was used to remove the aliasing frequency bins. Cuff Occlusion test was performed with this

system and was compared with ECG. The results were found to be consistent with the cuff

occlusion procedure.
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In the above systems, it can be noticed that the instrumentation simplified to a great

extent. Tromberg. B. J., et al. [100] B. Yu. et al., [109] Pham et al [82] used a network

analyzer as the RF source and also for the data acquisition and demodulation. Network

analyzers are bulky and cost up to few hundred thousand dollars. More recent work by D.

Robyler., et al [86] used a digital direct synthesis board as signal generator and ADC for data

acquisition. These developments have decreased the size and cost of the device and increased

the efficiency. Jung, J. et al, [62] Torjesen et al. [99] have used demodulation techniques based

on under sampling which allowed them to record DOS data at lower frequencies reducing the

cost, data size and increasing the speed of the system. Although the basic construction of

the system is similar, these new techniques both on the detection and illumination sections

have been used off- the-shelf equipment to simplify the instrumentation.

3.4 Theory

The goal of a multi-frequency FD-DOS measurement is to measure the amplitude and

phase of the detected intensity modulated light as a function of modulation frequency. Fol-

lowing equation 2.3.1.1, for a homogeneous semi-infinite geometry, the frequency domain

solution to the photon diffusion equation is given by:

ϕ(ρ,ω) =
Soυ

4πD

[
exp(−κ(ω)r1)

r1
− exp(−κ(ω)rb)

rb

]
(3.1)

The terms are defined in Table 3.1 The measured fluence rate ϕ is modeled as ϕ(ω, ρ) =

A(ω, ρ)exp(i(ωt − θ(ω, ρ))), where A and θ are the amplitude and phase of the detected

intensity. Figure 3.4 plots the solution for A and θ as a function of modulation frequency,

from the forward model (Equation 3.1), for a source-detector separation (ρ = 2cm).
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Table 3.1: Table defining terms in semi-infinite solution to PDE

Symbol Quantity
ϕ Fluence Rate
ρ Source - detector separation
ω Modulation frequeny
D Diffusion Coefficient
So Input Power
υ = c/n Speed of light in tissue

Zb =
2
3
ltr

1+Reff
1−Reff

Location of ‘image’ source;
extrapolated zero boundary

Reff Fresnel reflection coefficient
ltr ≈ 1/µ′

s Transport mean free path
κ2 = (µa − iω)/D Wave vector
r 21 = ρ2 + ltr

2;
r 2b = ρ2 + (2zb + ltr)

2;

Figure 3.4: Amplitude and frequency as a function of modulation frequencies

3.5 Instrumentation

Instrumentation for multi-frequency FD-DOS has been executed in two stages. Initial

validation experiments were conducted with a bench-top set-up for single wavelength mea-

surements which I will refer to as mfFD-DOS(V1). After the preliminary results, this setup

was updated to mfFD-DOS(V2) with stand-alone components and extended to multiple

wavelengths for in vivo experiments.
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Figure 3.5: Multi-frequency FD-DOS block diagram

Fig. 3.5 shows the schematic of broadband multi-frequency FD-DOS system with hetero-

dyne demodulation. The bench-top version, mfFD-DOS(V1), uses a laser diode (L785P090,

785nm, 90mW max power, Thorlabs, Newton, NJ) as the light source. The laser diode was

mounted on temperature controlled mount (LDM9T, Thorlabs, Newton, NJ) and driven at

its operating current by a constant current source (LDC205, Thorlabs, Newton, NJ). The

intensity of the laser was modulated at RF frequency (ω1 = 200− 400MHz) using a digital

frequency synthesizer (AD9910, Analog Devices) and interfaced to the laser diode mount

using a Bias-Tee. The digital frequency synthesizer was controlled by custom software (Lab-

VIEW, National Instruments, Austin, TX) via a serial port interface (USB-8451, National

Instruments, Austin, TX). A second phase synchronized RF frequency synthesizer (AD9910,

Analog Devices) was used to generate a frequency shifted RF wave at ω2 = ω1 +∆ω, where

∆ω = 300KHz is the beat frequency used for heterodyne demodulation. The signal gener-

ation system is described in more detail in Section 3.5.1. Illumination of the sample was

realized using 400µm diameter multi-mode fiber. The diffuse reflected light was collected

1− 3 cm away from the source using a 1000µm diameter multi-mode fiber, and was directed

to a silicon variable gain avalanche photo detector (APD430A, Thorlabs, Newton, NJ). The

output of the photo detector was amplified (ZFL -1000LN+, Mini Circuits, 18dB gain), and

low pass filtered (400MHz cut-off frequency) to pre-process the signal for demodulation. The
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demodulation process, described in more detail in Section 3.5.2, down converts the RF signal

from MHz to the beat frequency 300KHz . A lock-in amplifier (MFLI, Zurich Instruments,

Zurich, Switzerland) recorded the down converted signal to estimate amplitude and phase.

Amplitude and Phase values were stored on the computer with custom software (LabVIEW,

National Instruments, Austin, TX).

For mfFD-DOS(V2), the system was extended to two NIR wavelength sources. Two SM

fiber-pigtailed laser diodes (LP785-SF100, 785nm, 100mW max power, Thorlabs, Newton,

NJ) and (LP820-SF80, 820nm, 80mW max power, Thorlabs, Newton, NJ) were mounted on

compact laser Diode/temperature controller with TO-can Mount (CLD1011LP, Thorlabs,

Newton, NJ). An optical switch (OSW12-780E, Thorlabs, Newton, NJ) was used to switch

between lasers. The signal generation system was the same as in mfFD-DOS(V1). Amplifiers

at signal generation and detectors were replaced with low noise amplifiers (ZX60-P103LN+,

Mini Circuits). To increase the data acquisition speed, amplitude and phase were recorded

via auxiliary outputs of the lock-in-amplifier (MFLI, Zurich Instruments). This improved the

acquisition speed of mfFD-DOS(V2) to 612kSa/s compared to 200kSa/s in mfFD-DOS(V1).

These values were recorded on the computer using 1 MS/s ADC (NI-9223, National In-

struments, Austin, TX) with custom software (LabVIEW, National Instruments, Austin,

TX).

3.5.1 Signal Generation Subsystem

Two phase synchronized RF signals with frequencies (ω,ω+∆ω) are required to execute

heterodyne demodulation in the mfFD-DOS system. These frequencies were generated using

the multi-chip synchronization feature of AD9910 (Analog Devices). AD9910 is a CMOS

direct digital synthesizer capable of producing analog signals up to 400MHz via its Digital

to Analog Converter (DAC). Two AD9910s were used to generate RF signals at frequencies

(ω and ω +∆ω). Synchronization of these RF output signals was achieved by matching the

clock states and the transitions between the clock states of both AD9910s. The rising edge
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of the master clock for both the DACs were matched to have a coincident reference clock. A

synchronization timing signal (sync clk) was produced by the master DAC and distributed

to both master and slave DACs. A coincident CMOS TTL logic signal (ioUpdate) was sent to

all the DACs to produce a synchronized state across the devices. For two or more AD9910s

to be synchronized, the reference clock, the sync clk and ioUpdate on all the DACs need

to be coincident. ADCLK846 (Analog Devices), a LVDS/CMOS, fanout buffer optimized

for low jitter and low power operation, was used to distribute the sync clk signals. A D-

flipflop (74LVC74A, Texas Instruments) was used to produce a coincident ioUpdate that was

synchronized with the rising edge a clock with a frequency signal that is 4× the sync clk

to both the DACs. A custom printed circuit board with all the IC’s (AD9910, ADCLK846,

74LVC74A) can be designed to implement the synchronization with a minimal footprint.

Figure 3.6: Multi-frequency FD-DOS signal generation

3.5.2 Detection and Demodulation

Fig 3.7 shows the RF broadband heterodyne demodulation approach to measure ampli-

tude and phase of the photon fluence rate as a function of modulation frequency. Photon

fluence rate measured from the sample was mixed with phase synchronized, frequency shifted

reference wave to produce a down converted (low frequency) signal at the beat frequency. The

amplitude/phase of the down-converted signal is proportional/equal to the amplitude/phase

of the detected fluence rate. A second down conversion circuit generates a low frequency

reference signal for a lock-in amplifier (MFLI, Zurich Instruments) to estimate the amplitude

and phase of the fluence rate.
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To better understand this, consider two signals

V1(t) = A1cos(ωMt + θ1)

V2(t) = A2cos((ωM +∆ω)t + θ2)

(3.2)

where A1,A2 are the amplitudes, ωM is the modulation frequency, ∆ω is the beat frequency

and θ1, θ2 are the phases of the respective signals.

Both the signals are split two ways using an RF splitter. The laser is modulated with

(V1(t)) and the modulated optical signal travels as diffuse photon density waves through the

sample (tissue) with amplitude attenuation and phase lag given by

V3(t) = A3cos(ωMt + θ3) (3.3)

where A3 is the attenuated amplitude, and θ3 is the phase of the signal.

This ‘message’ signal is multiplied to the reference signal V2(t) using a mixer giving rise

to harmonic frequency components in multiples of the modulating frequency. The undesired

frequencies are filtered out to have the down-converted signal at beat frequency.

V3(t)× V2(t) = A3cos(ωMt + θ3)× A2cos((ωM +∆ω)t + θ2) (3.4)

Here the trignometric identity 2cos(M) × cos(N) = cos(M − N) + cos(M + N) is used

resulting in

V3(t)× V2(t) =
A3A2

2
[cos(ωMt + θ3 − ωMt −∆ωt − θ2)

+ cos(ωMt + θ3 + ωMt +∆ωt + θ2)] (3.5)
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Figure 3.7: Heterodyne demodulation methodology for multi-frequency FD-DOS system

V3(t)× V2(t) =
A3A2

2
[cos(∆ωt + θ3 − θ2)

+ cos(2ωMt +∆ωt + θ3 + θ2)]

(3.6)

The down converted ‘message’ signal after filtering the second term in Equation 3.6 is

given by

Vm(t) = Amcos(∆ωt + θm) (3.7)

where Am = A3A2

2
and θm = θ3 − θ2

Similarly, the signals V1(t),V2(t) are mixed bypassing the sample to get the reference

signal

Vr (t) = Arcos(∆ωt + θr ) (3.8)

where Ar =
A1A2

2
and θr = θ1 − θ2

The signals Vm(t),Vr (t) are down-converted signals at the beat frequency and are input

to the lock-in-amplifier to retrieve the amplitude and phase changes. The lock-in-amplifier

uses IQ demodulation method to estimate the amplitude and phase.
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3.6 Results and Discussion

3.6.1 Validation of mfFD-DOS System Using Systematic Experiments

I validated the new mfFD-DOS system with experiments on tissue simulating phantoms

and demonstrated that the system can be used in vivo in humans. For experimental val-

idation, frequency dependent amplitude (Am(ρ,ω)) and phase (θm(ρ,ω)) were recorded for

a given wavelength (λ). Here, the superscript m indicates measured data. The measured

data were fit to the frequency dependent amplitude (Ath(ρ,ω)) and phase (θth(ρ,ω)) from

the forward model (Equation 3.1). Here, the superscript th indicates theory. The fit was

used to estimate tissue optical properties µa(λ1), µs(λ1). The data is solved as a multivari-

ate nonlinear optimization problem, wherein parameter χ2 = ΣM{|Ath(ρ,ω) − Am(ρ,ω)|2 +

|θth(ρ,ω)− θm(ρ,ω)|2} is minimized over M modulation frequencies using fminsearch (MAT-

LAB, Mathworks Inc., Natick, MA). For in vivo experiments, concentrations CHbO ,CHbR are

estimated from measured µa, µs and molar extinction coefficients ϵ(λ). To elaborate, we solve

the linear system of equations given by µa(λ) = ϵHBR(λ)CHbR + ϵHbO(λ)CHbO where the suffix

HbO,HbR corresponds to oxy- and de-oxy- hemoglobin. Finally, tissue oxygen saturation is

StO2 = CHbO/(CHbO + CHbR), and the metabolic rate of oxygen will be calculated from the

oxygen concentrations and blood flow.

For initial validation experiments using mfFD-DOS(v1), 1000 amplitude and phase mea-

surements were performed and averaged with the lock-in amplifier for each modulation fre-

quency (150 - 400 MHz with 1 MHz interval). The source-detector separation was 1.3 cm

and the source wavelength was 785nm. The frequency dependent amplitude and phase were

fit to a semi-infinite solution to the Photon Diffusion Equation (Equation 3.1), after phan-

tom calibration to account for source-detector fiber coupling coefficients and instrument

frequency [5] . The setup was tested on a liquid phantom (20% Intralipid, India ink and

distilled water). Fig 3.8 shows representative data and fit of measured amplitude and phase
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(after calibration with phantom of known optical properties). The estimated tissue optical

properties were within 10% error when compared to the theoretical values.

Figure 3.8: Amplitude and phase acquired by mfFD-DOS(v1) by varying modulation
frequencies from 150 - 200 MHz and fit to the semi-infinite solution of the photon diffusion
equation. Representative data and fit from a tissue simulating liquid phantom.

To verify the sensitivity of the instrument to absorption and scattering changes, I per-

formed a series of experiments on different tissue simulating liquid phantoms, where the

phantom (µa) was varied from 0.04 to 0.1cm−1 in steps of 0.02cm−1 by changing the con-

centration of India ink in the phantom while keeping the (µ′
s) constant. In another set of

experiments, the phantoms’ (µ′
s) was varied from 8 to 10cm−1 in steps of 1cm−1 by changing

the intralipid volume in the phantom while keeping (µa) constant. Fig 3.9 demonstrates the

sensitivity of mfFD-DOS(v1) system to absorption and scattering changes in the tissue sim-

ulating phantoms. The sensitivity is shown to be linear for both absorption and scattering

changes with R2 > 0.97. The red dashed line indicate the linear fit and blue dots indicate

the retrieved estimates of absorption and scattering coefficients.

3.6.2 Liquid Phantom Experiments

The second part of more extensive liquid phantom experiments were performed using the

mfFD-DOS(v2) system. Here, the system is validated for accuracy at two wavelengths(785

nm and 820 nm) and two source-detector separation (2 cm and 2.5 cm). Data was also

acquired at three different sampling time per modulation frequency - 5ms, 10ms and 100
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Figure 3.9: Graph demonstrating sensitivity of mfFD-DOS(v1) to absorption and
scattering changes.

ms(see appendix C). Here, (µa) was varied from 0.02 to 0.1cm−1 in steps of 0.02cm−1 by

changing the concentration of India ink in the phantom while keeping the (µ′
s) constant.

(µ′
s) was varied from 6 to 12cm−1 in steps of 2cm−1 by changing the Intralipid volume in

the phantom while keeping (µa) constant. Figures 3.10 - 3.17 demonstrate the sensitivity

of mfFD-DOS(v2) system to absorption and scattering changes in the tissue simulating

phantoms at wavelengths 785 nm and 820 nm and two source-detector separation 2 cm and

2.5 cm) for a sampling time per modulation frequency of 5 ms. To describe the results, we

consider for example Fig 3.10. Here, the plot on the left shows the tissue absorption coefficient

measured with the mfFD-DOS system along the y-axis, and the actual tissue absorption

coefficient along the x-axis. The blue line is a fit of the data to a linear regression model - here

the slope of the line is 1.008 indicating that the measured and actual absorption coefficients

have a close to 1:1 correspondence (R2 = 0.87). The two dashed black lines represent 95%

confidence bounds of the linear regression line. All data is within the confidence limits.

The plot on the right shows the measured tissue scattering coefficients in these phantoms.

Recall that the scattering coefficients were held fixed. The blue dashed line represent the

true µ′
s values and the red diamond markers represent the estimates retrieved by the mfFD-

DOS system. The other graphs present the data in a similar manner. The slope of the fit,

uncertainty in slope, and R2 for all the fits are summarized in table 3.2
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Table 3.2: Fit characteristics of absorption and scattering changes

λ ρ
Varying

Parameter
Slope

Uncertainty
in slope

R2

785 nm 2.0 cm µa 1.008 (0.8421, 1.173) 0.873
785 nm 2.0 cm µ′

s 0.943 (0.8303, 1.057) 0.878
785 nm 2.5 cm µa 1.034 (0.6915, 1.376) 0.240
785 nm 2.5 cm µ′

s 0.971 (0.8734, 1.07) 0.980
820 nm 2.0 cm µa 1.179 (0.9953, 1.364) 0.908
820 nm 2.0 cm µ′

s 0.972 (0.9037, 1.0041) 0.970
820 nm 2.5 cm µa 0.958 (0.7337, 1.183) 0.892
820 nm 2.5 cm µ′

s 0.980 (0.9427, 1.017) 0.992

Figure 3.10: Sensitivity of mfFD-DOS to measuring absorption changes at 785 nm at
source-detector separation of 2.0 cm

3.6.3 In Vivo Measurements

To check the feasibility of the mfFD-DOS system for in-vivo measurements, I performed

an arm cuff occlusion experiment. In vivo experiments were performed based on a protocol

approved by the Institutional Review Board at the University of South Florida. Briefly, the

protocol for arm cuff occlusion experiments included two minutes baseline time, followed by

occlusion of blood flow to the arm for a minute by using pressure cuffs over the bicep as shown

in Fig 3.18 and two minutes of recovery. Frequency dependent amplitude and phase were

recorded continuously using the mfFD-DOS(v2) system, for a source detector separation of 2
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Figure 3.11: Sensitivity of mfFD-DOS to measuring scattering changes at 785 nm and
source-detector separation of 2.0 cm

Figure 3.12: Sensitivity of mfFD-DOS to measuring absorption changes at 785 nm and
source-detector separation of 2.5 cm

cm and at wavelengths 785 nm and 820 nm. In the cuff occlusion test, it is expected to see a

decrease in oxygenated hemoglobin concentration and increase in de-oxygenated hemoglobin

concentration during disruption in the blood flow to the arm.

Fig 3.19 shows the change in AC amplitude as the FD DOS system, at 785nm, during the

baseline of the arm cuff-occlusion. The plot on the left clearly demonstrated the pulsatility

of the amplitude, which is due to dynamic changes in tissue absorption due to blood flow
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Figure 3.13: Sensitivity of mfFD-DOS to measuring scattering changes at 785 nm and
source-detector separation of 2.5 cm

Figure 3.14: Sensitivity of mfFD-DOS to measuring absorption changes at 820 nm and
source-detector separation of 2.0 cm

pulsatility. AC amplitude was recorded at high sampling rate for this measurement. The

corresponding frequency spectrum on the right shows a clear peak around ≈ 1 Hz. Fig-

ures 3.20 and 3.21 display the absorption and scattering coefficients retrieved at λ = 785nm,

while figures 3.22 and 3.23 display the absorption and scattering coefficients retrieved at

λ = 820nm during the baseline measurement of arm cuff-occlusion. Here, the average values

are in the expected range for a healthy subject.
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Figure 3.15: Sensitivity of mfFD-DOS to measuring scattering changes at 820 nm and
source-detector separation of 2.0 cm

Figure 3.16: Sensitivity of mfFD-DOS to measuring absorption changes at 820 nm and
source-detector separation of 2.5 cm

Fig. 3.24 shows the absolute (right) and relative (left) concentrations of oxygenated

hemoglobin (red curve) and de-oxygenated hemoglobin (blue curve) during the arm cuff oc-

clusion experiment. As expected with normal physiology, cuff occlusion causes a 20 ≈ 30%

reduction in oxygenated hemoglobin - this is due to restriction of blood supply to the arm.

At the same time, the concentration of de-oxygenated hemoglobin increases proportionally,

as the oxygenated hemoglobin in the sample volume is consumed by tissue metabolism. The
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Figure 3.17: Sensitivity of mfFD-DOS to measuring scattering changes at 820 nm and
source-detector separation of 2.5 cm

trends are reversed immediately after recovery. These experiments clearly demonstrate the

sensitivity and dynamic range of the mFFD-DOS system to measure tissue oxygenation.

Figure 3.18: Arm cuff-occlusion protocol

3.6.4 Discussion

The results presented above clearly show that the new FD-DOS system with heterodyne

demodulation is capable of estimating absorption coefficient and scattering coefficient with
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Figure 3.19: In-vivo measurement showing pulsatility

Figure 3.20: In-vivo baseline µa at λ = 785nm

minimal errors. The system has been tested for accuracy at source-detector separations

2.0 cm and 2.5 cm. Figures 3.10 - 3.17 demonstrate that the system follows the same

trend in estimation of the static optical properties at both the distances. At longer source-

detector separations, photon travel deep in the tissue (1 ≈ 2 cm) allowing us to probe deeper

tissue. [96] This system can be used to perform functional studies on brain and other deeper

tissues.

The data proves that the system can obtain data with sampling rate as small as 2ms per

modulation frequency. The signal generation circuit needs a delay of 3ms at every modulation

frequency change. Even with this limitation, the system can acquire data with a rate of 10
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Figure 3.21: In-vivo baseline µ′
s at λ = 785nm

Figure 3.22: In-vivo baseline µa at λ = 820nm

Hz of frequency sweep ( 200 - 400 MHz in steps of 10 MHz), and 210 Hz for a modulating

frequency. The system can achieve speeds up-to 30 Hz per frequency sweep and 630 Hz per

modulation frequency if the delay is eliminated. High sampling rate up to 1 MHz can be

achieved for continuous wave measurement using the acquisition system. The in-vivo data

shows that the multi-frequency FD-DOS system can measure absolute values of absorption

and scattering coefficient and is sensitive to changes in tissue oxygen concentration.
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Figure 3.23: In-vivo baseline µ′
s at λ = 820nm

Figure 3.24: Arm cuff-occlusion concentration changes

I conclude this chapter with a brief discussion on the limitations of the mfFD-DOS system.

Analog heterodyne demodulation requires a lot of active and passive RF components. It

is crucial to maintain the SNR, isolation, insertion loss of these signal when using these

RF components. This makes characterization of the instrument response and calibration

critical. Because of the use of RF signals in the MHz range and amplifiers at different

stages of the circuit, care should be taken to avoid electromagnetic interference. To get more
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concentrations of more than two chromophores, more wavelengths are required increasing

the complexity of the instrumentation.

Another significant limitation of the mfFD-DOS system is that, it can only measures

the static optical properties. To get a complete picture of the metabolism of tissue, we

need information on blood flow which is dynamic property. A separate modality - Diffuse

correlation Spectroscopy is needed to get the blood flow estimate. I discuss a new method

to overcome this issue in the following chapter.
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Chapter 4: Frequency Domain Diffuse Correlation Spectroscopy

4.1 Introduction

2In the previous chapter, I discussed multi-frequency FD-DOS and its implementation

using heterodyne demodulation. Diffuse Optics spectroscopy (DOS) quantitatively measures

the static properties of the tissue, i.e., tissue absorption coefficient (µa) and scattering coef-

ficient (µs), and hence tissue oxygen saturation [35,37,38]. While quantitative measurement

of tissue oxygen saturation provides a good estimate of oxygen consumption, another tis-

sue property – tissue blood flow, is required to fully characterize tissue function, per tissue

metabolism, health, and pathology. The complimentary diffuse optics technique of Diffuse

Correlation Spectroscopy (DCS) measures tissue perfusion. [37].

Recalling from Chapter 2 - in DCS, a highly coherent near infrared light source illuminates

the tissue and diffuses through the it via multiple trajectories or path-lengths. The ensemble

back-scattered light is collected at a detector position, and recorded using single photon

counting detectors. As light diffuses through tissue, multiple scattering and absorption

events occur, resulting in the change of light intensity at the detector. However, since DCS

uses a coherent light source, scattering from moving particles in tissue (typically red blood

cells), causes temporal and spatial fluctuations in the detected intensity. The auto-correlation

function (g2(τ) of these fluctuating intensities is fit to the solution of Correlation Diffusion

Equation to estimate tissue blood flow/perfusion [13, 14, 16]. Here, fast blood flow results

in a rapid decay of the auto-correlation function, while a slower flow results in slower decay.

2This chapter is adapted from [75, 76]. Permission included in Appendix A. Submitted for provisional
patent: Us Provisional patent application 63/265,626

50



Figure 4.1: A hybrid multi-distance DOS and DCS probe and corresponding system.
Figure adapted with permission from [19].

In practice, DCS or DOS are used separately in hemodynamic studies, leading to sys-

tematic measurement errors and unrealistic interpretations [9, 11, 43]. For instance, ‘DOS

only’ measurements without the blood flow information, can interpret the cause of increased

de-oxy hemoglobin as either increased oxygen metabolism or reduced blood supply. On the

other hand, to estimate blood flow using DCS, static optical properties – absorption co-

efficient µa and scattering coefficient µs are required for the inverse model of Correlation

Diffusion Equation [3]. It is a common practice to assume these optical properties for a

nominal tissue type.

One solution to address these practical difficulties is to have simultaneous DOS and

DCS measurements by using a hybrid probe as shown in Fig 4.1 [4,19,22,25,43,65,71,110].

However, this somewhat simplistic yet effective solution suffers from the partial volume effects

similar to multi-distance FD-DOS, discussed in Chapter 3. Since DOS and DCS fibers are

typically located at different positions on the probe, the difference in measurement geometry

leads to sampling of different tissue volumes by DOS and DCS instruments. This results in

systematic errors in estimation of tissue oxygen saturation, blood flow, or both. Specifically,

in the case of in-vivo measurements that are heterogeneous in nature, differences in sampling
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volumes can produce significant measurement errors. Additionally, using a hybrid DOS and

DCS significantly increases the cost (2x) and portability 3x compared to a DOS-only or DCS-

only approach. The increased size of the probe restricts its usage in spatially constrained

areas like spine, neonates, and intrathoracic cavity. Recently a few methods like Time

domain DCS [80, 97] and Interferometric NIRS [18] have been proposed to acquire static

and dynamic optical properties simultaneously, typically with measurements at one source-

detector separation. These methods however require complex instrumentation like custom

pulsed laser sources, expensive enhanced detectors, and synchronized detection.

In this chapter, I introduce a new diffuse optical approach - Frequency Domain Diffuse

Correlation Spectroscopy (FD-DCS) that aides in acquiring robust, quantitative measure-

ments of tissue oxygen saturation and blood flow simultaneously. In FD-DCS, the multi-

frequency aspect of multi-frequency FD-DOS is extended to DCS to acquire µa, µs and

F from intensity auto-correlation functions measured at single source-detector separation.

Specifically , the intensity of a highly coherent laser light source is modulated at RF fre-

quencies (ω, 50MHz−400MHz) and a frequency dependent intensity auto-correlation function

g2(τ ,ω), is measured. A new general light propagation model - Frequency Domain Corre-

lation Diffusion Equation (CDE) is developed and a multi-parametric fit of the measured

frequency dependent auto-correlation function to the solution of frequency domain CDE will

allow simultaneous estimation of µa, µs and F .

Figure 4.2: Frequency domain diffuse correlation spectroscopy approach
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With simultaneous measurement of both static and optical properties at a single source-

detector separation, FD-DCS eliminates the systematic errors caused due to the geometric

variation in multi-distance measurements. Fig 3.3 confirms the differences of the spatial

sampling volumes in the case of multi-distance and multi-frequency measurements. Multi-

frequency measurements of optical signal at a single source-detector separation have similar

tissue sensitivities. Also, it has been shown that tissue sampling volumes are relatively

constant with modulation frequencies, for frequencies less than 600 MHz. [5]. FD-DCS

eliminates the need for collocated sources and phase sensitive detectors, thus making the

system portable and low cost. Higher speeds of data acquisitions can be achieved using FD-

DCS as the flow and oxygenation information is implicit in the data set. These advantages

make FD-DCS system a solution for some of the issues in traditional DOS and DCS systems.

Furthermore, FD-DCS can be executed by simply replacing the source of a conventional fast

DCS system with an intensity modulated coherent laser, the detector mechanism remains

the same decreasing the build time and cost.

4.2 FD-DCS Model/Theory

Recalling from equation 2.22, the steady state time independent Correlation Diffusion

Equation (CDE) is given by [∇2D − υµa − 2υµ′
sκ

2
oF τ ]G1(τ) = −υSo

Here, G1(τ) is the electric field auto-correlation function, µa and µ′
s are the tissue absorp-

tion and scattering coefficients respectively, D is photon diffusion coefficient, υ is the speed

of light in tissue, κo = 2π/λ is the wave number of input light, τ is the correlation lag, So is

the source power and F is the tissue blood flow index.

Also recall the Photon Diffusion Equation (PDE) (Equation 2.8) for a continuous wave

source, given by [∇2D − υµa]ϕcw = −υSo , where ϕcw is photon fluence rate for continuous

wave source, and other terms are as defined above. We can view the Correlation Diffusion

Equation (CDE) as an extension of the continuous wave Photon Diffusion Equation (PDE),

but with the notable addition of a dynamic absorption term 2υµ′
sκ

2
oF τ . Further, the PDE for
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an intensity modulated source can be extended from the continuous wave PDE by addition

of the iω term; [∇2D − υµa − iω]ϕac = −υSac . Here, ω = 2πf and f is the frequency

of modulation in [Hz] and Sac = So(1 + m.e iωt), m is the modulation depth of the source

(0 ≤ m ≤ 1).

Similarly, by adding iω to the CDE, we can derive an expression for the Frequency do-

main Correlation Diffusion Equation(FD-CDE), which extends DCS to intensity modulated

sources;

[∇2D − υµa − 2υµ′
sκ

2
oF τ − iω]G1(τ) = −υSac (4.1)

The modulated intensity travels through the tissue as a wave and can be called Diffuse

Correlation Density Wave(DCDW), similar to Diffuse Photon Density Wave(DPDW). The

solution to the DCDW for semi-infinite homogeneous tissue is given by

G1(ρ, τ ,ω) =
υ

4πD

[
exp(−KD(τ ,ω)r1)

r1
− exp(−KD(τ ,ω)rb)

rb

]
(4.2)

Here,

ρ - Source - Detector Separation

KD(τ ,ω) = [(υµa − 2υµ′
sκ

2
oF τ − iω)/D]

1/2
- Frequency dependent dynamic wave vector

r1 = (ltr + ρ2)1/2; rb = ((2zb + ltr )
2 + ρ2)1/2

ltr ≈ 1/µ′
s - Transport mean free path

Zb =
2
3
ltr

1+Reff

1−Reff
- Extrapolated zero boundary for index matched boundaries.

Numerical computation of the frequency dependent intensity auto-correlation function

g2FD (ρ, τ ,ω) at ρ = 2.5cm for a flow index of F = 10−7cm2/sec , β = 0.5, µa = 0.1cm−1

and µ′
s = 10cm−1 is shown in fig 4.3. This can be better understood by looking at fig 4.4

and fig 4.5. Fig 4.4 gives the traditional g2(ρ, τ) with ω = 0 and fig 4.5 is a the simulated

g2FD (ρ, τ ,ω) intercept as a function of ω.
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Figure 4.3: Surf plot of frequency dependent intensity auto-correlation function g2FD (ρ, τ ,ω)
at ρ = 2.5cm for a flow index of F = 10−7cm2/sec , β = 0.5, µa = 0.1cm−1 and µ′

s = 10cm−1

Figure 4.4: Frequency dependent intensity auto-correlation function g2FD (ρ, τ ,ω) at zero
frequency

The frequency dependent solution of DCDW can be considered as the most general case

of diffusion of coherent light through tissue with limiting cases being: (1) when τ = or F = 0
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Figure 4.5: Intercept of g2FD (ρ, τ ,ω) as a function of modulating frequency (ω)

DCDW reduces to DPDW and the solution analogous to that of Frequency domain DOS,

and (2) when ω = 0 DCDW reduces to the Correlation Diffusion Equation (CDE).

We should note however that in FD-DOS, the AC component of the signal can be easily

filtered from the DC component by using a DC blocking capacitor. Thus the solutions for

FD-DOS typically only include expressions for the measured ’ac’ fluence. However, this is

not possible in DCS because, conventional DCS instruments record photon counts using a

single photon counting avalanche photo diode. The recorded signal contains both AC and DC

components, which needs to be accounted for via the modulation depth (m). One somewhat

simplistic method to account for the modulation depth is to model the measured intensity

auto-correlation function as

g2(τ , ρ,ω) = 1 + β[(1−m)|g1(ρ, τ ,ω = 0)|2 + (m)|g1(ρ, τ ,ω = 0)|2] (4.3)

4.3 Instrumentation

Figure 4.6 provides a schematic of a practical implementation of FD-DCS. A long co-

herence, near infrared, wavelength stabilized laser (Thorlabs LD785-SEV300, 200−300mW ,
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coherence length ≈ 10m) was used as the light source. Use of the wavelength stabilized

laser ensured that source coherence is sufficient for DCS measurements. The source light

was collimated and coupled to custom fiber-optic probes (multimode) to illuminate the tis-

sue sample. A constant current source (Thorlabs LDC205C) was used to drive the laser

and a bias-tee was used to add an RF signal generated by a signal generator (HP 8648C

– Synthesized RF Signal Generator). Source intensities were modulated at 0Hz (i.e., CW),

and frequencies 50MHz to 400MHz , in steps of 50MHz . A free-space polarization sensitive

NIR isolator was used to avoid back-reflections into the laser-diode cavity from the fiber

coupling. A temperature controller (Thorlabs TED200C) was used to maintain the the laser

diode temperature at room temperature. Isolator and temperature controller together help

the laser diode to maintain the single frequency operation and thereby its coherence length.

Figure 4.6: FD-DCS block diagram

Back-scattered light was collected at a detector position, 1.3cm away from the source

on the sample using single-mode detector fibers and directed to single photon counting

avalanche photo diodes, (Excelitas SPCM AQ4C, Quebec) typically used in DCS instru-

ments. The APDs generate TTL pulses for every photon detected, which are counted using

a NI counter/timer module (National Instruments PXI-6229, Austin, TX). Custom software

(LabVIEW) ws used to acquire digital pulses at every modulation frequency using digital
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counter/timer module (NI Instruments) with up to 20Hz acquisition rates to compute the

DCS intensity auto-correlation function. Detection electronics, data acquisition and software

control were similar to our recently developed fast diffuse correlation spectroscopy systems.

To acquire µa,µ
′
s and F intensity auto-correlation function was fit to the newly developed

Frequency Domain Correlation Diffusion Equation model.

4.4 Experiments and Results

4.4.1 Validating Coherence Length of FD-DCS Light Source

FD-DCS introduces a significant change in the instrumentation of a DCS blood flow

monitoring system, i.e., the intensity of the laser source is modulated at RF frequencies.

The first experiment was to confirm that the light source maintained its coherence length at

these modulation frequencies. The presence of the optical isolator after the laser the diode

helps reduce back reflections from fibers/sample to the diode laser cavity. This is essential

to maintaining single-frequency operation of the laser diode even when the laser intensity is

not modulated. To verify that the single-frequency operation is maintained during intensity

modulation, I characterized the line-width of the laser using a Fabry-Perot interferometer.

Fabry-Perot interferometer, also known as multiple beam interferometer, detects the laser

spectrum with high precision using interference from multiple beams generated from two

highly reflective glass with partial transmission facing each other.

A Scanning Fabry-Perot interferometer (SA30-73, Thorlabs, Newton, NJ) was used to

characterize the laser source. This instrument has a wavelength range of 630 − 824 nm, a

free spectral range of 1.5GHz , and resolution of less than 1MHz . It therefore has sufficient

range to observe the side lobes produced by modulating frequencies up to 700 MHz. The

optical beam from the laser was collimated and steered into the interferometeric cavity. A

controller (SA201, Thorlabs, Newton, NJ) was used to adjust the length of the cavity by

adjusting supply voltage to the piezoelectric transducers present on the interferometer. The

controller also generates an alternating voltage (triangle or saw-tooth) to scan the length
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of the cavity accounting for one spectral range of the interferometer (Free spectral range

of FSR). The transmitted light intensity was measured using a photo diode followed by a

trans-impedance amplifier. A trigger/control signal from the controller was used to isolate

one FSR for display on an oscilloscope for post processing.

Figure 4.7: Fabry-Perot plot at 300 MHz intensity modulated laser source

Fig 4.7 shows the spectrum of the laser from a fabry-perot interferometer experiment with

the laser source modulated at 300MHz . The y-axis is the transmission intensity in arbitrary

units. The x-axis represents one trigger period, equal to the free spectral range. A prominent

central lobe and two side lobes are present clearly visible. The central peak represents the

’dc’ operation of the laser, while the two side lobes represent the ’ac’ components. Single-

frequency operation can be confirmed by measuring the line width of the central and side

lobes. Table 4.1 shows the line-width of the laser for all three lobes, measured as the full-

width at half-max (FWHM) for different modulating frequencies. The line-width of the laser
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Table 4.1: Line-width of intensity modulated laser source at multiple frequencies

Frequency
(MHz)

Left Sidelobe
(MHz)

Center Peak
(MHz)

Right Sidelobe
(MHz)

DC - 100 -
50 MHz 110 230 110
100 MHz 100 400 100
150 MHz 100 170 100
200 MHz 110 320 125
250 MHz 160 110 140
300 MHz 125 100 160
350 MHz 90.9 166 125
400 MHz 110 160 111

stays relatively constant with modulating frequency, indicating that intensity modulating

the laser source does not impact the coherence length.

4.4.2 Validation Experiments on Tissue Simulating Phantoms

I validated the FD-DCS instrument and model using tissue simulating phantoms to verify

the accuracy of the device to estimate static and dynamic tissue optical properties, i.e., tissue

absorption coefficient µa, tissue scattering coefficient µs , and blood flow index F . A liquid

phantom, comprising of India ink, 20% intralipid and distilled water was used for this study.

Frequency dependent DCS intensity auto-correlation functions were recorded at each

wavelength gm
2 (τ , ρ,ω). Superscript m indicates measured data. The measured data was fit

to the model describing frequency dependent intensity auto-correlation function g th
2 (τ , ρ,ω),

superscript th indicates theory, to estimate free parameters mua(λ1), µs(λ1) and F . The

fit was solved as a multivariate nonlinear optimization problem, wherein parameter χ2 =

ΣMxN |g th
2 (τ , ρ,ω)−gm

2 (τ , ρ,ω)|2 was minimized over N correlation lags, and M modulation fre-

quencies to estimate unknown parameters (fminsearch, MATLAB, Natick, MA). Additional

fit parameters include β the speckle averaging factor and m the modulation depth. When

translated to in-vivo experiments, concentrations CHbO ,CHbR can be estimated from mea-

sured µa(λ) and molar extinction coefficients ϵ(λ). To elaborate, we solve the linear system
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of equations given by µa(λ) = ϵHBR(λ)CHbR + ϵHbO(λ)CHbO where CHbO ,CHbR corresponds to

oxy- and deoxy- hemoglobin. Finally, tissue oxygen saturation is StO2 = CHbO/(CHbO+CHbR),

and the metabolic rate of oxygen will be calculated from the oxygen concentrations and blood

flow.

The prototype FD-DCS instrument was used to record g2(τ , ρ,ω) from the phantom with

a custom fiber optic probe, with a source detector separation (ρ = 1.2cm), placed on the

surface of the liquid (semi-infinite geometry). The integration time of the measurements was

100ms, while the average intensity across the modulation frequencies was 300KHz±100KHz .

180 intensity auto-correlation curves were averages (per frequency) to improve measurement

signal to noise ratio. Fig 4.8 shows frequency dependent DCS intensity auto correlation func-

tions measured from a representative liquid phantom with optical properties µa = 0.12cm−1

and µ′
s = 10cm−1 at 785nm. The measured auto-correlation function data points are repre-

sented by circles, and each color/curve represents measurements made with different modu-

lation frequencies from 0Hz to 400MHz in steps of 50MHz . The x-axis represents correlation

lag (1µs to 100µs) displayed on a log scale. The solid lines are fits of the data to the fre-

quency dependent solution to the correlation diffusion equation (Equation). The nonlinear

fitting estimated the phantom optical properties to be µa = 0.12cm−1 and µ′
s = 10cm−1.

The optical properties were recovered within 5.3% error for µa and 9% µ′
s . The estimated

blood flow index of F = 2.88× 10−8cm2/s is in the rage of flow indices typically observed in

these liquid phantoms.

The second tissue phantom experiment was to record/estimate the linearity and sensitiv-

ity of FD DCS to estimate changes in tissue optical properties. In a series of experimental

sessions (4 steps each), the static and dynamic properties of the phantoms were systemati-

cally varied, while estimating µa, µ
′
s and F from the measurements of g2(τ , ρ,ω). Specifically,

µa was varied from 0.03 to 0.9cm−1 in steps of 0.02cm−1 by changing the concentration of

India ink in the phantom. µs was varied from 60 to 140cm−1 in steps of 20cm−1 by changing

the volume of intralipid in the phantom. F was held constant across all phantoms. As
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Figure 4.8: Representative frequency dependent intensity auto-correlation function
measured at a source-detector separation ρ = 1.2cm, delay time τ = 1µs to 0.1ms
,wavelength λ = 785nm, modulating frequencies ω = 0− 400MHz in steps of 50 MHz on a
tissue simulating phantom of µa = 0.12cm−1 and µ′

s = 10cm−1. Optical properties are
retrieved within ≈ 10% error for a semi-infinite homogeneous tissue simulating phantom
with a source-detector separation of 1.2 cm.

described above, 9 frequency dependent intensity auto-correlation functions were measured

and averaged per frequency for all phantoms. Non-linear fitting of the measured data to

Equation 4.3 yielded the estimates for µa, µ
′
s and F . In all cases, the optical properties re-

covered using the FD-DCS instrument were compared to theoretical values. The relationship

between measured and set tissue properties of the phantom will indicate the sensitivity of

FD-DCS instrument to changes in µa and µ′
s .

Fig. 4.9 plots the phantom absorption coefficients (µa) estimated with FD-DCS on the

y-axis, with the theoretical values along the x-axis. µ′
s and F were fixed for these phantoms.

The solid diamond red markers indicate the estimated absorption coefficient, while the blue

line is a linear fit to the data. The dashed black lines indicate the 95% confidence bounds of

the linear regression. The slope of the regression line is 1.05 (R2 > 0.8) indicating good 1:1

correspondence between measured and actual values of absorption coefficients. The results
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Figure 4.9: Sensitivity of FD-DCS system to absorption changes in tissue simulating
phantoms when absorption coefficient is varied and scattering coefficient is kept constant

Figure 4.10: Sensitivity of FD-DCS system to scattering changes in tissue simulating
phantoms when absorption coefficient is varied and scattering coefficient is kept constant
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Figure 4.11: Sensitivity of FD-DCS system to BFI changes in tissue simulating phantoms
when absorption coefficient is varied and scattering coefficient is kept constant

show that FD-DCS estimates of µa are linear. Figure 4.10 shows the estimates of µs by

FD-DCS system for different phantoms when µa is varied and µs is fixed. As expected the

phantom scattering coefficients are close to their true values. Figure 4.11 shows the estimates

of BFI by FD-DCS system for different phantoms when µa is varied and µs is fixed. The

blood flow index are in the order of 1e − 8 as expected and scattering coefficient for various

phantoms in these phantoms were relatively constant.

Fig 4.12 demonstrates the sensitivity of FD-DCS system to scattering changes. Here,

the scattering coefficient (µs) estimated with FD-DCS is on the y-axis, with the theoretical

values along the x-axis. µa and F were fixed for these phantoms. The solid diamond red

markers indicate the estimated absorption coefficient, while the blue line is a linear fit to the

data. The dashed black lines indicate the 95% confidence bounds of the linear regression.

The slope of the regression line is 1.12 (R2 > 0.89) indicating good 1:1 correspondence

between measured and actual values of absorption coefficients. The results show that FD-

DCS estimates of µs are linear. Figure 4.13 shows the estimates of µa by FD-DCS system
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for different phantoms when µs is varied and µa is fixed. Figure 4.14 shows the estimates of

BFI by FD-DCS system for different phantoms when µs is varied and µa is fixed. The blood

flow index are also in the order of 1e − 8 and scattering coefficient for various phantoms in

these phantoms were relatively constant.

Figure 4.12: Sensitivity of FD-DCS system to scattering changes in tissue simulating
phantoms when scattering coefficient is varied and absorption coefficient is kept constant

4.5 Discussion

The results indicate that the newly developed FD-DCS system can retrieve the static

and dynamic optical properties. For phantom 1, absorption coefficient(mua) and scattering

coefficient (mus) are retrieved with a maximum error of 9% while a commercial FD-DOS

system (ISS Imagent) retrieved the properties with maximum error of 10%. F was retrieved in

the order of 1e−8cm2/sec with both FD-DCS system and conventional fast DCS system. The

sensitivity of FD-DCS system to the absorption, scattering and flow changes were verified.

Furthermore, the new general diffusion model includes the effect of source modulation depth.
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Figure 4.13: Sensitivity of FD-DCS system to absorption changes in tissue simulating
phantoms when scattering coefficient is varied and absorption coefficient is kept constant

Figure 4.14: Sensitivity of FD-DCS system to BFI changes in tissue simulating phantoms
when scattering coefficient is varied and absorption coefficient is kept constant
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We note a few other considerations for the instrument/measurement. It is important

that the source laser diode be operated within its linear range throughout the modulation

frequencies in order to avoid the influence of harmonics. Practically, we accomplish this

by characterizing the diode frequency characteristics using a Fabry Perot scanning inter-

ferometer. However, the sensitivity of the isolator, small misalignments due to presence

of an elliptical laser beam (non-gaussian beam) may introduce errors in the measurement.

The Fabry Perot measurements can also confirm that the coherence length of the laser is

preserved while modulating the laser at RF frequencies. Resolving the above issues could

improve the accuracy of the FD DCS measurements. Nevertheless, FD-DCS is a significant

advance of optical technology to retrieve optical properties at single source detector distance

in one measurement. With sufficient optimizations in the instrument and model, it can be a

versatile instrument to monitor tissue static and dynamic optical properties at the bedside.

4.5.1 A More Rigorous Model for FD-DCS

In section 4.2 we proposed an empirical model to account for the influence of the modu-

lation depth. While this model works to the first approximation, a more robust expression

could help improve the accuracy of the FD-DCS instrument.

Here, I derive a rigorous expression for the intensity auto-correlation function directly

from the electric fields. Recall that G1(τ ,ω) is the un-normalized electric field auto-correlation

function, and G2(τ ,ω) is the un-normalized intensity auto-correlation function; only the lat-

ter is measured in practice.

The electric field reaching the detector is a superposition of electric field due to continuous

wave and modulating source. Therefore,

E (t) = Edc(t) + Eac(t) (4.4)
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The temporal intensity auto-correlation function can be written as

G2(τ) = ⟨I (t)I (t + τ)⟩t (4.5)

Inserting equation 4.4 in equation 4.5 (I = E 2) and expanding yields 16 terms.

G2FD(τ) = ⟨I (t)I (t + τ)⟩t

= ⟨E (t)E ∗(t)E (t + τ)E ∗(t + τ)⟩t

= ⟨(Edc(t) + Eac(t))(E
∗
dc(t) + E ∗

ac(t))

(Edc(t + τ) + Eac(t + τ))(E ∗
dc(t + τ) + E ∗

ac(t + τ))⟩t

= ⟨(Edc(t)E
∗
dc(t) + Edc(t)E

∗
ac(t) + Eac(t))E

∗
dc(t) + Eac(t))E

∗
ac(t))

(Edc(t + τ)E ∗
dc(t + τ) + Edc(t + τ)E ∗

ac(t + τ)

+ Eac(t + τ))E ∗
dc(t + τ) + Eac(t + τ))E ∗

ac(t + τ))⟩t

(4.6)

G2FD(τ) = ⟨Edc(t)E
∗
dc(t)Edc(t + τ)E ∗

dc(t + τ) + Edc(t)E
∗
dc(t)Edc(t + τ)E ∗

ac(t + τ)

+ Edc(t)E
∗
dc(t)Eac(t + τ)E ∗

dc(t + τ) + Edc(t)E
∗
dc(t)Eac(t + τ)E ∗

ac(t + τ)

+ Eac(t)E
∗
dc(t)Edc(t + τ)E ∗

dc(t + τ) + Eac(t)E
∗
dc(t)Edc(t + τ)E ∗

ac(t + τ)

+ Eac(t)E
∗
dc(t)Eac(t + τ)E ∗

dc(t + τ) + Eac(t)E
∗
dc(t)Eac(t + τ)E ∗

ac(t + τ)

+ Edc(t)E
∗
ac(t)Edc(t + τ)E ∗

dc(t + τ) + Edc(t)E
∗
ac(t)Edc(t + τ)E ∗

ac(t + τ)

+ Edc(t)E
∗
ac(t)Eac(t + τ)E ∗

dc(t + τ) + Edc(t)E
∗
ac(t)Eac(t + τ)E ∗

ac(t + τ)

+ Eac(t)E
∗
ac(t)Edc(t + τ)E ∗

dc(t + τ) + Eac(t)E
∗
ac(t)Edc(t + τ)E ∗

ac(t + τ)

+ Eac(t)E
∗
ac(t)Eac(t + τ)E ∗

dc(t + τ) + Eac(t)E
∗
ac(t)Eac(t + τ)E ∗

ac(t + τ)⟩t

(4.7)

We note that 10 of these products (terms 2, 3, 4, 5, 8, 9, 12, 13, 14, and 15) average to zero.

Thus G2FD(τ) simplifies to
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G2FD(τ) = ⟨Edc(t)E
∗
dc(t)Edc(t + τ)E ∗

dc(t + τ)

+ Eac(t)E
∗
dc(t)Edc(t + τ)E ∗

ac(t + τ)

+ Eac(t)E
∗
dc(t)Eac(t + τ)E ∗

dc(t + τ)

+ Edc(t)E
∗
ac(t)Edc(t + τ)E ∗

dc(t + τ)

+ Edc(t)E
∗
ac(t)Eac(t + τ)E ∗

ac(t + τ)

+ Eac(t)E
∗
ac(t)Eac(t + τ)E ∗

ac(t + τ)⟩t

(4.8)

Here, terms 1 and 6 in equation 4.8 are readily seen as representing the auto-correlation

of dc and ac terms alone, while and terms 3 and 4 are cross terms. The terms 2 and 4 convert

to intensity terms as shown below

G2FD(τ) ≈ ⟨I 2dc⟩t + β⟨I 2dc⟩t |g1dc(τ)|2 + 2Idc Iac + 2βIdc Iac |g1dc ||g1ac |

+⟨I 2ac⟩t + β⟨I 2ac⟩t |g1ac(τ)|2
(4.9)

In FD-DCS the source is a modulating source and given by Sac = So(1+m.e iωt), implying

I = Iac + Idc and Iac/Idc = m. The normalized intensity auto-correlation function after

substituting m in equation 4.9 is

g2FD (ρ, τ ,ω) = 1 + β

[
|g1dc(τ)|2 + 2m|g1dc ||g1ac |+m2|g1ac(τ)|2

(1 +m)2

]
(4.10)

We note here, that for a conventional CW-DCS, g1ac = 0 and m = 0, in which case

g2FD (ρ, τ ,ω = 0) reduces to g2(ρ, τ) = 1 + β|g1dc(τ)|2, which is the well known Siegert

relation [5, 38]
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Chapter 5: Conclusion and Future Work

5.1 Conclusion

In this dissertation, I have used frequency domain diffuse optical methods to measure

oxy- and de-oxy hemoglobin concentrations as well as blood flow. These new techniques min-

imize systematic errors, cost and form factor of conventional diffuse optics instruments. To

measure the static optical properties, I have introduced a heterodyne demodulation method

to perform multi-frequency Frequency Domain Diffuse Optical Spectroscopy (mfFD-DOS),

which could be easily realized using off-the-shelf components. The new system not only

reduces partial volume effects but can also be used to estimate optical properties at longer

source-detector separations.

In addition, I have extended the multi-frequency aspect of the mfFD-DOS system to

Diffuse Correlation Spectroscopy (DCS), to estimate both the static and dynamic optical

properties using a new approach - ‘Frequency Domain Diffuse Correlation Spectroscopy’

(FD-DCS). I have developed a new theory/model, and have characterized and validated the

approach in systematic experiments. FD-DCS can be a replacement to hybrid DOS - DCS

systems and it reduces the partial volume effects. I hope the systems I introduced will impact

the landscape of biomedical diffuse optics in monitoring blood oxygenation and blood flow

and provide life-saving information.

Here, I layout some of the possible applications for these new instruments.
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5.2 Future Work and Applications

5.2.1 Extension to Other Wavelengths

In chapter 4, I developed a new FD-DCS technique, derived a new mathematical model

and conducted experiments to demonstrate its validity by performing systematic experiments

using a 785 nm source. The FD-DCS system can be extended to other wavelengths in the

NIR region to perform in-vivo experiments. Two wavelengths on either side of the isobestic

point (wavelength where the molar extinction coefficients for oxy and de-oxy hemoglobin

are equal) will enable the estimation of tissue optical properties and blood flow in a single

measurement. A dual wavelength FD-DCS system would have similar wavelengths to mFFD-

DOS system. Generally, any wavelength source above 820 nm with a single frequency output

would be suitable to execute the system.

One limitation of selecting the wavelengths from the near infrared region is that the

SNR drops drastically for Recently, Carp. et al [23] have performed diffuse correlation

spectroscopy at wavelength 1064nm for better SNR and lower attenuation (< 30% compared

to 785 nm). mfFD-DOS and FDDCS systems can both be readily implemented at these

wavelengths to probe deeper tissues with a high SNR.

5.2.2 Functional Clinical Studies

Functional activation studies using diffuse optics and imaging techniques have gained

momentum in the last decade [2]. Functional studies are systematic studies that measure

the cerebral tissue response for simulated activation’s for specific areas of the human body.

Generally, these studies are performed to monitor response of different cortical activity of

the brain corresponding to functional activity of different parts. mfFD-DOS and FD-DCS

systems have the advantages of reducing the partial volume effects and decreasing the form

factor and can be used to perform these functional activation studies.

71



5.2.3 Wearables Using Silicon Photonics

Substantial advancements have been made in the field of semiconductor industry that

can allow the implementation of wearable devices using diffuse optics [93]. Recently, we

have shown a fiberless DCS system [12] that eliminates the use of optical fibers and can be

a wearable device for monitoring blood flow continuously. These devices can revolutionize

the diagnosis and monitoring in medical field for point-of-care devices and at-home personal

devices. mfFD-DOS and FD-DCS systems can be implemented to be wearable devices with

the advancements in silicon photonics. These systems can make use of integrated photonics

circuits to include the signal generation and acquisition electronics on one single IC.

5.2.4 Real Time Computations

Conventional diffuse optics devices post-process the data to infer the results. Stillwell et.

al. [95] introduced a look-up- table approach to estimate and image the tissue concentrations

real time. Extension of these techniques to the new FD-DCS system would help to get the

complete picture of the tissue real time by estimating the concentration of oxy and de-oxy

hemoglobin along with the blood flow index.
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Appendix C: mfFDDOS Phantom Results

Figure C.1: Sensitivity of mfFD-DOS system to measuring absorption changes at 5ms
sampling time. True absorption coefficient (varied) and scattering coefficient(constant)
compared with measured values at source wavelength (λ = 785nm and 820nm), source
detector separation (ρ = 2.0cm and 2.5cm) and a 5ms sampling time per modulating
frequency
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Figure C.2: Sensitivity of mfFD-DOS system to measuring absorption changes at 10ms
sampling time. True absorption coefficient (varied) and scattering coefficient(constant)
compared with measured values at source wavelength (λ = 785nm and 820nm), source
detector separation (ρ = 2.0cm and 2.5cm) and a 10ms sampling time per modulating
frequency
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Figure C.3: Sensitivity of mfFD-DOS system to measuring absorption changes at 100ms
sampling time. True absorption coefficient (varied) and scattering coefficient(constant)
compared with measured values at source wavelength (λ = 785nm and 820nm), source
detector separation (ρ = 2.0cm and 2.5cm) and a 100ms sampling time per modulating
frequency
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Figure C.4: Sensitivity of mfFD-DOS System to measuring scattering Changes at 5ms
sampling time. True scattering coefficient (varied) and absorption coefficient(constant)
compared with measured values at source wavelength (λ = 785nm and 820nm), source
detector separation (ρ = 2.0cm and 2.5cm) and a 5ms sampling time per modulating
frequency
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Figure C.5: Sensitivity of mfFD-DOS system to measuring scattering changes at 10ms
sampling time. True scattering coefficient (varied) and absorption coefficient(constant)
compared with measured values at source wavelength (λ = 785nm and 820nm), source
detector separation (ρ = 2.0cm and 2.5cm) and a 10ms sampling time per modulating
frequency
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Figure C.6: Sensitivity of mfFD-DOS system to measuring scattering changes at 100ms
sampling time. True scattering coefficient (varied) and absorption coefficient(constant)
compared with measured values at source wavelength (λ = 785nm and 820nm), source
detector separation (ρ = 2.0cm and 2.5cm) and a 100ms sampling time per modulating
frequency
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