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Abstract of the Dissertation 

Combined Diffuse Optical Spectroscopic Imaging (DOSI) and Diffuse Correlation Spectroscopy 

(DCS) for real time subsurface imaging of tissue composition, metabolism, and vascular 

dynamics 

By 

Hossein S. Yazdi 

Doctor of Philosophy in Biomedical Engineering 

University of California, Irvine, 2019 

Professor Bruce J. Tromberg, Chair 

 

Abnormal tissue metabolism has been documented in a wide variety of diseases including 

cancer, arterial disease and neurodegenerative disorders. A common underlying factor of these 

diseases is the down-regulation of tissue oxygen metabolism (tMRO2) during tissue hypoxia. 

tMRO2  has been quantified and used for both diagnosing and monitoring various diseases. Near-

infrared spectroscopy (NIRS) provides a non-invasive and comparatively inexpensive modality 

for quantifying sub-surface tissue metabolism. Diffuse optical spectroscopic imaging (DOSI) and 

diffuse correlation spectroscopy (DCS) are model-based NIRS methods. DOSI and DCS are 

capable of measuring tissue oxygenation and blood flow, respectively.  

In this study, we developed and validated a spatially co-registered DOSI/DCS metabolic 

imaging system. We documented that quantitative DOSI/DCS metabolic imaging provides an 

enhanced view and thereby, better understanding of breast cancer tumor composition and 

metabolism. 
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    In addition, tMRO2 and composition are critical to quantify during surgery to help 

identify sub-surface tissue viability invisible to the naked eye. The integrated DOSI/DCS 

laparoscopic probe was developed to demonstrate measurement capabilities in non-survival 

preclinical model. 

Next, we optimized data acquisition frequency and enabled data collection of both DOSI 

and DCS concurrently. Relying on an improved high-speed DOSI/DCS system enabled us to 

extract real-time pulsatile information pertaining to vascular dynamics. Then, we quantified 

tMRO2  at two tissue sites, as well as the abdomen and forearm. We observed lower metabolic 

activity in tissues with higher subcutaneous adipose compared to tissues with leaner muscle. In 

conclusion, we developed a high-speed DOSI/DCS system and illustrated its effectiveness in a 

variety of clinical applications. 

 

 

 

 

 



1 

 

Chapter 1 Introduction 

Abnormal tissue metabolism is a common underlier among a wide-variety of disease 

states including, cancer, dementia, arterial disease, and diabetes (1-4). It is well known that this 

is a result from the down-regulation of tissue oxygen consumption which is caused by the tissue 

being in a hypoxic state (5). Tissue metabolic rate of oxygen (tMRO2), for example, can be used 

to diagnose Peripheral Arterial Disease (PAD), a circulatory condition in which narrowed blood 

vessels reduce blood flow to the internal organ (6). In cancer research, optically obtained tMRO2 

has been shown to be an early predictor (within 2 weeks) of tumor response to chemotherapy (7). 

Monitoring tMRO2 may also hold significant intraoperative value (8), such as quantifying 

ischemic states during partial nephrectomy (9). In addition, tissue composition analysis in 

conjunction with tMRO2 may aid in disease prognosis. For example, perirenal fat, which 

encapsulates the kidney, may influence renal carcinoma, yet the metabolic activity and 

composition of these fat deposits is not well known (10). There is overwhelming evidence of a 

clear clinical need for a non-invasive method to measure tMRO2 with decades of demonstrated 

value in both diagnostic and therapeutic medicine. 

tMRO2 can traditionally be measured using techniques such as Functional Magnetic 

Resonance Imaging (fMRI) (11) and positron emission tomography (PET) (12) . However, there 

are some drawbacks associated with fMRI and PET which have prevented widespread adoption 

of these devices for the purposes of monitoring tMRO2 (13, 14). For example, while fMRI is a 

non-ionizing technique that quantifies metabolic information by measuring the blood-oxygen 

level dependent (BOLD) signal, the instrument is costly, non-portable and incompatible with 
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metallic implants and pacemakers. For PET, the necessity of contrast agents, radiation exposure, 

and lack of portability is also undesirable in many applications. 

In contrast, many have presented optical alternatives for obtaining tMRO2. Near-infrared 

spectroscopy (NIRS) provides a non-invasive and inexpensive modality for sub-surface tissue 

oxygenation. Spatial Frequency Domain Imaging (SFDI) is a non-contact imaging technique 

capable of providing a wide field map of tissue hemodynamic and biochemical composition 

(15-17). Laser Speckle Imaging (LSI) is another optical technique that utilize coherent light to 

provide wide field map of tissue perfusion (18). Together, SFDI and LSI can provide 

information regarding tMRO2 (19-21). However, SFDI and LSI are limited to probing 

superficial tissue (up to 5 mm), impacting the utility in applications where subsurface (up to 

centimeters) tissue information is critical.  

Diffuse optical spectroscopic imaging (DOSI) is a NIRS technique that quantifies tissue 

concentration of oxyhemoglobin, deoxyhemoglobin, water, and lipid. DOSI has been used for 

understanding muscle activity (22) during exercise, providing strategies for diagnostic 

monitoring of obesity and weight loss (23), and imaging breast tumors (24). These studies have 

proved DOSI to be an effective modality for non-invasive assessment of tissue oxygenation. 

Although DOSI is capable of indirectly measuring tissue perfusion and metabolism, a more 

precise understanding of tissue metabolic activity requires measurements of blood flow (25). 

Diffuse Correlation Spectroscopy (DCS) is a non-invasive NIR technique, which can be used to 

measure deep tissue blood flow. DCS has been used clinically to monitor blood flow changes 

associated with brain (26-28), skeletal muscle (29, 30), and tumors (7, 31).  
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In conjunction with DOSI, DCS provides a relatively inexpensive and portable solution 

for monitoring tMRO2 in real-time. Whereas DCS is sensitive to the motion of scatterers (e.g. red 

blood cells), DOSI systems can obtain information about the tissue concentrations of hemoglobin 

in oxy and deoxy forms (HbO2 and HHB, respectively). Furthermore, DOSI provides absolute 

tissue absorption and scattering parameters which have been proven crucial for accurately 

calculating absolute blood flow using DCS (32). Therefore, integration of DOSI and DCS system 

in a single probe can provide information about tissue hemodynamic, biochemical composition, 

blood flow, and tMRO2. 

In chapter 3, we present a feasibility study demonstrating the intraoperative value of 

DOSI/DCS with in vivo testing (porcine model). DCS was utilized to detect blood flow dynamics 

at the perfusion level in the kidney during renal artery clamping. The composition and 

metabolism of in vivo and ex vivo perirenal fat was measured; tissue metabolism reduction was 

observed ex vivo (zero deoxy-hemoglobin), and lipid and water content were validated using 

Raman microscopy.  We show that integration of both technologies into a single laparoscopic 

probe has the potential to non-invasively characterize tissue composition and metabolism 

(hemoglobin oxygenation, ischemia and microvascular blood flow) during surgery. 

In chapter 4, we optimize data acquisition frequency and enable data collection of both 

DOSI/DCS concurrently. Using an improved high-Speed DOSI/DCS system we can extract real 

time pulsatile information regarding vascular dynamics. Finally, we quantify tMRO2 at two 

different tissue sites, abdomen and forearm. We observed lower metabolic activity in tissue with 

higher subcutaneous adipose when compared to tissue with more lean muscle.  
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Chapter 2 Mapping Breast Cancer Blood Flow Index, Composition, and 

Relative Metabolism in a Human Subject Using Broadband, Multimodal 

Diffuse Optical Spectroscopies 

This chapter derived from the publication (32) 

2.1 Introduction 

 

Diffuse optical spectroscopy (DOS) measurements can reveal information about biochemical 

composition and structure in centimeter-thick tissues (33). We have developed a broadband 

handheld scanning probe for imaging breast tumors under clinically-relevant conditions such as 

detecting tumors in mammographically dense tissue (34), distinguishing between malignant and 

benign tumors (35), monitoring tumor response (36-38) to chemotherapy, and assessing breast 

density (39). In these studies, broadband NIR data (650 -1000 nm) are used to develop various 

metrics of endogenous contrast based primarily on tissue concentrations of oxy- and 

deoxyhemoglobin (HbO2, HHb), water, and lipid. In order to enhance this information and 

provide a more complete picture of biochemical composition and oxygen consumption inside 

and in the vicinity of breast lesions, DOS can be combined with Diffuse Correlation 

Spectroscopy (DCS) a complementary method that measures deep tissue blood flow. 

DCS utilizes the fluctuations of detected light intensity from the movement of particles to 

probe microvasculature blood flow in deep tissue (31, 40, 41). The blood flow index (BFI) 

measured by DCS has been validated by arterial spin labeled magnetic resonance imaging (29), 

Doppler ultrasound (42, 43), Xenon computed tomography (28), and laser Doppler flowmetry 

(44, 45). Further, DCS systems have been used to monitor blood flow changes in clinical 

applications associated with brain (28, 43, 46), skeletal muscle (29, 47, 48) and tumors (31, 49-
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52). When taken together, DCS and DOS can provide a noninvasive measurement of the 

metabolic rate of oxygen consumption in tissue, and indeed, several studies have shown the 

combination of DOSI and DCS techniques for breast lesion characterization in the pre-surgical 

setting (49, 52-54). However, these breast lesion studies were performed sequentially by using 

separate DCS and DOS instruments. Serial measurements add additional time for data collection 

and can lead to uncertainties in the origins of the different signals.  

The present study aims to develop and validate a spatially co-registered, DOSI/DCS 

metabolic imaging system for enhancing breast tumor characterization. We combined DCS and 

broadband DOSI techniques into a single handheld probe and developed integrated software that 

collects the data nearly simultaneously. Since the DCS BFI depends on tissue optical properties, 

the BFI is typically calculated using fixed values from literature, or using values measured with a 

separate instrument. DOSI is unique because it provides these optical properties, (absorption, μa, 

and reduced scattering, µs
′ , parameters) over a spectral range from 650-1000 nm (55). We first 

characterized system performance using liquid tissue-simulating phantoms with a buried flow 

channel to assess the sensitivity to flow speed and depth, and the impact of optical properties on 

the estimation of the DCS-derived BFI. Co-registered broadband DOSI and DCS was then 

applied, to construct 2D maps of subsurface particle flow in a solid tissue-simulating phantom 

with an embedded flow channel. Finally, images of tissue blood flow index, composition, and 

relative metabolism were obtained, for the first time, by co-registered DOSI/DCS mapping in a 

clinical measurement of a breast cancer patient. DOSI-derived optical properties at each 

measurement point were used to correct BFI in both clinical and tissue phantom images, 

improving accuracy and revealing unique and complementary contrast in breast cancer. 
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2.2  Material and methods 

 

2.2.1  DCS theory 

 

The reflection laser light from a sample has a non-uniform intensity distribution known as a 

speckle pattern. This pattern consists of backscattered photons that went through different 

directions and different path lengths, consequently interfering constructively or destructively at 

the detector. Constructive and destructive backscattered photons from the sample result in high 

intensity and low intensity regions, respectively (56). Speckle patterns can be illustrated by light 

and dark spots, which represent constructive (strong intensity) and destructive (low intensity) 

interference (see Figure 2.1). In the presence of moving particles (e.g. red blood cells) in the 

sample, speckle patterns fluctuate in time and this intensity fluctuation depends on the motion of 

the moving particles. Therefore, it is possible to monitor the motion of the moving particles 

(flow) by observing the temporal intensity fluctuation of speckle. This intensity fluctuation is the 

result of frequency shifts because of the presence of moving particles (e.g., Doppler shift).   

Figure 2.1. Illustration of a speckle pattern 
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Flow measurements with near infrared light in thin samples (single scattering assumption) have 

been done in two different ways. The first way is to investigate the power spectrum of the 

detected signal in the Fourier domain to measure blood perfusion. This technique is known as 

Laser Doppler Flowmetry (LDF) (57) . The other method investigates backscattered intensity 

signals in the time domain by taking the correlation function. This technique is known as photon 

correlation spectroscopy (PCS) (58) .Basically, the power spectrum and field correlation function 

are Fourier transform pairs (59, 60). Both techniques probe motions in thin tissue, assuming 

single scattering. 

However, to investigate deep flow (up to centimeters) in tissues, multiple scattering and light 

propagation must be considered. Diffuse correlation spectroscopy (DCS) provides the framework 

for modeling multiple light scattering and thus calculation of the correlation of multiply-scattered 

photons. In other words, DCS is the extension of PCS into the multiple-scattering regime. The 

DCS approach calculates relative blood flow by measuring the temporal auto correlation function 

of speckle fluctuations detected at the tissue surface that have propagated through the tissue. 

Perturbations in speckle are the result of the movement of scatterers; red blood cells in micro 

vascular blood vessels (capillaries) are the dominant contrast mechanism (61-63). To achieve 

deep tissue penetration, a long coherence CW laser in the NIR is used as a source.  On the 

detector side, the intensity fluctuation is observed by a single photon counting module detector 

via a single mode optical fiber (to preserve coherence).  The output of the detector is sent to a 

correlator board to measure the autocorrelation function of the detected signal.   
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2.2.1.1  Correlation diffusion in semi-infinite medium 

A typical DCS setup using optical fibers in tissue contact for light source and detector, 

respectively, is presented in Figure 2.2a. The light source utilizes a long coherence length laser. 

The back-scattered light intensity I(t), is detected at a distance ρ from the source. The temporal 

speckle fluctuations of I(t) is analyzed by calculating the normalized light intensity temporal 

auto-correlation function (g2): g2(τ) =
〈I(t)I(t+τ)〉

〈I〉2  , where τ  represents the correlation delay time. 

Perturbations in speckle are the result of the movement of scatterers; thus, motions of red blood 

cells in micro-vascular blood vessels (arterioles, capillaries, venules) provide the dominant 

contrast mechanism (29, 40, 64, 65). Speckle fluctuations from a medium with higher flow rate 

produce a faster decay of g2. The Siegert equation (66) relates the normalized electric field auto-

temporal correlation function, g1(τ), to g2(τ)  ∶ 

Equation 2-1 

   g2(τ) = 1 + β|g1(τ)|2    

                      

where β depends on the optical setup and can be experimentally determined (67). 

In similarity with the photon diffusion equation, a correlation diffusion equation can be derived 

that describes the propagation of the unnormalized electric field temporal autocorrelation 

function G1(τ) in a turbid media. For the setup in Figure 2.2a, (40, 41, 44, 56, 67-69):  
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Equation 2-2 

                G1(ρ, τ) =
3μs

′

4π
(

e−k(τ)r1

r1
−

e−k(τ)r2

r2
)    

 

    

 where   r1 = [ρ2 + (z − 𝑧0)2]
1

2 , r2 = [ρ2 + (z + z0 + 2zb)2]
1

2 , z0 =  
1

µ𝑠
′  , zb =

2(1+Reff)

3 µ𝑠
′  (1− Reff)

 ,  

Reff =  −1.440 n−2 + 0.71n−1 + 0.668 + 0.0636 n is the effective reflection coefficient which 

is determined by the ratio of the refraction indices of two medium (e.g. 𝑛 =
ntissue

nair
≈ 1.33). 

Equation 2-2 incorporates extrapolated zero boundary condition which approximate the isotropic 

light source located at z = 𝑧0 and negative isotropic imaging source located at z = −(𝑧0 + 2zb). 

Schematic of the extrapolated boundary geometry is shown in Figure 2.2a (67-70). The effective 

decay rate k(τ) of  G1(ρ, τ) provides information about the motion of the scatterers in the 

underlying medium: k2(τ) = 3μs
′  μa +  μs

′ 2k0
2α〈∆r2(τ)〉 where 〈∆r2(τ)〉  is the mean square 

displacement of the moving particles, k0 is the wave-vector magnitude of the incident light field 

and α is proportional to the fraction of scatterers  that are moving (i.e., the fraction of tissue 

scatterers that are red blood cells). For diffusive motion 〈∆r2(τ)〉 = 6Dbτ , where Db is the 

effective Brownian diffusion coefficient for the tissue scatterers (67). The BFI (mm2/s), is 

defined as, BFI = αD𝑏 (44, 71). We used the tissue optical properties measured with DOSI at 

each measurement iteration to calculate BFI. Assuming 𝛼 = 1, the factor k(τ), is fitted to the 

measured auto-correlation function, g2(ρ, τ), via Equation 2-1 and Equation 2-2 to derive the 

BFI (44). 

  



10 

 

2.2.2 Instrumentation 

 

A block diagram illustrating the combined broadband DOSI and DCS system is shown in Figure 

2.2.b. The entire system and controlling PC fits on a cart for easy transport in a clinical setting 

(Figure 2.2.c).    

2.2.3 DCS hardware 

 

The DCS optical source is a long coherence-length (> 10 meters) CW 785nm laser (Crystalaser, 

Nevada, USA). Laser output was adjusted to 40 mW, which was determined to ensure a safe 

intensity with reasonable detected photon count rate (more than 60 kcounts/sec) for all the 

measurements. The DCS detectors consisted of two photon counting modules (SPCM-AQRH-

15-FC, Excelitas, Canada) detectors. The digital output of each detector was connected to a 4-

channel hardware correlator board (Flex01LQ-5, correlator.com, New Jersey, USA) to measure 

the autocorrelation function (g2) of the detected signal. Dark counts due to ambient light leakage 

were reduced by placing the detector units in an optical isolation box inside the system chassis.  

2.2.3.1 Detector unit 

SPCM-AQR (Perkin Elmer) photon counting module is used as a detector unit. It is a self-

contained module that detects single photons of light over the 400nm to 1060nm wavelength 

range. Light is coupled into the silicon avalanche photodiode via an FC/PC connector. Due to the 

detector wavelength range and high quantum efficiency (70% @ 700nm), the detector is very 

sensitive to ambient light. These signals add to the “dark counts” and decrease the correlations in 

the measured signal. This problem is solved by covering the detector unit and making an 

appropriate box for the system to minimize the amounts of ambient light that reach to the 
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detector. The module outputs a TTL signal that enables digital photon counting. A single mode 

optical fiber was used to couple light into the detector (Thorlabs, SM600 Single mode, 600-

800nm, 125 uM cladding). While the single mode fiber significantly reduces the amount of light 

collected from the tissue, it is necessary to preserve the coherence information of the detected 

light.  
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b) 

c) 

a) 

                         Broadband source  

                     DOS & DCS sources 

 

     DOS APD 

 

DCS detectors and       

Spectrometer 

d) 

Figure 2.2. a) Block diagram of the DOSI/DCS instrument, red color represents the multimode source 

fibers. Collection fiber bundle is shown by black which contains of a DOSI spectrometer fiber and two 

DCS single mode fibers (shown with yellow), and orange is an RF cable. b) Photograph of the entire 

system on a portable cart, and c) Diagram and photograph of handheld probe.   
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2.2.3.2 Correlator board 

The autocorrelator board, which is a FPGA board, is the central piece of hardware for DCS and 

is under computer control (Flex01LQ-5, correlator.com). The laser intensity is detected by the 

photon counter module and the TTL output feeds into the correlator board. The correlator board 

has 4 input channels, though only two were used for this study. Correlator board consists of 

different registers. Each register has a bin width or sample time to represent the total number of 

photons counted by the detector in that time window. Correlator board can run in three different 

modes.  

A key feature of the correlator is the Mutli tau technique that is used to measure the 

autocorrelation function (g2).  

Multi tau technique 

The correlator board reads the output of the photon counting detector by different registers in 

time. The first n registers (n is different based on the mode) have the nanoseconds bin width or 

delay time T0 and after that the bin width Doubles every m registers (depends on the Mode). For 

example, in Mode B the first 33 registers count the number of photons in 8ns bins. Then the next 

16 registers double the bin width to 16ns (for registers #33-48). Following this trend, the value of 

each register is doubled again to 32ns for the next 16 registers (#49-64). The multi-tau technique 

thus uses a logarithmic progression in sampling in time. This approach enables time sampling 

over a large range of times in an efficient manner (i.e., fewer samples than with linear sampling 
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in time). The temporal intensity autocorrelation function is calculated using Equation 2-3 before 

each jump to the wider bin width.  

           

Equation 2-3 

 

𝑔2(τ𝑖) =  
< ni  ×  n0 >

< ni >
 

 

Where 𝑔2(τ𝑖) is the normalized temporal autocorrelation function for the ith register. 𝑛𝑖  ×  𝑛0 

indicates the photon counted in the th register multiplied by the photon counted in the zero delay 

time (𝑛0 ) with the same bin width as the i th register. τ𝑖  is the delay time between 𝑛𝑖 and 𝑛0. τ𝑖 

is calculated by summation of the bin widths on the left of the i th register. Each group of 

registers with the same bin width is known as a Tier. The first register of the nth Tier is 

calculated by the summation of the last two registers of the n-1Tier. Therefore, the registers of 

the n Tier are updated every 2𝑛−1 T0 . The Correlator board consists of 31 tiers, which means 

512 registers are used with different time delays. Considering T0 ≈ 8 𝑛𝑠  , it is possible to 

measured auto correlation function from hundreds of nano seconds to minutes (230 × T0). The 

block diagram of the multi tau sampling technique is shown in Figure 2.3 

 

                                                 Figure 2.3. Cartoon of the multi-tau sampling technique 



15 

 

2.2.4 DOSI hardware 

 

Broadband DOSI estimates near-infrared (650-1000 nm) reduced scattering (µs
′ ) and absorption 

coefficients (µa) of turbid media through a combination of frequency domain photon migration 

(FDPM) and continuous wave near-infrared spectroscopy (55). The principle of the measurement 

has been described (72), and system utilized here is based on a custom frequency-domain 

module (73), a high-speed 1 mm diameter avalanche photodiode (APD) detector module 

(#C5658 with S6045-03 APD, Hamamatsu Photonics, Shizuoka Pref., Japan), and four laser 

diodes (681,783,823 and 850) that sequentially deliver approximately 20 mW average power to 

the tissue. The CW component of DOSI system consists of a tungsten-halogen white light source 

(Micropak HL2000-HP, Ocean Optics, Florida, USA), and a spectrometer (B&W Tek, Inc. 

Model 611, Delaware, USA), to measure the backscattered reflectance spectra in the wavelength 

range 650 to 1000 nm.  

2.2.5 Integrated DOSI/DCS handheld probe   

 

DOSI and DCS sources and detectors were integrated into a single handheld probe with variable 

s-d separations (22, 28, or 34 mm) (see Figure 2.2d) The s-d separations were set to 28 mm for 

all data reported here. FDPM DOSI and DCS source light was delivered with a bundle of 200 

µm step-index multimode fibers and broadband light with a 3 mm diameter bundle of 50 µm 

multimode fibers. The detectors fibers include two single mode fibers (DCS detectors) and 1 mm 

solid multimode fiber (DOSI broadband detector/spectrometer) (LEONI Fiber Optics Inc., 

Virginia, USA). The temperature-controlled FDPM APD detector was built into the probe for 

direct contact with the tissue. The DOSI FDPM and CW photon paths intersect at the midpoint 

between the source and detector while the DCS midpoint is 3 mm away from FDPM and CW 
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midpoint. Custom software controls the serial collection of DOSI and DCS data and allows the 

instrument operator to easily enable either or both techniques. This feature allowed us to select 

the combined approach in the region of interest to minimize impact on the overall data collection 

time.  

2.2.6 Liquid phantom experiment  

 

The system was characterized using an liquid intralipid (IL)-based system with a submerged 

flow tube (3 mm ID, 0.8 mm wall), which allowed us to dynamically vary flow tube IL and 

background IL optical properties, flow rate, and depth of the flow tube (see Figure 2.4). The 

combined (DOSI/DCS) handheld probe was wrapped with thin plastic film and secured at the 

surface of the liquid. FDPM calibration was done with the plastic wrap to factor out the effect of 

the plastic on the measurement.  

 A mixture of IL and nigrosin ink was used as a moving liquid through the flow tube for 

all the experiments. In each case, the predicted µs
′   and µa  of the moving liquid at 785 nm were 

20 mm-1 and 0.06 mm-1 respectively. These values are determined based on DOS measurements.  

Three individual experiments were performed to study the effect of depth, absorption and 

scattering on BFI: (1) In order to study the effect of depth and flow rates on BFI, the liquid 

surrounding the tube was formulated to simulate breast tissue (µa = 0.005 mm-1 and µs
′   = 0.8 

mm-1). The flow rate was varied between 0 and 400 mL/min. DCS integration time was 5 s for 

measuring g2, and the g2 data samples were taken at each flow rate. The relative change of blood 

flow, rBF, is the ratio of measured BFI for each flow rate and BFI for zero flow (rBF =

BFIflow 

BFIzero flow
).  (2) To study the effect of µa on BFI, the absorption of the background liquid was 
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changed in 10 steps from 0.0035 to 0.015 mm-1 with constant µs
′  

 presented as mean (M) ± 

standard deviation (SD)) was 0.74 ± 0.031 mm-1. The flow tube was set at 10 mm depth and a 

constant 25 mL/min flow rate.  (3)  To study the effect of µs
′  on BFI, the scattering of the 

background liquid was changed in 9 steps from 0.43 to 1.67 mm-1 at a constant µa (0.0041 ± 

0.00027 mm-1). Similar to the previous experiment, DOS and DCS measurements were taken at 

each step with a constant 25 mL/min pump flow rate. 

 

Figure 2.4. Liquid phantom setup 

2.2.7 Silicone phantom with flow channel  

 

To demonstrate the capability of the probe to provide co-registered DOS and DCS imaging, a 

solid phantom was made with a 4.6 mm diameter flow channel, the top of which was located 5 

mm below the surface (see Figure 2.5).  The phantom was created with 2.7 mL nigrosin 

(0.015%), 1.05 mg titanium dioxide (0.88 g/L), and 1.2 L Polydimethylsiloxane (PDMS), 

according to (29). The previously described moving IL mixture was used inside the flow 

channel. The surface of the solid phantom was measured at the points of a 90 mm by 90 mm grid 

with 5 mm increments, centered on the flow tube (19 x 19 grid). 
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Figure 2.5. Silicon Phantom with flow channel. 19 by 19 grid (9 by 9 cm) was mapped. Flow channel area 

is shown with the vertical dashed line in the middle. 

 

2.2.8 Human subject measurement 

 

The integrated system was used to characterize a triple negative (ER-, PR-, Her2-), grade 3 

infiltrating ductal carcinoma of a 28 year old premenopausal patient. The patient was measured 3 

days following her first neoadjuvant chemotherapy infusion. The 20×30 mm tumor was located 

16 mm below the surface, as measured by ultrasound. DOS data was collected using a 90 mm by 

80 mm grid with 10 mm spacing, chosen to cover the tumor and surrounding normal breast 

tissue. In order to minimize the overall measurement time, the combined data (DOS+DCS) were 

taken at a smaller 30 x 80 mm grid centered over the tumor. The subject provided written 

informed consent, and the study protocol was approved by University of California Institutional 

Review Board (UCI HS# 1995-563). 
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Tissue chromophore concentrations HHb, HbO2, total hemoglobin (THb), lipid, water, 

and the tissue optical index (TOI = 
HHb × (water)

(lipid) 
) were calculated from the broadband absorption 

spectrum. Images were generated using cubic interpolation between the measured points. The 

TOI is a composite index that reveals contrast in more metabolically active regions (i.e., tumor) 

and was developed to identify breast tumor location from DOS data (72, 74). In addition, the 

relative tumor-to-normal oxygen consumption in mammary tissue (rMMRO2 (T/N)) was calculated 

by combining DOS and DCS data using the following Error! Reference source not found.(52)   

 

Equation 2-4 

 
rMMRO

2(
𝑇
𝑁

))
=

γT

γN
 . ( 

 HHbT

HHbN
) . (

THbT

THbN
)

−1

. (
BFIT

BFIN
) 

  

 

where T and N represent values from tumor and normal breast tissue location, respectively. In 

this model, γT(N) for either tumor or normal is the ratio of HHb to THb concentration in venous 

vasculature compare to the ratio of HHb to THb in the total vasculature. The ratio of  
γT

γN
  was 

assumed to be 1 for simplicity. Further details can be find in (52) .Normal tissue values of each 

parameter (HHb, THb and BFI) were calculated using an average of three points far from the 

tumor region.  
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2.3 Results      

 

2.3.1 Liquid phantom characterization 

 

The measured intensity autocorrelation functions, g2 , for different flow rates are shown in 

Figure 2.6a. The g2 exhibits faster decay in the presence of higher flow rate.  

 

 

 

 

Figure 2.6 DCS characterization. a) Measured intensity autocorrelation functions 𝑔2 , during 

liquid phantom depth/flow experiment for flow tube 5 mm below the surface. b) The relative 

change of blood flow, rBF, versus pump flow rates, for various flow tube depths. Depth is the 

distance between the top of the flow tube and the handheld probe. Data is the average of 10 

samples and error bars indicate standard deviation. The DOS-measured optical properties of 

the liquid phantom were µ𝑠
′   = 0.75 mm-1 and µ𝑎=0.005 mm1 at 785nm. 

b) a) 
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Figure 2.6b shows the effect of flow tube depth on rBF for different flow rates. BFI was 

calculated using the corresponding µa  and µs
′  values (0.0048 mm-1 and 0.78 mm respectively) 

from DOS. Compared to a superficial flow tube, the BFI decreased to 52%, 24%, 10% and 8% 

(mean ratio over all flow rates) when the depth of the tube was 5, 10, 15 and 20 mm, 

respectively. 

 

To illustrate the effect of absorption error on the BFI, two groups of BFI were calculated 

while varying the background IL mixture µawith a constant flow rate. The first group was 

calculated by assuming constant µa= 0.0093 mm-1 (median value) and the second group was 

calculated by using the extracted µa  value from DOS at 785 nm in each step. The average BFI for 

each group are shown in Figure 2.7a. BFI measured with constant µavalue dropped slightly for a 

constant flow rate during the absorption titration. However, BFI recovered using DOS-derived 

values remained nearly constant (with less than 5% variation). We observed that a 100% increase 

in µa  (from 0.0076 to 0.015 mm-1) induced almost 20% range of error on reconstructed BFI.  The 

DOS-measured µs
′   (M ± SD) over the absorption titration was 0.74 ± 0.031 mm-1. Increased 

variation in BFI was noted at higher absorption cases due to the decreased DCS count rate and 

signal to noise ratio.  

Next, the background IL concentration and thus µs
′  were varied with a constant flow tube 

depth and rate, with a constant absorption (M ± SD) of 0.0041 mm-1 ± 0.00027 mm-1. Like the 

absorption test, two groups of BFI’s were measured either by assuming µs
′  was constant (0.8 mm-

1) or by using the DOS-measured µs
′ . Illustrated in Figure 2.7b, a 60% increase of µs

′  (from 0.59 

to 0.94 mm-1) caused a 53% range of error in BFI – significantly more than the same 
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proportional change in absorption. When using DOS-correction, BFI was more consistent (with 

less than 12% variation). In general, we observed that an uncertainty of 0.3 mm-1 in µs
′  leads to 

approximately 53% error in BFI, while an uncertainty of 0.003 mm-1 in µa yields only 9% error.  

 

   

Figure 2.7. Effect of absorption and scattering on BFI. BFI calculated with DOS-corrected and constant 

optical properties are shown for a) constant scattering and varied absorption and b) constant absorption 

and varied scattering. The flow rate was constant during the measurements. 

 

  

 

 

 

b) a) 
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2.3.2 Silicone Phantom  

 

A phantom with an embedded flow channel was made to demonstrate imaging with the 

combined probe. The measured optical properties of the phantom (outside of the flow channel) 

were µs
′   = 0.8 mm-1 and µa = 0.008 mm-1 at 785 nm. DOS and DCS images calculated from two 

scans (no flow and 200 mL/min flow) are shown in Figure 2.8. The values of µs
′  

 and µa  (M ± 

SD) for the 3 vertical lines (total of 19 before interpolation) centered in the tube were 0.88 ± 

0.0098 mm-1 and 0.010 ± 0.00097 mm-1, respectively. BFI value (M ± SD) in this area were 

4.42 × 10−6 ± 2.52 × 10−6 mm2/s for flow 200 mL/min and 3.22 × 10−6 ± 3.19 × 10−7 mm2/s 

for flow = 0 mL/min    
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Figure 2.8 DOS and DCS images of silicone phantom with an embedded flow channel. a, b) absorption 

coefficient (µ𝑎), c, d) reduced scattering coefficient (µ𝑠
′ ) and e, f) blood flow index (BFI). Images on left 

represent no flow (a, c and e), where the images on the right represent, flow (b, d and f). Tick mark 

separation equals 5 mm. 

  

 

a) 

c) 

 e) 

b) 

d) 

 f) 

µa 

µs
′  

BFI 
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2.3.3 Human breast tumor imaging  

 

DOS and DCS images were acquired on a human breast tumor in vivo.  The DOS-measured 

optical properties over the tumor and surrounding normal tissue are shown in Figure 2.9a and 

Figure 2.9b. DCS data was collected in a smaller region over the tumor, and images of BFI were 

calculated using DOS measured optical properties (Figure 2.9c) and using constant normal 

premenopausal breast optical property values (µa=0.005 mm-1 and µs
′ =0.8 mm-1) used in a prior 

DCS study (49) (Figure 2.9d).  Peak contrasts in these maps (Figure 2.9c-d) were measured by 

normalizing the max BFI on the tumor region to the BFI over a normal region (average of three 

BFI values far from the tumor).  The BFI reconstructed with DOS measured optical properties 

had a 50% higher peak contrast than BFI reconstructed using constant optical properties values 

(266% vs 217%). Figure 2.10a-e shows images of breast tissue chromophores (HbO2, HHb, TOI, 

water, lipid) calculated from broadband DOS-measured absorption. rMMRO2(T/N) calculated 

from the DOS-measured HbO2 and HHb and the DCS BFI is shown in Figure 2.10f.  

For convenient comparison, the DCS BFI from the same region is shown in Figure 2.10g. We 

observed that the spatial distribution of BFI and rMMRO2(T/N) around the tumor shares similar 

features. However, the spatial distribution of TOI and rMMRO2(T/N) do not match, but the 

contrast from the areola is apparent in both images.  
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Figure 2.9 Integrated DOS and DCS imaging during the clinical measurement of a breast cancer patient a) 

µ𝑠
′   and b) µ𝑎 (mm-1  ) at 785 nm, c) BFI (mm2/s) reconstructed with µ𝑠

′   and µ𝑎  values measured by DOSI 

at 785nm in each, d) BFI (mm2/s) calculated with constant µ𝑠
′   and µ𝑎  values (0.8 and 0.005 mm-1 

respectively). Dashed lines (a and b) represent the region where the lesion was located and DOS+DCS 

data were taken. The areola region is outlined with a semicircle. Tick marks represent 10 mm separations. 
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Figure 2.10 Integrated DOS and DCS imaging during the clinical measurement of a breast cancer patient. 

a) HbO2 (µM), b) HHb (µM), c) Tissue Optical Index (TOI = HHb ×water/lipid), d) Water (%), e) Lipid 

(%), f) rMMRO2 (T/N) and, g) BFI (mm2/s). Dashed lines (a-e) represent the region where the lesion was 

located and DOS+DCS data were taken. The areola region is outlined with a semicircle. Panel’s f and g 

show the region that DOS+DCS data were collected. Tick marks represent 10 mm separations. 

 

2.4 Discussion  

    

In this study we fabricated an integrated DOS+DCS system designed specifically for breast 

tissue characterization, validated the system in several phantom studies, and used the system to 

characterize a human breast tumor in vivo. The clinically-compatible system uses a single 

handheld probe to collect broadband DOS and DCS data from nearly identical tissue regions. 

Usability and data collection time was optimized by creating a custom software package which 

allows the operator to enable either or both optical techniques.  

c) b) 
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BFI (mm2/s) 



28 

 

The system was characterized and validated in several liquid and solid phantom 

experiments.  First, a liquid phantom system with a submerged flow tube was developed to 

evaluate the impact of tube depth, flow speed and background liquid optical properties. To 

simulate the DCS signals relevant to breast tissue, flow rates were selected to yield rBF 

(tumor/normal) values (from 1.90 to 2.70) at tube located 15 mm below the surface based on 

previously measured flow changes of 32 patients (49). Increasing the depth of the flow tube not 

only decreases the measured flow rate but also reduces flow rate sensitivity and dynamic range. 

We found that with 28 mm source-detector separation, a linear flow signal was accessible up to 

15 mm deep. However, while flow changes were accessible for a 20 mm deep flow tube, its 

linear dynamic range was greatly reduced. R2 values derived from linear regression analysis of 

BFI at depths of 0, 5, 10, 15 and 20 mm were 0.98, 0.98, 0.98, 0.86 and 0.76 respectively.  

Next, we separately varied the absorption and scattering of the background liquid to 

demonstrate how bulk tissue optical properties can affect the DCS assessment of BFI.  Our 

experiments show the BFI error is significantly higher for inaccuracies in µs
′  compared to µa, and 

it is independent of the flow rate. Our results are comparable to those from a previous study that 

showed an uncertainty of 0.3 mm-1 in reduced scattering leads to approximately 50% error in 

BFI, while an uncertainty of 0.003mm-1 in absorption yields less than 10% error in BFI at 785 

nm (75). Although our absorption and scattering values were chosen to simulate breast tissue, 

they were varied over a large enough range to provide insight on DCS performance in other 

tissue types such as muscle and brain.   

A solid tissue-simulating silicone phantom with an embedded flow channel was 

fabricated to demonstrate co-registered DOS and DCS imaging for the first time. In the region 
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over the flow tube, we observed the expected increase in contrast in absorption, scattering, and 

BFI in both flow and no-flow conditions. BFI contrast in the no-flow case was likely due to the 

Brownian motion of the liquid scatterers. From these measurements the system is mainly 

sensitive to deep tissue lying within the field of view defined by the source – detector separation. 

Limited information is obtained from deep tissue more than 5 mm laterally outside the source – 

detector plane. Interestingly, the maximum absorption contrast was observed when either the 

source or detector was positioned directly over the phantom, while the maximum scattering 

contrast occurred at the midpoint of the source and detector, observations that were confirmed by 

Monte Carlo simulations (data not presented). Finally, even though the phantom was designed 

with a centered flow tube, we note that the flow channel appears shifted to the left in all the 

images. We verified that this is because the reference point used to position the probe was not 

located at the exact midpoint between the optical sources and detectors. 

The combined DOS/DCS was used system to characterize a high-grade breast tumor in a 

young patient. Two different images of BFI were calculated by using constant µa  and µs
′  values 

and also by extracting these values from the co-registered DOS data. Although both BFI images 

showed increased blood flow in the tumor region (slightly different spatial variation), the BFI 

images reconstructed with DOS µa  and µs
′  exhibited higher BFI. This is due to overestimation of 

µs
′  (without DOS) in some tissue regions leading to an underestimation of BFI. Overall, DOS 

derived µa and µs
′  vary by 100% and 60% respectively and the error in the reconstructed BFI 

ranges from 20% to 53 %. These findings underscore the importance of determining tissue 

optical and DCS properties from the same location. A prior study indicated that fixed optical 

properties did not significantly affect the relative change of BFI in tumor vs normal regions in a 

group of cancer patients. However, individual relative changes in BFI were clearly impacted 



30 

 

when using DOS-measured optical properties (49). In addition, assuming constant optical 

properties can be particularly impactful when monitoring a subject during chemotherapy, since 

tumor optical properties are changing differently from the background (5).  

Our clinical data further underscore the importance of incorporating blood flow in characterizing 

breast tumors. The Figure 2.10 image of rMMRO2 (T/N) illustrates the spatial distribution of 

oxygen metabolism in and around the tumor compared to the tissue optical index (TOI), a high-

contrast function used to localize tumors (30).  We observe co-localized contrast in the images 

due to the metabolically-active tissue of the areola. However, both the peak locations and 

distributions of TOI and rMMRO2 (T/N) around the tumor do not match. For example, one region 

of the tumor indicated by increased TOI contrast (x, y=2-3cm in Figure 2.10c), corresponds to a 

relatively low BFI and rMMRO2 (T/N). This is consistent with an increased vascular density but a 

lower blood flow that results in poor tissue perfusion in this region of the tumor. Consequently, 

there is a region adjacent to the peak TOI with a high BFI and rMMRO2 (T/N), which may be due 

the increased perfusion of peripheral tumor tissue. Overall, these data show how blood flow 

information augments and complements compositional data to provide a more complete picture 

of tumor perfusion and metabolism.   
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Chapter 3 Subsurface Tissue Composition and Metabolism Measurement 

with a Laparoscopic Diffuse Optical Probe 

3.1 Introduction 

 

Tissue metabolism and composition influence surgical outcomes.  Deficits in oxygen delivery 

lead to tissue ischemia and subsequent tissue damage.  Measurement of blood flow may have 

significant value in assessing implant organ viability (8) and help prevent ischemic damage 

induced during partial nephrectomy (76). Tissue composition is also important to measure (e.g., 

hemoglobin concentration) because uncoupling between blood volume (BV) and the metabolic 

rate of oxy gen consumption (tMRO2) induces damage and thus would be of significant interest 

to measure during surgery to prevent damage to internal organs (77). Tissue compositional 

characterization and metabolism may aid in disease prognosis.  Perirenal fat, which encapsulates 

the kidney, may influence renal carcinoma, yet the metabolic activity and composition of these 

fat deposits is not well known (10). Local blood flow and vascularization can be measured using 

fluorescent tracer dyes (78). While this provides helpful visualization, limitations include the 

need for intravenous injection of an exogenous contrast agent, rapid dye extravasation and 

degradation, and images do not provide quantitative information on perfusion, metabolism and 

composition that can be used to compare tissue types, different tissue regions, and different 

patients.  Laser Doppler is likewise superficial, measures large vessel flow (not capillary) and 

cannot measure blood volume. 

In order to provide simultaneous measurements of metabolism and composition during 

surgery, we have combined existing state-of-the-art Diffuse Optical Spectroscopy (DOS) and 

Diffuse Correlation Spectroscopy (DCS) technologies into a single, laparoscopic probe.  DOS 
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and DCS are well-validated technologies widely used in non-invasive biomedical applications.  

DOS provides a detailed subsurface compositional measurement of tissues.  DOS quantifies 

tissue molecular absorption, separated from scattering, whereby the photon path length is 

determined using combined frequency domain and broadband steady-state techniques.  We have 

used DOS to non-invasively measure the subsurface endogenous concentrations of oxy and 

deoxy hemoglobin, water and lipids, as well as tissue temperature, water bound state and 

cytochrome oxidation state (79-86).  DCS has been used extensively to measure subsurface 

blood flow and has been validated against other flow sensing technologies (87, 88). DCS is a 

measurement of photon coherence loss– which is mainly due to scattering and particle motion.  

The temporal decay of the photon autocorrelation function is a sensitive indicator of the motion 

of scatters, namely red blood cells, and hence blood flow. Combining DOS and DCS together 

allows for scatter-corrected measurements of tissue composition and blood flow to be measured 

in a co-registered field of view, which ultimately allows for the calculation of tMRO2 and BV.  

While the combination of broadband DOS and DCS was performed in breast tumors, and 

discrete wavelength oximetry has been combined with DCS,(87) this report is the first known 

broadband DOS/DCS combination applied to the surgical field. 

 

3.2 Material and methods 

 

A portable DOSI and DCS system was used with the combined probe to test measurement 

capabilities in non-survival pre-clinical models.  The integrated probe (Figure 3.1) is 11mm in 

outer diameter, 300 mm length, and provides DOSI/DCS source-detector (S-D) separations of 

approximately 5 mm.  
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The probe was machined from aluminum for preliminary non-sterile studies.  The probe small 

outer diameter was designed for compatibility with 12 mm trocars.  The face of the probe was 

painted matte black to reduce reflections.  There are four inserts through the front of the probe 

with set screws around the circumference to hold optical source and detector optical fibers for 

DOSI and DCS. 

The DOSI component has been previously described (80) although for this study we used a 

portable version of this same technology.  Briefly, the DOSI system recovered absorption and 

reduced scattering spectra continuously across the NIR (650-1000 nm) by combining frequency-

domain and steady-state techniques.  Light sources for the frequency-domain (laser diodes at 

660, 690, 783 and 830 nm modulated from 50 to 400 MHz) and steady state (tungsten halogen 

lamp) were combined via custom step-index optical fiber bundles (Fiberoptic Systems Inc., 

SimiValley, California). Light detectors were an Avalanche Photodiode (C5658 Module, 

Hamamatsu, Japan) for the frequency domain and a spectrometer (AvaSpec-2048x14-USB2, 

Avantes, the Netherlands) for the steady-state.  Custom optical fiber bundles combined these 

channels and delivered light to their respective detectors.  The DCS component was similar to 

existing reported technology in Chapter 2. Briefly, 785nm excitation (Crystalaser, 60mW total 

power) with a long coherence length (> 10 meters) was used to recover subsurface tissue blood 

flow.  The laser light was focused into a 200 micron core diameter step index fiber using an 

aspheric lens and 10 mW of optical power was measured out of the probe fiber. A single photon 

counting avalanche photodiode module (SPCM-AQR, Perkin Elmer) was used in TTL mode for 

detecting photons.  A single mode optical fiber coupled light from the probe into the detector 

(Thorlabs, SM600 Single mode, 600-800nm, 125 uM cladding).  The TTL output fed into a four-
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channel autocorrelation board (Flex01LQ-5, Correlator.com).  The temporal autocorrelation 

function (g2) was calculated by the correlation board using “multi tau” sampling technique.   

 

 

Figure 3.1 The integrated broadband DOSI and DCS laparoscopic probe 

 

To test the compositional recovery capability of the probe (via DOSI), we measured the renal 

capsule of the kidney.  Measurements were conducted on an anesthetized pig under written 

institutional review and approval.  For simplicity, a midline open surgical approach was 

employed to simplify the application of the DOSI\DCS probe.  Experimental data was collected 

over two time periods in order to visualize spectra differences due to metabolic changes from 

live to ischemic tissue.  In vivo measurements (n=3) were performed directly on the renal 

capsule.  Two biopsy sections were then taken at the same and measurement site.  One sample 

was fixed in cold 4% paraformaldehyde and measured with the same probe and DOSI system 

(n=5) the following day.  The other biopsy section was stored in cold phosphate buffered saline 

and imaged using Raman spectroscopy within a few hours of the in vivo measurement.  
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3.3 Results 

 

Data obtained from the DOSI channel was processed using custom software developed in 

MATLAB.(89)  The resulting average absorption spectra are shown in Figure 3.2 and the 

compositional analysis derived from these spectra is shown in  

Table 3.1. The error bars represent the variance of different measurements (e.g., picking 

up the probe and moving to a similar tissue region). The recovered hemoglobin concentrations 

demonstrate a clear change in tissue composition and metabolism between in vivo and ex vivo 

measurements.  The significant reduction in absorption below 900 nm is mainly due to changes 

in hemoglobin oxygenation state.  While the total hemoglobin concentration was similar between 

measurements, the balance of oxygenated and deoxygenated hemoglobin was not.  The 

significant reduction in deoxy hemoglobin (HHb, 3.32±2.35 µm to 0.00 ± 0.00 µm) indicates 

inactive tissue metabolism in the ex vivo tissue sample.  Data collection for the biopsy sample 

was conducted in air, causing any remaining HHb to bind to oxygen resulting in only oxy-

hemoglobin (HbO2), with some blood presumed lost in the fixing solution. 
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Figure 3.2 DOSI Measurement of porcine perirenal tissue in vivo (solid black line) and ex vivo (dashed 

red line). 

 

 

 

 

Chromophore In vivo  Ex vivo 

HbO2 17.0±5.7 µm  17.3±1.08 µm 

             HHb 3.32±2.35 µm 0.00±0.00 µm 

Water 6.23±1.41 % 11.4±0.18 % 

Lipid 90.1±13.9 % 87.8±0.37 % 

 

Table 3.1 Compositional values extracted from DOSI absorption spectra 
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Figure 3.3 DCS measurement of blood flow in the kidney 

 

 

Both in vivo and ex vivo measurements demonstrated a large absorption peak between 900-950 

nm which is indicative of high lipid content(85).  This component remained consistent between 

living and fixed tissue samples (90.1±13.9% and 87.8±0.37% for in vivo and ex vivo scenarios, 

respectively).  Note that our reported lipid percentages are not fixed volume fractions but rather 

comparisons of the measured lipid concentration with respect to pure lipids; the same is true for 

reported water measurements.  The absorption in the water band (~ 980nm) is low as indicated 

from the low recovered water concentration in both samples (6.23±1.41% vs. 11.4±0.18%, 

respectively).  The increase is likely due to sample saturation with the water-based fixing agent.   
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Raman microscopy was used to independently measure the lipid and water content of 

perirenal samples.  One biopsy sample, taken from the DOSI measurement site, was placed in 

cold PBS and imaged with within a few hours of excision.  The biopsy sample was imaged with 

a commercial confocal Raman Microscope (inVia Raman Microscope, Rennishaw Inc.) with a 

20x objective.  A laser excitation of 532nm was used and Raman shifts were collected from 

500cm-1 to 3200cm-1 with an 10s exposure time.  The whole spectrum was smoothed by 

Savitzky-Golay filtering and spectrum baseline was estimated by minimizing a non-quadratic 

cost function.  

In the Raman spectrum, bands at different wavenumbers correspond to different vibrational 

modes of chemical bonds and can be used to study the chemical composition of human 

tissue.(90, 91)  The Raman peak at 2854 cm-1 originates from CH2 symmetric stretching can be 

used an indicator of lipid content.  Raman shifts from 3050cm-1 to 3200cm-1 in adipose tissues 

are mainly due to the hydroxide stretching mode originating from water.(92)  Because water and 

fat composition comprise more than 96% of human adipose tissue, we can use relative ratio of 

Raman Intensities (mean(I3050~I3200)/(I2854 + mean(I3050~I3200))) to estimate the water 

percentage.(93)  Averaging ten measurements taken at different locations and depths yielded a 

microscopically-measured water concentration of 8.39%±1.2%.  This value agrees well with the 

macroscopically-measured DOSI value – which yielded an absolute in vivo concentration of 

6.23% and absolute ex vivo concentration of 11.4%.  If we use the two-compartment model as 

for Raman (assume water + lipids = 100%) then these values become 6.47% and 11.5% for in 

vivo and ex vivo, respectively.  This is very encouraging because there is strong agreement 

between the water concentrations measured both microscopically (via Raman) and 

macroscopically (via DOSI).  In addition, both Raman and DOSI strongly show the high lipid 
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content of the tissues.  We note that the 900 to 1000 nm spectral region is sufficient to 

characterize lipid (3rd overtone of C-H stretch) but not with the same specificity as Raman – 

additional spectral bandwidth will be needed for more specific comparisons. 

 

 

3.4 Discussion 

 

Some variations in biochemical concentration between measurements were reported by 

the DOSI system.  To replicate this effect, tests were performed on lipid-based liquid phantoms 

(milk inside a balloon) to assess the effects of probe contact pressure and angle on recovered data 

quality.  Initial results (not shown) showed high levels of agreement between measurements 

despite large variations in probe/balloon contact angle variations. Although, diffusion theory 

with short S-D separation may not stay valid, our compositional data extracted with DOSI was 

validated against Raman spectroscopy.  While further experiments are needed, we suspect that 

fluctuations seen during tissue measurements may not actually be due to technical issues (e.g., 

intensity variations), but rather due to tissue heterogeneity sampled by the probe.  This may be 

used advantageously to characterize tissue variability which may be important.   

To test the blood flow measurement capability of the probe, the DCS channel was used to 

measure kidney hemodynamics during clamping and release of the renal artery.  Kidney optical 

properties (absorption and reduced scattering) were measured prior to occlusion using the DOSI 

channel at 785nm; these optical properties are needed to accurately separate intensity variation 

due to absorption and scattering separate from particle motion as described by the correlational 
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diffusion equation.(87)  In this study, the DOSI and DCS channels were not operated 

simultaneously so that the kidney optical properties were not updated throughout the occlusion.  

Ten time series measurements, each with 10 second sample times, was taken by the DCS channel 

during occlusion (0-40 second) and release conditions (50-100 second) (see Figure 3.3).  The 

units provided are that of an effective flow diffusion coefficient (Dm) derived from the motion of 

optical scatterers (i.e., red blood cells).  Changes in Dm have been shown to correlate well with 

changes in blood flow measured by conventional methods.(88)  We note that the DCS-measured 

flow via Dm is really sampling at the perfusion/small vessel level, not the large blood vessels. 

The effect of blood flow restriction is clearly observed from t=0s to 40s as the flow index 

Dm is nearly zero (10-7 mm2/second); studies have shown that this low Dm value is effectively 

zero flow by direct comparison with arterial spin labeled perfusion MRI in skeletal muscle.(88)  

Blood flow was restored after clamp release at t=40s, increasing nearly 10,000 fold.  The typical 

overshoot, due to arterial elasticity, was observed after the release.  Normal kidney blood flow 

can vary from 300 to 700ml/per 100g/min, depending upon location.(94)  While we do not have 

an independent concurrent measurement of blood flow at the perfusion level, we note that 

occlusion measurements in skeletal muscle yield Dm in the range of 10-5 mm2/s corresponding to 

flow rates in the range of 50mL/per 100g/min.(88) 

A combined DOSI spectroscopic and DCS flow probe has been described capable of recovering 

composition and metabolism (e.g., hemoglobin, water, and lipid content as well as blood flow).  

This device may provide key advantages during laparoscopy by providing on-site information on 

subsurface metabolic activity and biochemical content.  Immediate subsurface compositional and 

metabolic assessment of tissues could impact surgical practice.  Surgery invokes stress response 
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in tissues.  Some tissues may become ischemic; however, measurement of hemoglobin saturation 

may change (or appear to change) for reasons other than ischemia (e.g., confounding factors such 

as tissue scattering).  True assessment of tissue oxygenation and metabolism involves 

measurement of oxygen delivery, oxygen consumption and energy production of the local tissue.  

These parameters can be measured provided also that tissue composition is known (e.g., 

hemoglobin concentration).  Local bleeding and ischemia could be detected (e.g., cutting sub-

surface vessels).(83)  Benign versus malignant tissue could be discriminated (e.g., cancer margin 

detection) by composition and metabolism.(81)  Metabolic and compositional response to 

treatment could be measured (e.g., neoadjuvant chemotherapy and photodynamic therapy).(80)  

New insights into the disease process could be measured by characterizing biochemical and 

metabolic tissue states.  The probe would allow surgeons to characterize tissue subsurface 

biochemistry and function, metabolism using a familiar form factor.  While further work is 

clearly needed, this report describes the first steps toward translating these combined 

technologies into minimally invasive surgery. 
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Chapter 4 Combined DOSI - DCS for Real time Subsurface Imaging of 

Tissue Composition, Metabolism, and Vascular Dynamics. 

 

4.1 Introduction 

 

Abnormal tissue metabolism has been seen in a wide variety of disease states including, 

cancer, arterial disease and neurodegenerative disorders (95-99). It is well known that this is the 

result from the down-regulation of tissue oxygen consumption when the tissue is in a hypoxic 

state (95-101). Tissue oxygen metabolism (tMRO2) has been quantified and shown to be 

decreased in patients with peripheral arterial disease (PAD) (102). tMRO2 has also been used to 

monitor and predict outcome of cancer treatment (7, 103-106). Therefore, the clinical 

significance of quantifying tMRO2 provides both an approach for diagnosis and monitoring 

cancer treatment.  

Using DOSI for tissue oxygenation and DCS for blood flow, we can combine the two 

modalities to capture tMRO2, noninvasively. Previously, we have shown that the combination of 

DOSI/DCS into a spatially co-registered can be used to characterize breast tumors through 

metabolic imaging (32). Limitations of this study included low frequency of data acquisition and 

the inability to collect both DOSI and DCS data concurrently. Without a higher frequency for 

data acquisition, pulsatile information could not be obtained which limits the instrument in 

applications where pulsatile information is critical to reveal information regarding vascular 

dynamics including Peripheral arterial disease (PAD) (107). 
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 Also, imaging was performed using a conventional grid mapping system. This method 

requires a grid to be drawn in advance and data collection to be taken point by point. Using the 

conventional grid mapping system slows data acquisition time.   

In this Chapter, we aim to develop and validate a high-speed, spatially co registered, 

DOSI/DCS metabolic imaging system. The combination of the software correlator DCS and 

DOSI system enables us to increase resolution of hemoglobin concentration and blood flow up 

to 5 and 20 Hz, respectively. Moreover, we used a commercial tracking system to improve both 

the mapping speed and spatial resolution.  

Our high-speed DOSI/DCS system was validated in both human and phantom studies. 

Phantom studies were performed to construct two-dimensional (2-D) imaging and validate the 

combination of using DOSI with DCS. Occlusion studies were performed on human subjects to 

demonstrate measurements of tissue oxygenation and blood flow. During the occlusion we 

show that the co-registered, high-speed DOSI/DCS system can provide information about tissue 

composition, vascular dynamics, and tMRO2. We then applied our metric for quantifying 

tMRO2 at two different tissue sites, abdomen and forearm. We show significantly lower 

metabolic activity in tissue with higher subcutaneous adipose when compared to tissue 

representing more lean muscle. Using broadband and pulsatile data, we image the spatial 

variation of tissue metabolism seen in both the abdomen and forearm. Finally, we show the 

pulsatile BFI and PPG data extracted from DOSI/DCS could potentially contain important 

information regarding vascular stiffness.  
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4.2 Material and methods 

 

4.2.1 Instrumentation 

 

A block diagram illustrating the combined DOSI and DCS system is shown in Figure 4.1a. The 

integrated fast DOSI/DCS handheld probe is shown in Figure 4.1b.   

4.2.2 DOSI Hardware 

 

DOSI estimates broadband near-infrared (NIR) (650 to 1000 nm) reduced scattering (μ𝑠
,
) and 

absorption coefficients (μ𝑎) of turbid media through a combination of frequency domain photon 

migration (FDPM) and continuous wave (CW) NIR spectroscopy (108). The principle of the 

measurement has been previously described (109).The system utilized here is based on a 

commercial 1.3-GHz network analyzer (TR1300/1, Copper Mountain Technologies, 

Indianapolis, Indiana) and a high-speed 1-mm-diameter avalanche photodiode (APD) detector 

(C5658 with S6045-03 APD, Hamamatsu Photonics, Shizuoka Pref., Japan). A total of 9 laser 

diodes are available in the system, with 6 laser diodes (727, 807, 833, 855, 929 and 975 nm) 

utilized for this study. The laser diodes are sequentially swept from 50 to 400 MHz (each ∼ 20 

mW average power at the tissue) to acquire multifrequency phase and amplitude measurements 

of diffusely propagating photon density waves for each wavelength. The CW component of the 

DOSI system consists of a tungsten-halogen white light source (HL-2000-FHSA, Ocean Optics, 

Largo, FL) and a spectrometer (HS2048XL-U2, Avantes, Apeldoorn, Netherlands) to measure 

the backscattered reflectance spectra in the wavelength range 650 to 1000 nm. When the 

broadband CW components are utilized, measurement delays are dominated by the integration 
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time requirement of the spectrometer which may range from hundreds of milliseconds to several 

seconds. For this study, hemoglobin concentration is extracted exclusively by the FDPM optical 

technique. FDPM measurement time is governed by the maximum frequency sweeping rate of 

the network analyzer. As frequency sweeping is applied to each laser diode sequentially, the 

number of laser diodes participating in a measurement directly impacts the data acquisition rate. 

To achieve rapid FDPM data acquisition, 4 laser wavelengths sensitive to hemodynamics while 

also achieving high signal-to-noise ratio were selected resulting in a measurement rate of 

approximately 5 Hz. Photoplethysmographic (PPG) information can also be extracted by using a 

laser diode in CW mode and the spectrometer with a low integration time. Post-processing 

includes a median filter (MATLAB function “medfilt1”, 3rd order). 

 

4.2.3 DCS hardware 

 

The DCS optical source is a long coherence-length (> 20 m) CW 785-nm laser (Crystalaser, 

Nevada). Laser output was adjusted to 45 mW. The DCS detectors consisted of four photon-

counting modules (SPCM-AQRH-15-FC, Excelitas, Canada). The digital output of each detector 

was connected to a PCIe6612 board eight-channel counter/timer (National Instrument) to sample 

the digital pulses generated by the detectors.   

4.2.4 DCS Software correlator  

 

A real-time DCS software correlator was developed on a personal computer (Dell Inpiron, Intel 

Core i5, 6GB RAM) using an 8 channel PXI-e6612 counter/timer data acquisition board 

(National Instruments, Austin, TX). A custom software program (C#, Visual Studio) was 
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developed to operate the PCI-e6612 card. The PCIe6612 module has a 100MHz internal time 

base with eight counter/timers. A series of digital pulses (generated by a detector) are directed to 

each counter with the default counter time-base of 100 MHz. Counter values increment by 1 in 

the edge of each digital pulse. To keep track of time, counter values are sampled with a user 

defined sampling frequency (fs) and values are stored in the buffer. Therefore, the number of 

samples (counts) are available in the buffer represents the number of photons that reach the 

detector in every 1/fs second. The accumulated counts in the buffer are transferred to the 

computer with a user defined integration time (t). The autocorrelation function (g2) for different 

delay times (τ) is constructed by using the following equation: 

𝑔2(𝜏) =
〈n(i) n(i + τ)〉

〈n(i)〉 〈n(i)〉
 

Where 𝑛(𝑖) represents the counts at the ith buffer register and 〈 〉 denotes the time average over 

all the integration points for each delay time (τ). In this study, fs was set to 1 MHz with 50 

millisecond integration time. 𝑔2(𝜏) was measured over 40 delay times ranging from 1 

microsecond to 250 microseconds. Noted that 𝑔2(τ) sampling frequency is based on the 

integration time (1/t). The further details for the software based correlator can be found in (110). 

𝑔2(τ) was then fit to the semi-infinite light approximation model (using estimated DOSI 

optical properties) to calculate the flow of the moving particle, known as Blood Flow Index 

(BFI) (61). Utilizing this software correlator technique enabled us to measure BFI up to 20 Hz.   
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Figure 4.1. Block diagram of the highspeed DOSI/DCS instrument, red color represents the multimode 

source fibers. Black arrows represent the collection fiber bundles, which include a DOSI spectrometer 

fiber and DCS bundle contains four single mode fibers (shown with yellow lines). The orange line 

represents an RF cable. (b) Diagram of the handheld probe. A notch and bandpass filter centered at 785 

nm in front of the spectrometer and DCS detectors are shown with white and red, respectively. The DOSI 

APD (in the middle) is highlighted with orange. 

 

 

4.2.5 Integrated high-speed probe 

 

DOSI and DCS sources and detectors were integrated into a single handheld probe. 

Source-detector (s-d) distances are adjustable at 22, 28, and 34 mm. For our study, s-d was set to 

22 mm. Figure 4.1b shows a diagram representing the DOSI/DCS integrated handheld probe. A 

ten-fiber bundle of 200μm step-index multimode fibers were used for the DOSI/DCS light 

source. A 3-mm-diameter bundle of 50μm multimode fibers was used for the DOSI CW light 

source. DCS and DOSI (broadband detector/spectrometer) detector fibers include four single 

mode fibers and a 1-mm-diameter solid, multimode fiber, respectively (LEONI Fiber Optics Inc., 
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Virginia). The FDPM APD detector was temperature-controlled and integrated in the probe to 

allow direct tissue contact.  

To mitigate crosstalk between DOSI optical sources and DCS detectors, a 785 nm 

bandpass optical filter with a high transmission efficiency (>90%) and 10 nm bandwidth (LD01-

785/10-5-D, AVRO Inc. a Delaware corporation dba AVR Optics) was placed in front of the 

DCS detector fiber bundle. Similarly, to mitigate DCS light sources from affecting DOSI 

measurements, a 785 nm single notch filter with 39 nm bandwidth and >90% transmission 

efficiency (NF03-785E-25, AVRO Inc. a Delaware corporation dba AVR Optics) was placed 

into the handheld probe in front of the spectrometer detection optical fiber. 

Custom software (C#, Visual studio) was created for parallel data acquisition of both 

DOSI/DCS instruments. Software interface allowed selection between two instrument operating 

modes. Simultaneous data acquisition of FDPM, CW DOSI and DCS in real-time and full 

broadband spectroscopy was performed using mode 1 and 2, respectively.  
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4.2.6 Phantom experiment 

 

4.2.6.1 Liquid phantom experiment 

A liquid intralipid (IL)-based system with a submerged flow tube (3 mm ID, 0.8 mm wall) was 

used to investigate the effect of both DOSI diodes and bandpass optical filters when calculating 

BFI. For all experiments, a mixture of IL and nigrosin ink was used as a moving liquid through 

the flow tube. The predicted μ𝑠
,
 and μ𝑎 of the moving liquid at 833 nm were 20 and 0.05  𝑚𝑚−1, 

respectively. These values are determined based on DOSI measurements. A tube network was 

connected in series to a syringe pump (Pump Systems, Inc.). The liquid surrounding the tube 

was created to simulate tissue optical properties (μ𝑎  = 0.007  mm−1 and μ𝑠
,
 =0.85  mm−1). The 

combined DOSI/DCS probe was placed at the surface of the liquid. The distance between top of 

the flow tube and probe surface was about 7 mm. The pump flow rate varied between 0 and 

100 mL/min in 4 steps. BFI samples were collected for one minute in each step. This procedure 

was repeated for three different measurement conditions: (1) DOSI/DCS, simultaneously with no 

bandpass optical filter, (2) DOSI/DCS, simultaneously with bandpass optical filter, and (3) DCS 

only. The bandpass optical filter was not used during the DCS only measurement.  

4.2.6.2 Silicone Phantom with Flow channel 

A solid phantom was made with a 1.5 mm-diameter flow channel to demonstrate the imaging 

ability of the combined co-registered DOSI/DCS probe. The depth from the top of the channel 

and surface of the phantom was 6 mm. The phantom was formulated with 2.6 mL nigrosin ink 

(0.016%), 1.05 mg titanium dioxide (0.89 g/L), and 1.2 L polydimethylsiloxane, according to 

Ref (111). The flow channel contained the IL-nigrosine mixture that was previously described.  
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4.2.7 Human subject measurement 

 

The high-speed DOSI/DCS instrument was used to characterize the tissue metabolism on the 

forearm and abdomen of five healthy subjects.  

4.2.8 Two-minutes arterial occlusion experiment 

 

A 2-min arterial occlusion was performed on five healthy male subjects (ages 25 to 34 years 

old).  Participants sat in a relaxed position for at least 10 minutes prior to data collection. During 

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

around the upper left arm. The DOSI/DCS handheld probe was then placed distal to the cuff on 

the subjects’ forearm.  Data collection consisted of pre- and post-occlusion time periods set at 2 

and 5 minutes, respectively. The pre-occlusion time period was used to measure baseline. The 

duration of the occlusion was limited to 2 minutes for all participants. During the occlusion 

period, the cuff pressure was set to 220 mmHg. Simultaneous DOSI/DCS data was collected to 

analyze underlying tissue physiology. The study took place at the Beckman Laser Institute and 

Medical Clinic, University of California, Irvine under a UC Irvine IRB-approved protocol (HS 

#2004-3626).  

4.2.9 Calculation of metabolism 

 

Previous studies have used hemodynamic variables and blood flow to calculate relative tMRO2 

(112-115). Blood flow, Oxygen Extraction Fraction (OEF), [𝑂2]𝑎𝑟𝑡𝑒𝑟𝑖𝑜𝑙𝑎𝑟  and tMRO2 can be 

related using Fick’s law as shown in Equation 4-1.  
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Equation 4-1 

 
tMRO2 = OEF .  Blood Flow.  [O2]a     

 

 

Where [𝑂2]a represents the micromolar concentration of arterial oxygenation. OEF is the oxygen 

fraction removed from arterial hemoglobin, representing the conversion of oxygen from 

arterioles to venules.   

 
 
 

Equation 4-2 

 

 

OEF =  
SaO2 −  SvO2  

SaO2
    

 

 

SaO2 and SvO2 are saturation of oxygen in arterioles and venules respectively.   

DOSI quantifies tissue oxygen saturation (StO2) from a mixture of arterial, capillary, and venous 

blood. Therefore, it is necessary to approximate OEF (112) using  

         Equation 4-3 

 
OEF =

SaO2 −  StO2  

γ SaO2
     

 

 

  Where γ indicates the percentage of blood volume contained in the venous component of the 

vascular system. SaO2 can be measured from blood gas measurement. Assuming 100% arterial 

oxygen saturation, Equation 4-4 can be simplified to 

Equation 4-4 

 
OEF =

1 −  StO2  

γ 
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tMRO2 in Equation 4-1 is the amount of oxygen consumed by tissue per time therefore it has the 

unit of mass per time (e.g. µM/Sec). Volumetric blood flow in Equation 4-1 can be calculated 

from BFI, which represents a unit of square millimeter per second (
 mm2  

sec
) using the Equation 4-5 

(116, 117). 

                                                       

Equation 4-5 

 

Blood flow = (α) (BFI) 

 

 

α is a constant that allows us to convert BFI to volumetric blood flow (volume per time).     

Inserting Equation 4-6 and Equation 4-5 into Equation 4-7, we have 

                                   

Equation 4-8 

 
tMRO2 =

α

γ
.  [O2]a .  BFI .  (1 −  StO2)  

A tissue metabolic factor (MF) was used to calibrate relative metabolism to absolute metabolism.  

MF is tissue specific and defined as: 

                                                          

Equation 4-9 

 
MF =

𝛼

𝛾
.  [𝑂2]𝑎         

Thus, Equation 4-10 can be rewritten as, 

Equation 4-11 

 
 tMRO2 =     MF.  BFI . (1 −  StO2)   

 

 

Where StO2 is the fraction of oxy hemoglobin (HbO2) over the total hemoglobin (THb = HHb +

HbO2). HHb and Hb𝑂2 represents the oxy and deoxy hemoglobin respectively.  
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4.2.9.1 Forearm (Muscle) metabolism 

Forearm metabolism was calculated under two conditions, non-occluded and occluded. 

Forearm metabolism was extracted during the 2-minute arterial occlusion. Based on probe 

position, the optical signal was assumed to represent the flexor muscle. Therefore, tMRO2  and 

MF  measured on the forearm represent muscle metabolic rate of oxygenation (mMRO2) and 

metabolic factor of muscle respectively. 

      In addition, mMRO2 during the arterial occlusion can be calculated from the increasing rate 

of change in  HHb during the arterial occlusion (zero flow condition). (118) 

Equation 4-12 

 
mMRO2 = 4.

d[HHb]occlusion  

dt
 

 

 

The rate of change in [HHb] during the occlusion was multiplied by 4. This was done because 

there are four hemes per hemoglobin molecule. 

In contrast with Equation 4-13 where 𝑀𝐹 on the forearm is unknown, Equation 4-14  provides a 

method to calculate absolute metabolic rate on the forearm (𝑚𝑀𝑅𝑂2) in the absence of blood 

flow during an arterial occlusion. Furthermore, it is possible to estimate the 𝑀𝐹 on muscle by 

assuming 𝑚𝑀𝑅𝑂2 is constant before and during the occlusion. This assumption is valid due to 

the fact that the blood contained in the tissue at the beginning of the occlusion is fully 

oxygenated (116). Therefore, the rate of [𝐻𝐻𝑏]𝑜  increase at the onset of the occlusion is equal to 

𝑚𝑀𝑅𝑂2 from Equation 4-15 

Equation 4-16 
4.

d[HHb]o

dt
= MF.  BFIbl . (1 −  StO2bl

)    
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In this expression, StO2bl
  refers to average muscle oxygen saturation at the baseline (prior to 

occlusion). Average BFI during an arterial occlusion represents zero biological flow. BFI𝑏𝑙  was 

calculated by subtracting the average BFI at the baseline from the zero biological flow. 

[HHb]o refers to the average deoxyhemoglobin concentration at the beginning of the occlusion. 

MF can be calculated by: 

Equation 4-17 

 MF = 

d[HHb]o

dt
BFIbl. (1 −  StO2bl) 

 

 

 

Reinserting the MF into Equation 4-18 enabled us to calculate the absolute metabolic rate of 

muscle (mMRO2) in the presence of blood flow.  

4.2.9.2 Abdomen (Fat) metabolism 

Abdominal tMRO2 was calculated from DOSI/DCS measurements on abdomen. We assumed 

that the optical signal during these measurements represent fat tissue. Therefore, tMRO2 

represents the fat metabolic rate of oxygenation (fMRO2).  

Since the fraction of relative fat to relative muscle tissue metabolism is equal to the 

fraction of absolute fat to absolute muscle metabolism, we have: 

Equation 4-19 

 

 relative mMRO2 

relative fMRO2 
=

mMRO2 

fMRO2 
       

 

 

Solving for 𝑓𝑀𝑅𝑂2 , we have 
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Equation 4-20 

 

𝐟𝐌𝐑𝐎𝟐 =  𝐦𝐌𝐑𝐎𝟐  .  
𝐫𝐞𝐥𝐚𝐭𝐢𝐯𝐞 𝐦𝐌𝐑𝐎𝟐 

𝐫𝐞𝐥𝐚𝐭𝐢𝐯𝐞 𝐟𝐌𝐑𝐎𝟐 
              

 

𝑚𝑀𝑅𝑂2 𝑚 is calculated during the arterial occlusion. Finally, the relative metabolic rate of fat to 

muscle can be approximated by (112) : 

Equation 4-21 

 

relative mMRO2 

relative fMRO2 m
 =  

BFImuscle

BFIfat
×

1 − SO2,muscle

1 − SO2,fat
×

γ
fat

γ
muscle

 

 

 

For simplicity, we assume that 
γfat

γmuscle

 is 1 and [O2]𝑎 remains constant in both fat and muscle. By 

inserting Equation 4-20 into Equation 4-21, we have 

Equation 4-22 

 

𝐟𝐌𝐑𝐎𝟐 =  𝐦𝐌𝐑𝐎𝟐  .
𝐁𝐅𝐈𝐦𝐮𝐬𝐜𝐥𝐞

𝐁𝐅𝐈𝐟𝐚𝐭
×

𝟏 − 𝐒𝐎𝟐,𝐦𝐮𝐬𝐜𝐥𝐞

𝟏 − 𝐒𝐎𝟐,𝐟𝐚𝐭
 

 

4.2.10 Cold pressor challenge 

 

The cold pressor challenge was performed on a single human male subject. This test 

involved placing the subject’s hand in an ice bath to cause peripheral vasoconstriction. Data was 

collected on the non-submerged hand. Measurements were taken for 2 minutes to acquire 

baseline before hand was placed in ice bath. The hand was then submerged for 2 minutes. 

Immediately after, data was collected on the non-submerged hand. This study was repeated four 

times on two different days to assess repeatability. This study was done under a UCI IRB-

approved protocol (HS #2004-3626).  

4.2.10.1 Pulsatile information 

The data collected from the cold pressor challenge was acquired to extract PPG and BFI 

signals from DOSI and DCS, respectively. Pulsatile information content was analyzed using two 
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signal processing methods: 1) Time-Delay (TD) and 2) Harmonic Ratios. TD was defined as the 

difference between the systolic peak of PPG and BFI signal. TD was calculated by using a 

peakfind function in Matlab. Multiple TDs were calculated during the baseline and cold presser 

challenge periods. 

Frequency components of the BFI waveform (spectral intensity) were extracted using 

Fast Fourier transform function (FFT) in Matlab. The height of each harmonic was used to 

calculate the harmonic ratios, particularly the ratio of the first peak to the third peak (H1/H3). 

Like TDs, harmonic ratios were calculated during the baseline and cold pressor challenge. 

4.2.11 Tracking 

 

Probe position was determined using an HTC Vive system (HTC Corp.) consisting of a Vive 

Tracker and base station. The tracking unit was directly attached to the handheld probe and the 

base station was mounted above, 3 feet away.  This tracking system uses no external cameras. 

Two infrared laser emitters send out alternating horizontal and vertical sweeps at 60 Hz which 

are then detected by photodiodes on the tracking unit. Coordinates and orientation information of 

the Vive Tracker are resolved based on the difference in time at which the various photodiodes 

detect the laser    light. The tracker then transfers this information (x, y, z, pitch and roll) to the 

computer through a Bluetooth connection. We performed several characterization studies (data 

not presented) to ensure the precision and accuracy of the system. Further details of the HTC 

Vive tracker technology has been presented (119).  

4.2.12 Image analysis 
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Scanning was performed within a 60 mm x 60 mm square region on the phantom surface, 

centered over the flow channel. During the scan, roughly 1500 and 3200 samples were taken for 

DOSI and DCS, respectively. 2-D images of µa, µs, and BFI were reconstructed by interpolating 

the scattered data measured during the scan defined by the x and y coordinates. Image processing 

was performed using the MATLAB function, grid data with cubic interpolation method. This 

function averages multiple samples taken from the same location.    

In vivo data scanning was performed for forearm and abdomen within a 10 x 30 mm 

region and 80 mm x 50 mm region, respectively. tMRO2  images for abdomen and forearm were 

reconstructed similarly to the phantom study. 

Real time DCS scanning with the handheld probe was deemed non-feasible. Probe 

movement caused error on BFI during DCS data acquisition. To eliminate error during probe 

movement, data acquisition was controlled by a USB clicker. DOSI data was unaffected by 

probe movement.                                  

4.3 Results 

 

4.3.1 Liquid phantom characterization 

 

The effect of DOSI laser diodes on BFI with and without the bandpass optical filter was 

investigated in separate measurements. For each measurement, BFI samples were collected in 

different flow conditions. BFI was then normalized to zero flow. Normalized BFI (mean ± 

standard deviation) was measured using DCS for flow rates 0, 10, 25, 50 ml/min were 0.98 ± 

0.09, 1.75 ± 0.11 3.33 ± 0.09 and 7.46 ± 0.12, respectively. BFI measured for the same flow rates 

during the simultaneous emission of DCS and DOSI sources were 0.99 ± 0.13, 2.01 ± 0.89, 2.71 
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± 1.04 and 6.52 ± 2.34. Finally, this measurement was repeated after adding a bandpass optical 

filter. Normalized BFI for 0, 10, 25 and 50 mL/min flow rates were 0.99 ± 0.07, 1.80 ± 0.08 3.29 

± 0.12 7.34 ± 0.09, respectively. 

Potential light contamination of the DCS 785nm laser on DOSI measurements was also 

investigated. We measured several phantoms with the DCS laser on and off with no significant 

changes in DOSI reported absorption and scattering. 

4.3.2 Silicon phantom 

 

A phantom with an embedded flow channel was made to demonstrate imaging with the 

combined probe. μ𝑠
,
 , μ𝑎 and BFI were measured at a constant flow rate as shown in Figure 

4.2(a-c). The measured optical properties of the phantom (outside of the flow channel) were μ𝑠
,
 = 

0.7   mm−1 and μ𝑎 = 0.006 mm−1 at 833 nm. The values (mean ± standard erorr) of μ𝑎, μ𝑠
,
 and 

BFI values for the two lines centered on the flow tube were 0.009 ± 0.0001, 0.85 ± 0.01 and 

4×10-6 ± 1.72×10-7 respectively. μ𝑎 and μ𝑠
,
 spectrum (650 to 1000 nm) for two regions (outside 

of the flow channel and on top of the flow channel) were recovered, and shown in Figure 

4.2(d,e). Average μ𝑎 and μ𝑠
,
 over the whole spectrum were raised about 50% and 38% 

respectivly on the flow channel compared to area outside of the flow channel. Timeseries BFI 

data measured on these regions are shown in Figure 4.2f. The coefficient of variation (COV), 

defined as standard deviation over the mean (SD/M), was calculated for the 7 second timeseries 

BFI data. COV on the flow channel and outside the flow channel were 0.020 and 0.014, 

respectively.  
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Figure 4.2 Images of silicone phantom with an embedded flow channel. (a) Absorption coefficient 𝜇𝑎, (b) 

reduced scattering coefficient 𝜇𝑠
,
, at 833 nm and (c) BFI at 785 nm. (d, e, f) demonstrate the 𝜇𝑎, 𝜇𝑠

,
 

spectrum and BFI from two points on the phantom, inside the flow channel (red color), and outside the 

flow channel (blue color). Tick mark separation equal 10 mm. 
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4.3.3 Metabolism 

 

An example case representing time-series data captured using high-speed DOSI/DCS probe 

during an arterial occlusion is shown in Figure 4.3. This data was used to extract information 

regarding muscle metabolism.   

For all subjects the average baseline values recorded were 51.4 ± 1.7, 106.7±3.2, 158 ± 

1.9 and 0.93 x 10-6 for HHb, HbO2, THb, and BFI, respectively. During the occlusion we 

observed an 80% increase in HHb and a 50% decrease in HbO2 when compared to baseline. 

Also, BFI dropped an average 67% during the occlusion for all subjects. BFI during the arterial 

occlusion represents zero biological flow. THb remained constant during both the baseline and 

occlusion. Reactive hyperemia was observed once the cuff was released. This is represented in 

Figure 4.3 at minute 4. During the period of post-release, HHb began to decrease. The 

hemodynamic and BFI changes during the occlusion are shown in Figure 4.3(a-b). 

The initial slope in HHb during the occlusion was used to measure mMRO2 . The black 

dotted line shown in Figure 4.3a represents 
d[HHb]o

dt
. The mMRO2 (Mean±SD) for all subjects 

measured during the occlusion was 1.43 ± 0.25. After the cuff was released, we observed an 

increase in mMRO2 . Changes observed in mMRO2  during the occlusion are shown in Figure 

4.3c.  

Metabolism was also calculated on the subjects abdomen using Equation 4-22, 

representing fMRO2 . The fMRO2  for all subjects was 0.61 ± 0.10. Both mMRO2  and fMRO2  are 

represented in                                      Figure 4.4.  

 



61 

 

 

 

  

Figure 4.3 Time series data of 2-minutes arterial occlusion. From top to bottom, Hemoglobin 

concentration, BFI and mMro2. The top plot represents the HbO2, HHb and THb in red, blue and yellow 

respectively. Parameters extracted from HHb and BFI to calculate metabolism are shown in a and b. C) 

Absolute metabolism on the forearm. 

a) 

b) 

c) 
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                                     Figure 4.4 tissue metabolism measured on 5 subjects. 

 

Data was measured at a single location in both the forearm and abdomen, shown in Figure 4.5(a-

d). The broadband measurement of the μ𝑎 and μ𝑠
,
 for 5 measured subjects are shown in Figure 

4.5a and b, respectively. There was an observed higher mean μ𝑠
,
 value in the abdomen versus 

forearm during full broadband measurements. Also observed, was an upward shift in the 

absorption spectra for forearm when compared to abdomen.   
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Beat-to-beat BFI and PPG was not resolved clearly in the abdomen. However, pulsatile 

information was much for visible in the forearm. We observed a higher peak-to-peak value in 

forearm measurements when compared to abdomen for both the BFI and PPG signals. BFI and 

PPG data are shown in Figure 4.5(c,d).  

Example maps of mMRO2  and fMRO2   for a subject are shown in Figure 4.5.e and f. The 

average mMRO2 and fMRO2 values (M±SD) over the all spatial locations were 0.87±0.10 and 

0.59 ± 0.13 respectively.  

 

Figure 4.5 Human tissue characterization. (a, b) reduced scattering and absorption coefficient of a 

single pixel on forearm (red color) and abdomen (blue color) from five subjects. (c, d) represent the 

time series BFI and PPG of the point measurement on the forearm and abdomen of a subject. (e, f) 

Images of absolute metabolism on forearm and abdomen. 
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4.3.4 Cold pressor challenge 

 

The cold pressor experiment was performed in a single subject to demonstrate information 

regarding vascular dynamics can be extracted using high-speed DOSI/DCS probe. A sample BFI 

and PPG from a subject’s forearm is shown in Figure 4.6b.  

Figure 4.6a shows a single time-delay (TD) between the PPG and BFI. Baseline (mean ± SD) 

and ice pressor challenge TD (mean ± SD) were 0.19 ± 0.05 and 0.25 ± 0.07 respectively. These 

values represent a calculated average from four measurements performed over two days.  

Figure 4.6c shows the sample BFI harmonic content during the 2-minute baseline. 

Similar to TD, Harmonic ratio (H1/H3, shown in Figure 4.6c) was calculated during and prior to 

cold pressor challenge. We observed an increase in harmonic ratio 4.87±1.56 (baseline value) to 

10.83±2.45 (ice pressor challenge).  
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Figure 4.6 BFI and PPG pulse extracted on the forearm. (a) Time-delay between PPG and BFI. (b) 

demonstrates the simultaneous PPG and BFI waveform. (c)  Harmonic contents from the 1-minute BFI 

waveform. 

 

4.4 Discussion 

 

In this work, we fabricated an integrated, high-speed, DOSI/DCS system for sub surface 

tissue metabolic imaging, validated the system in several phantom studies, and performed tissue 

measurements in 5 human subjects. We added a tracking sensor to the instrument with a unified 

software to enable time efficient scanning and image reconstruction. Combined high speed 

DOSI/DCS instrument provides real-time (up to 5 Hz) quantitative information of tissue 

compositions (oxy, deoxy hemoglobin, water and fat), blood flow index (up to 20 Hz) and 

oxygen metabolism. In addition, we demonstrate that simultaneous pulsatile flow and PPG 

waveforms extracted from the instrument contained physiological arterial information.  

The system was characterized in several liquid and silicone phantom experiments.  First, 

a liquid phantom with a submerged flow tube was developed to evaluate the impact of DOSI 

laser diodes on BFI measured by DCS. We observed that optical contamination from DOSI 



66 

 

lasers diodes affected DCS BFI results with errors up to 30%. This is most likely due to 

DOSI/DCS mode hopping caused from simultaneous excitation by multiple laser sources. This 

error was mitigated using a narrow band optical filter to block wavelengths of DOSI laser diodes. 

Differences in BFI measured values between the combined DOSI/DCS measurements and DCS-

only measurements were within margin of error. 

A solid tissue-simulating silicone phantom with an embedded flow channel was created 

to demonstrate the spatially co-registered information content of μ𝑎, μ𝑠
,  and BFI. We observed a 

higher contrast of μ𝑎 , μ𝑠 
,

and BFI in the region over the flow channel. With high data acquisition 

frequency, we were able to obtain multiple samples for a single location on the phantom. This 

allowed us to average multiple samples which resulted in precise edge detection and a clear 

representation of the flow channel. Also, we demonstrate the ability to recover a single pixel μ𝑎, 

μ𝑠 
,

, and BFI in full broadband (650 to 1000 nm). The upward shift in the spectra observed in μ𝑎  

and μ𝑠 
,

 in the region over the flow tube compared to the background is due to the highly 

absorbing and scattering liquid in the flow channel.  

With our high-speed DOSI/DCS instrument we were able to acquire, real-time 

information regarding relative changes of tissue hemodynamics and blood flow during an arterial 

occlusion, in-vivo. Figure 4.3 demonstrates temporal tracings of total hemoglobin (THb), 

oxyhemoglobin (HbO2), and deoxyhemoglobin (HHb), in response to an arterial occlusion. We 

observed an increase in HbO2 and decrease in HHb immediately after cuff inflation. These 

changes represent tissue metabolism and oxygen consumption due to decreased blood supply at 

the measured tissue site, distal to the tourniquet. During the occlusion, we observed no changes 

in THb. This indicates sufficient arterial occlusion and complete shutdown of the blood supply 
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due to the applied tourniquet pressure. Similarly, an immediate drop in BFI was observed due to 

the tourniquet inflation.  

We observed a hyperemic response in all subjects measured. This was expressed as a 

transient overshoot in BFI when compared to baseline after cuff deflation. We also observed 

post-occlusion “peaks” in both THb and HbO2, Figure 4.3b. After tourniquet-induced ischemia, 

the tissue must address the so-called “oxygen debt,” a temporary heightened demand for oxygen. 

The hyperemic response is also coupled with regulatory mechanisms such as vasodilation and 

increased blood flow.  

Oxygen metabolism was measured on five subjects at two measure sites: 1) flexor muscle 

(mMRO2 ) and 2) abdominal fat (fMRO2 ). We observed an average 130% increase in mMRO2  

when compared to fMRO2 . The discrepancy in tissue metabolism observed in muscle is most 

likely due to a greater demand for blood supply in muscle versus fat. We measured an average 

1.43 µM/s and 0.61 0.5 µM/s for mMRO2  and fMRO2 , respectively. Interestingly, our results are 

similar to a previous study that showed oxygen consumption for an average adult male, is 

approximately 1.5 µM/s for skeletal muscle and 0.5 µM/s for adipose tissue (120). Further 

details regarding these calculations are provided in the appendix. Moreover, a study using 

nuclear magnetic resonance (NMR) spectroscopy has estimated mMRO2  on cat muscle to be 

roughly 0.1 µmol/(g*min) (121). This reported mMRO2  value converts to 1.7 µM/s which 

compares favorably to the average mMRO2  we observed in our study.    

  In vivo scanning of forearm and abdomen combined with the Vive tracker enabled us to 

reconstruct tMRO2 maps. Previously, we have shown tMRO2 maps provide a more robust picture 

of tissue perfusion and metabolism in a single breast cancer patient. In this study, using a 
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tracking system we minimize the data collection time in comparison to a conventional mapping 

system. With the conventional mapping system, we were required to hand draw a grid and take 

measurements point-by-point. However, the improved tracker system enabled us to achieve data 

collection of DOSI/DCS with the probe coordinates, simultaneously. This effectively minimized 

data collection time.   

Finally, using our high speed DOSI/DCS system we were able to extract BFI and PPG 

waveforms. Our BFI data in forearm resolves the cardiac cycle, including the diacritic notch. 

While PPG signal originates from the arterial blood volume, BFI originates from the movement 

of the particles (mainly red blood cells). Several studies have shown that the information 

extracted from the PPG and BFI waveforms can potentially reveal information about vascular 

stiffness (107, 110). In this study, a cold pressor challenge was performed to demonstrate the 

potential clinical significance of these waveforms. We report a change in TD and harmonic ratios 

during the cold pressor challenge in comparison to their respected baseline values. These 

changes are probably due to a compensatory mechanism from the body resulting in enhanced 

vascular tone in order to  preserve core thermal hemostasis (107). Together, we show that TD 

and harmonic ratio signal processing methods can be important for vascular characterization. 

This information can potentially provide clinical value for noninvasive assessment of vascular 

tone. However, further studies need to be conducted.   
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Chapter 5 Conclusions and Future Directions 

 

The body of this work focused on developing a metabolic imaging system by combining 

Diffuse Optical Spectroscopy Imaging (DOSI) and Diffuse Correlation Spectroscopy (DCS) 

techniques. Our goal was to develop a noninvasive, label-free technique to measure 

hemodynamics and biochemical composition, as well as provide information content of blood 

flow and oxygen metabolism (tMRO2) in centimeter-thick tissue. We demonstrated, for the first 

time, an integrated, synchronized NIRS clinical system enabling DOSI and DCS to originate 

from the same tissue volume. Next, we advanced our instrumentation to improve the data 

acquisition frequency and simultaneous measurement of both techniques. We developed a high-

speed, spatially co-registered clinical instrument enabling real-time monitoring of the 

hemodynamics, biochemical composition, blood flow and oxygen metabolism (tMRO2). 

      In chapter 2, we described a clinically compatible optical imaging system that 

simultaneously collects tissue composition and blood flow data using DOSI and DCS, 

respectively. Specifically, the system measures tissue concentrations of oxy- and 

deoxyhemoglobin, water, and lipid, as well as blood flow. We validated instrument performance 

in liquid and solid phantom systems and demonstrated co-registered imaging in phantoms. 

Relevant measurements in a patient with breast cancer confirm the importance of accounting for 

spatial variations in tumor (T) and normal (N) tissue optical properties for optimizing BFI 

sensitivity and contrast. Lastly, hemoglobin and flow parameters were combined to create 

images of the T/N relative metabolic rate of oxygen consumption (rMMRO2 (T/N)). Together, 

quantitative DOSI and DCS imaging provides an enhanced view and better understanding of 
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tumor composition and metabolism, which may aid in predicting, guiding, and personalizing 

cancer therapies. 

          Quantitative measurement of tMRO2 can provide an assessment of the severity and extent 

of renal injury during the partial nephrectomy surgery. This could be measured during surgery, 

aiming to prevent damage to the organ (28). In chapter 3, we demonstrated that DOSI/DCS can 

provide information pertaining to endogenous tissue function and viability.  

In chapter 4, we described the fabrication and validation of a high-speed spatially co-

registered DOSI/DCS probe. In five human subjects, we quantified metabolic differences 

between muscle and fat.  Finally, with improved data acquisition speeds, we extracted pulsatile 

information in PPG and BFI waveforms using time-delay and harmonic ratios. After inducing 

vasoconstriction in a single subject, we observed an increase in the harmonic ratio information. 

This effectively shows our instrument’s ability to noninvasively detect information related to 

vascular tone. Together, our high-speed DOSI/DCS probe provides sub-surface information on 

tMRO2 and vascular dynamics, which may help clinicians diagnose and monitor those with 

vascular disease. 

 Future work will validate tMRO2 measured by DOSI/DCS probe against gold standard 

approaches including PET and fMRI scan. This validation can inform various applications 

including PAD, dementia and palpable tumors to provide a better understanding of strengths and 

limitations of the integrated DOSI/DCS probe in applications. Overall, this technique could be 

used as an easily accessible and noninvasive instrument to optimize diagnostic and therapy 

evaluation, thereby elevating patient care. Applications may one day include rapid diagnosis in 
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critical-care of shock and trauma caused by explosions, automobile accidents, hemorrhage and 

sepsis, etc.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



72 

 

References 

1. Sette G, Baron J, Mazoyer B, Levasseur M, Pappata S, Crouzel C. Local brain haemodynamics 
and oxygen metabolism in cerebrovascular disease: positron emission tomography. Brain. 

1989;112(4):931-51. 

2. Bishop SP, Altschuld RA. Increased glycolytic metabolism in cardiac hypertrophy and congestive 
failure. American Journal of Physiology-Legacy Content. 1970;218(1):153-9. 

3. Hiatt WR, Regensteiner JG, Wolfel EE, Carry MR, Brass EP. Effect of exercise training on 

skeletal muscle histology and metabolism in peripheral arterial disease. Journal of Applied Physiology. 
1996;81(2):780-8. 

4. Ishii K, Kitagaki H, Kono M, Mori E. Decreased medial temporal oxygen metabolism in 

Alzheimer's disease shown by PET. The Journal of Nuclear Medicine. 1996;37(7):1159. 

5. Schulz R, Rose J, Martin C, Brodde O, Heusch G. Development of short-term myocardial 
hibernation. Its limitation by the severity of ischemia and inotropic stimulation. Circulation. 

1993;88(2):684-95. 

6. Hirsch AT, Haskal ZJ, Hertzer NR, Bakal CW, Creager MA, Halperin JL, et al. ACC/AHA 2005 
Practice Guidelines for the management of patients with peripheral arterial disease (lower extremity, 

renal, mesenteric, and abdominal aortic). circulation. 2006;113(11):e463-e654. 

7. Sunar U, Quon H, Durduran T, Zhang J, Du J, Zhou C, et al. Noninvasive diffuse optical 
measurement of blood flow and blood oxygenation for monitoring radiation therapy in patients with head 

and neck tumors: a pilot study. Journal of biomedical optics. 2006;11(6):064021. 

8. Lisik W, Gontarczyk G, Kosieradzki M, Lagiewska B, Pacholczyk M, Adadynski L, et al. 

Intraoperative blood flow measurements in organ allografts can predict postoperative function. 
Transplantation proceedings. 2007;39(2):371-2. 

9. Mues AC, Okhunov Z, Badani K, Gupta M, Landman J. Intraoperative evaluation of renal blood 

flow during laparoscopic partial nephrectomy with a novel doppler system. Journal of Endourology. 
2010;24(12):1953-6. 

10. Okhunov Z, Mues AC, Kline M, Haramis G, Xu B, Mirabile G, et al. Evaluation of Perirenal Fat 

as a Predictor of cT1a Renal Cortical Neoplasm Histopathology and Surgical Outcomes. Journal of 

Endourology. 2012;26(7):911-6. 
11. Davis TL, Kwong KK, Weisskoff RM, Rosen BR. Calibrated functional MRI: mapping the 

dynamics of oxidative metabolism. Proceedings of the National Academy of Sciences. 1998;95(4):1834-

9. 
12. Ogawa S, Lee T-M, Kay AR, Tank DW. Brain magnetic resonance imaging with contrast 

dependent on blood oxygenation. Proceedings of the National Academy of Sciences. 1990;87(24):9868-

72. 
13. Levine GN, Gomes AS, Arai AE, Bluemke DA, Flamm SD, Kanal E, et al. Safety of magnetic 

resonance imaging in patients with cardiovascular devices: an American Heart Association scientific 

statement from the Committee on Diagnostic and Interventional Cardiac Catheterization, Council on 

Clinical Cardiology, and the Council on Cardiovascular Radiology and Intervention: endorsed by the 
American College of Cardiology Foundation, the North American Society for Cardiac Imaging, and the 

Society for Cardiovascular Magnetic Resonance. Circulation. 2007;116(24):2878-91. 

14. Brenner DJ, Hall EJ. Computed tomography—an increasing source of radiation exposure. New 
England Journal of Medicine. 2007;357(22):2277-84. 

15. Cuccia DJ, Bevilacqua FP, Durkin AJ, Ayers FR, Tromberg BJ. Quantitation and mapping of 

tissue optical properties using modulated imaging. Journal of biomedical optics. 2009;14(2):024012. 
16. Cuccia DJ, Bevilacqua F, Durkin AJ, Tromberg BJ. Modulated imaging: quantitative analysis and 

tomography of turbid media in the spatial-frequency domain. Optics letters. 2005;30(11):1354-6. 



73 

 

17. Torabzadeh M, Park I-Y, Bartels RA, Durkin AJ, Tromberg BJ. Compressed single pixel imaging 
in the spatial frequency domain. Journal of biomedical optics. 2017;22(3):030501. 

18. Choi B, Kang NM, Nelson JS. Laser speckle imaging for monitoring blood flow dynamics in the 

in vivo rodent dorsal skin fold model. 2004. 

19. Mazhar A, Dell S, Cuccia DJ, Gioux S, Durkin AJ, Frangioni JV, et al. Wavelength optimization 
for rapid chromophore mapping using spatial frequency domain imaging. Journal of biomedical optics. 

2010;15(6):061716. 

20. Gioux S, Mazhar A, Cuccia DJ, Durkin AJ, Tromberg BJ, Frangioni JV. Three-dimensional 
surface profile intensity correction for spatially modulated imaging. Journal of biomedical optics. 

2009;14(3):034045. 

21. Rice TB, Konecky SD, Mazhar A, Cuccia DJ, Durkin AJ, Choi B, et al. Quantitative 
determination of dynamical properties using coherent spatial frequency domain imaging. JOSA A. 

2011;28(10):2108-14. 

22. Warren RV, Cotter J, Ganesan G, Le LN, Agustin JP, Duarte B, et al. Noninvasive optical 

imaging of resistance training adaptations in human muscle. Journal of biomedical optics. 
2017;22(12):121611. 

23. Ganesan G, Warren RV, Leproux A, Compton M, Cutler K, Wittkopp S, et al. Diffuse optical 

spectroscopic imaging of subcutaneous adipose tissue metabolic changes during weight loss. International 
Journal of Obesity. 2016;40(8):1292. 

24. Cerussi A, Hsiang D, Shah N, Mehta R, Durkin A, Butler J, et al. Predicting response to breast 

cancer neoadjuvant chemotherapy using diffuse optical spectroscopy. Proceedings of the National 
Academy of Sciences. 2007;104(10):4014-9. 

25. Boas DA, Franceschini MA. Haemoglobin oxygen saturation as a biomarker: the problem and a 

solution. Philosophical Transactions of the Royal Society A: Mathematical, Physical and Engineering 

Sciences. 2011;369(1955):4407-24. 
26. Durduran T, Yu G, Burnett MG, Detre JA, Greenberg JH, Wang J, et al. Diffuse optical 

measurement of blood flow, blood oxygenation, and metabolism in a human brain during sensorimotor 

cortex activation. Optics letters. 2004;29(15):1766-8. 
27. Zhou C, Yu G, Furuya D, Greenberg JH, Yodh AG, Durduran T. Diffuse optical correlation 

tomography of cerebral blood flow during cortical spreading depression in rat brain. Optics express. 

2006;14(3):1125-44. 

28. Kim MN, Durduran T, Frangos S, Edlow BL, Buckley EM, Moss HE, et al. Noninvasive 
measurement of cerebral blood flow and blood oxygenation using near-infrared and diffuse correlation 

spectroscopies in critically brain-injured adults. Neurocritical care. 2010;12(2):173-80. 

29. Yu G, Floyd TF, Durduran T, Zhou C, Wang J, Detre JA, et al. Validation of diffuse correlation 
spectroscopy for muscle blood flow with concurrent arterial spin labeled perfusion MRI. Optics express. 

2007;15(3):1064-75. 

30. Shang Y, Gurley K, Yu G. Diffuse correlation spectroscopy (DCS) for assessment of tissue blood 
flow in skeletal muscle: recent progress. Anatomy & physiology: current research. 2013;3(2):128. 

31. Durduran T, Choe R, Yu G, Zhou C, Tchou JC, Czerniecki BJ, et al. Diffuse optical measurement 

of blood flow in breast tumors. Optics letters. 2005;30(21):2915-7. 

32. Yazdi HS, O'Sullivan TD, Leproux A, Hill B, Durkin A, Telep S, et al. Mapping breast cancer 
blood flow index, composition, and metabolism in a human subject using combined diffuse optical 

spectroscopic imaging and diffuse correlation spectroscopy. Journal of biomedical optics. 

2017;22(4):045003. 
33. Yodh A, Chance B. Spectroscopy and imaging with diffusing light. Physics Today. 

1995;48(3):34-41. 

34. Leproux A, Durkin A, Compton M, Cerussi AE, Gratton E, Tromberg BJ. Assessing tumor 
contrast in radiographically dense breast tissue using Diffuse Optical Spectroscopic Imaging (DOSI). 

2013. 



74 

 

35. Kukreti S, Cerussi AE, Tanamai W, Hsiang D, Tromberg BJ, Gratton E. Characterization of 
Metabolic Differences between Benign and Malignant Tumors: High-Spectral-Resolution Diffuse Optical 

Spectroscopy 1. Radiology. 2009;254(1):277-84. 

36. Cerussi AE, Tanamai VW, Mehta RS, Hsiang D, Butler J, Tromberg BJ. Frequent optical 

imaging during breast cancer neoadjuvant chemotherapy reveals dynamic tumor physiology in an 
individual patient. Academic radiology. 2010;17(8):1031-9. 

37. Roblyer D, Ueda S, Cerussi A, Tanamai W, Durkin A, Mehta R, et al. Optical imaging of breast 

cancer oxyhemoglobin flare correlates with neoadjuvant chemotherapy response one day after starting 
treatment. Proceedings of the National Academy of Sciences. 2011;108(35):14626-31. 

38. Cerussi AE, Tanamai VW, Hsiang D, Butler J, Mehta RS, Tromberg BJ. Diffuse optical 

spectroscopic imaging correlates with final pathological response in breast cancer neoadjuvant 
chemotherapy. Philosophical Transactions of the Royal Society of London A: Mathematical, Physical and 

Engineering Sciences. 2011;369(1955):4512-30. 

39. O’Sullivan TD, Leproux A, Chen J-H, Bahri S, Matlock A, Roblyer D, et al. Optical imaging 

correlates with magnetic resonance imaging breast density and reveals composition changes during 
neoadjuvant chemotherapy. Breast Cancer Res. 2013;15(1):R14. 

40. Boas D, Campbell L, Yodh A. Scattering and imaging with diffusing temporal field correlations. 

Physical review letters. 1995;75(9):1855. 
41. Boas D, Yodh A. Spatially varying dynamical properties of turbid media probed with diffusing 

temporal light correlation. JOSA A. 1997;14(1):192-215. 

42. Buckley EM, Cook NM, Durduran T, Kim MN, Zhou C, Choe R, et al. Cerebral hemodynamics 
in preterm infants during positional intervention measured with diffuse correlation spectroscopy and 

transcranial Doppler ultrasound. Optics express. 2009;17(15):12571-81. 

43. Roche‐Labarbe N, Carp SA, Surova A, Patel M, Boas DA, Grant PE, et al. Noninvasive optical 

measures of CBV, StO2, CBF index, and rCMRO2 in human premature neonates' brains in the first six 
weeks of life. Human brain mapping. 2010;31(3):341-52. 

44. Durduran T. Non-invasive measurements of tissue hemodynamics with hybrid diffuse optical 

methods: University of Pennsylvania; 2004. 
45. Shang Y, Chen L, Toborek M, Yu G. Diffuse optical monitoring of repeated cerebral ischemia in 

mice. Optics express. 2011;19(21):20301-15. 

46. Cheng R, Shang Y, Hayes D, Saha SP, Yu G. Noninvasive optical evaluation of spontaneous low 

frequency oscillations in cerebral hemodynamics. Neuroimage. 2012;62(3):1445-54. 
47. Yu G, Durduran T, Lech G, Zhou C, Chance B, Mohler ER, et al. Time-dependent blood flow 

and oxygenation in human skeletal muscles measured with noninvasive near-infrared diffuse optical 

spectroscopies. Journal of biomedical optics. 2005;10(2):024027-02402712. 
48. Yu G, Shang Y, Zhao Y, Cheng R, Dong L, Saha SP. Intraoperative evaluation of 

revascularization effect on ischemic muscle hemodynamics using near-infrared diffuse optical 

spectroscopies. Journal of biomedical optics. 2011;16(2):027004--11. 
49. Choe R, Putt ME, Carlile PM, Durduran T, Giammarco JM, Busch DR, et al. Optically measured 

microvascular blood flow contrast of malignant breast tumors. PloS one. 2014;9(6):e99683. 

50. Dong L, Kudrimoti M, Cheng R, Shang Y, Johnson EL, Stevens SD, et al. Noninvasive diffuse 

optical monitoring of head and neck tumor blood flow and oxygenation during radiation delivery. 
Biomedical optics express. 2012;3(2):259-72. 

51. Sunar U, Quon H, Durduran T, Zhang J, Du J, Zhou C, et al. Noninvasive diffuse optical 

measurement of blood flow and blood oxygenation for monitoring radiation therapy in patients with head 
and neck tumors: a pilot study. Journal of biomedical optics. 2006;11(6):064021--13. 

52. Zhou C, Choe R, Shah N, Durduran T, Yu G, Durkin A, et al. Diffuse optical monitoring of blood 

flow and oxygenation in human breast cancer during early stages of neoadjuvant chemotherapy. Journal 
of biomedical optics. 2007;12(5):051903--11. 



75 

 

53. Shang Y, Zhao Y, Cheng R, Dong L, Irwin D, Yu G. Portable optical tissue flow oximeter based 
on diffuse correlation spectroscopy. Optics letters. 2009;34(22):3556-8. 

54. Najdahmadi A, Lakey JR, Botvinick E, editors. Diffusion coefficient of alginate microcapsules 

used in pancreatic islet transplantation, a method to cure type 1 diabetes. Nanoscale Imaging, Sensing, 

and Actuation for Biomedical Applications XV; 2018: International Society for Optics and Photonics. 
55. Jakubowski D, Bevilacqua F, Merritt S, Cerussi A, Tromberg BJ. Quantitative absorption and 

scattering spectra in thick tissues using broadband diffuse optical spectroscopy. Biomedical Optical 

Imaging. 2009:330-55. 
56. Boas DA. Diffuse photon probes of structural and dynamical properties of turbid media: theory 

and biomedical applications: Citeseer; 1996. 

57. Salerud G. Laser doppler tissue flowmetry: fiberoptic methods in microvascular research: VTT 
Grafiska; 1986. 

58. Boas DA, Yodh AG. Spatially varying dynamical properties of turbid media probed with 

diffusing temporal light correlation. JOSA A. 1997;14(1):192-215. 

59. Cummins H. Photon correlation and light beating spectroscopy: Springer Science & Business 
Media; 2013. 

60. Davenport WB, Root WL. An introduction to the theory of random signals and noise: McGraw-

Hill New York; 1958. 
61. Durduran T. Non-invasive measurements of tissue hemodynamics with hybrid diffuse optical 

methods: University of Pennsylvania; 2004. 

62. Li J, Dietsche G, Iftime D, Skipetrov SE, Maret G, Elbert T, et al. Noninvasive detection of 
functional brain activity with near-infrared diffusing-wave spectroscopy. Journal of biomedical optics. 

2005;10(4):044002. 

63. Yu G, Durduran T, Zhou C, Wang H-W, Putt ME, Saunders HM, et al. Noninvasive monitoring 

of murine tumor blood flow during and after photodynamic therapy provides early assessment of 
therapeutic efficacy. Clinical cancer research. 2005;11(9):3543-52. 

64. Maret G, Wolf P. Multiple light scattering from disordered media. The effect of Brownian motion 

of scatterers. Zeitschrift für Physik B Condensed Matter. 1987;65(4):409-13. 
65. Pine D, Weitz D, Chaikin P, Herbolzheimer E. Diffusing wave spectroscopy. Physical review 

letters. 1988;60(12):1134. 

66. Rice S. Selected Topics in Noise and Stochastic Processes. 1954. 

67. Boas DA, Pitris C, Ramanujam N, Yu G, Durduran T, Zhou C, et al. Near-infrared diffuse 
correlation spectroscopy for assessment of tissue blood flow.  Handbook of Biomedical Optics: CRC 

Press; 2011. p. 195-216. 

68. Li X. Fluorescence and diffusive wave diffraction tomographic probes in turbid media: 
University of Pennsylvania; 1998. 

69. Zhou C. In-vivo optical imaging and spectroscopy of cerebral hemodynamics. 2007. 

70. Walker SA, Fantini S, Gratton E, editors. Effect of index of refraction mismatch on the recovery 
of optical properties of cylindrical inhomogeneities in an infinite turbid medium. BiOS'97, Part of 

Photonics West; 1997: International Society for Optics and Photonics. 

71. Cheung C, Culver JP, Takahashi K, Greenberg JH, Yodh A. In vivo cerebrovascular 

measurement combining diffuse near-infrared absorption and correlation spectroscopies. Physics in 
medicine and biology. 2001;46(8):2053. 

72. O’Sullivan TD, Cerussi AE, Cuccia DJ, Tromberg BJ. Diffuse optical imaging using spatially and 

temporally modulated light. Journal of biomedical optics. 2012;17(7):0713111-07131114. 
73. No K-S, Kwong R, Chou PH, Cerussi A. Design and testing of a miniature broadband frequency 

domain photon migration instrument. Journal of biomedical optics. 2008;13(5):050509--3. 

74. Leproux A, Chen J-H, Bahri S, Matlock A, Roblyer D, McLaren CE, et al. Optical imaging 
correlates with magnetic resonance imaging breast density and reveals composition changes during 

neoadjuvant chemotherapy. 2013. 



76 

 

75. Irwin D, Dong L, Shang Y, Cheng R, Kudrimoti M, Stevens SD, et al. Influences of tissue 
absorption and scattering on diffuse correlation spectroscopy blood flow measurements. Biomedical 

optics express. 2011;2(7):1969-85. 

76. Lynch S. Neighborhood Cancerization: New Approaches Linking Social and Biological 

Mechanisms of Cancer. 2015. 
77. Bor-Seng-Shu E, Kita WS, Figueiredo EG, Paiva WS, Fonoff ET, Teixeira MJ, et al. Cerebral 

hemodynamics: concepts of clinical importance. Arquivos de neuro-psiquiatria. 2012;70(5):352-6. 

78. Yamamoto M, Sasaguri S, Sato T. Assessing intraoperative blood flow in cardiovascular surgery. 
Surgery today. 2011;41(11):1467-74. 

79. O'Sullivan TD, Leproux A, Chen JH, Bahri S, Matlock A, Roblyer D, et al. Optical imaging 

correlates with magnetic resonance imaging breast density and reveals composition changes during 
neoadjuvant chemotherapy. Breast Cancer Research. 2013;15(1). 

80. Cerussi AE, Tanamai VW, Hsiang D, Butler J, Mehta RS, Tromberg BJ. Diffuse optical 

spectroscopic imaging correlates with final pathological response in breast cancer neoadjuvant 

chemotherapy. Philos Transact A Math Phys Eng Sci. 2011;369(1955):4512-30. 
81. Kukreti S, Cerussi AE, Tanamai W, Hsiang D, Tromberg BJ, Gratton E. Characterization of 

metabolic differences between benign and malignant tumors: high-spectral-resolution diffuse optical 

spectroscopy. Radiology. 2010;254(1):277-84. 
82. Chung SH, Cerussi AE, Merritt SI, Ruth J, Tromberg BJ. Non-invasive tissue temperature 

measurements based on quantitative diffuse optical spectroscopy (DOS) of water. Physics in Medicine 

and Biology. 2010;55(13):3753-65. 
83. Lee J, Cerussi AE, Saltzman D, Waddington T, Tromberg BJ, Brenner M. Hemoglobin 

measurement patterns during noninvasive diffuse optical spectroscopy monitoring of hypovolemic shock 

and fluid replacement. J Biomed Opt. 2007;12(2):024001. 

84. Lee J, Kim JG, Mahon SB, Mukai D, Yoon D, Boss GR, et al. Noninvasive optical cytochrome c 
oxidase redox state measurements using diffuse optical spectroscopy. J Biomed Opt. 2014;19(5):055001. 

85. Cerussi A, Shah N, Hsiang D, Durkin A, Butler J, Tromberg BJ. In vivo absorption, scattering, 

and physiologic properties of 58 malignant breast tumors determined by broadband diffuse optical 
spectroscopy. Journal of Biomedical Optics. 2006;11(4):044005--16. 

86. Chung SH, Yu H, Su M-Y, Cerussi AE, Tromberg BJ. Molecular imaging of water binding state 

and diffusion in breast cancer using Diffuse Optical Spectroscopy and Diffusion Weighted MRI. Journal 

of Biomedical Optics. 2012;17(7):071304. 
87. Durduran T, Yodh AG. Diffuse correlation spectroscopy for non-invasive, micro-vascular 

cerebral blood flow measurement. Neuroimage. 2014;85 Pt 1:51-63. 

88. Yu G, Floyd TF, Durduran T, Zhou C, Wang J, Detre JA, et al. Validation of diffuse correlation 
spectroscopy for muscle blood flow with concurrent arterial spin labeled perfusion MRI. Optics express. 

2007;15(3):1064-75. 

89. Jain V, Buckley EM, Licht DJ, Lynch JM, Schwab PJ, Naim MY, et al. Cerebral oxygen 
metabolism in neonates with congenital heart disease quantified by MRI and optics. Journal of Cerebral 

Blood Flow & Metabolism. 2014;34(3):380-8. 

90. Gallier S, Gordon KC, Jimenez-Flores R, Everett DW. Composition of bovine milk fat globules 

by confocal Raman microscopy. Int Dairy J. 2011;21(6):402-12. 
91. Zhou Y, Liu CH, Sun Y, Pu Y, Boydston-White S, Liu Y, et al. Human brain cancer studied by 

resonance Raman spectroscopy. J Biomed Opt. 2012;17(11):116021. 

92. Sun Q. The Raman OH stretching bands of liquid water. Vib Spectrosc. 2009;51(2):213-7. 
93. Thomas LW. The chemical composition of adipose tissue of man and mice. Quarterly journal of 

experimental physiology and cognate medical sciences. 1962;47:179-88. 

94. Khatir DS, Pedersen M, Jespersen B, Buus NH. Reproducibility of MRI renal artery blood flow 
and BOLD measurements in patients with chronic kidney disease and healthy controls. Journal of 

magnetic resonance imaging : JMRI. 2013. 



77 

 

95. Sette G, Baron J, Mazoyer B, Levasseur M, Pappata S, Crouzel CJB. Local brain haemodynamics 
and oxygen metabolism in cerebrovascular disease: positron emission tomography. 1989;112(4):931-51. 

96. Hiatt WR, Regensteiner JG, Wolfel EE, Carry MR, Brass EPJJoAP. Effect of exercise training on 

skeletal muscle histology and metabolism in peripheral arterial disease. 1996;81(2):780-8. 

97. Hsu PP, Sabatini DMJC. Cancer cell metabolism: Warburg and beyond. 2008;134(5):703-7. 
98. Bishop SP, Altschuld RAJAJoP-LC. Increased glycolytic metabolism in cardiac hypertrophy and 

congestive failure. 1970;218(1):153-9. 

99. Ishii K, Kitagaki H, Kono M, Mori EJTJoNM. Decreased medial temporal oxygen metabolism in 
Alzheimer's disease shown by PET. 1996;37(7):1159. 

100. Tandara AA, Mustoe TA. Oxygen in wound healing—more than a nutrient. World journal of 

surgery. 2004;28(3):294-300. 
101. Strauer B-E. Myocardial oxygen consumption in chronic heart disease: role of wall stress, 

hypertrophy and coronary reserve. American Journal of Cardiology. 1979;44(4):730-40. 

102. Rooke TW, Hirsch AT, Misra S, Sidawy AN, Beckman JA, Findeiss LK, et al. 2011 ACCF/AHA 

focused update of the guideline for the management of patients with peripheral artery disease (updating 
the 2005 guideline): a report of the American College of Cardiology Foundation/American Heart 

Association Task Force on Practice Guidelines. Journal of the American College of Cardiology. 

2011;58(19):2020-45. 
103. Frackowiak R, Lenzi G-L, Jones T, Heather JD. Quantitative measurement of regional cerebral 

blood flow and oxygen metabolism in man using 15O and positron emission tomography: theory, 

procedure, and normal values. Journal of computer assisted tomography. 1980;4(6):727-36. 
104. Vaupel P, Kallinowski F, Okunieff P. Blood flow, oxygen and nutrient supply, and metabolic 

microenvironment of human tumors: a review. Cancer research. 1989;49(23):6449-65. 

105. Vaupel P, Schlenger K, Knoop C, Höckel M. Oxygenation of human tumors: evaluation of tissue 

oxygen distribution in breast cancers by computerized O2 tension measurements. Cancer research. 
1991;51(12):3316-22. 

106. Warburg O. On the origin of cancer cells. Science. 1956;123(3191):309-14. 

107. Ghijsen M, Rice TB, Yang B, White SM, Tromberg BJ. Wearable speckle plethysmography 
(SPG) for characterizing microvascular flow and resistance. Biomedical optics express. 2018;9(8):3937-

52. 

108. Jakubowski D, Bevilacqua F, Merritt S, Cerussi A, Tromberg BJ. Quantitative absorption and 

scattering spectra in thick tissues using broadband diffuse optical spectroscopy. Biomedical Optical 
Imaging. 2009;330:355. 

109. O'Sullivan TD, Cerussi AE, Tromberg BJ, Cuccia DJ. Diffuse optical imaging using spatially and 

temporally modulated light. Journal of biomedical optics. 2012;17(7):071311. 
110. Wang D, Parthasarathy AB, Baker WB, Gannon K, Kavuri V, Ko T, et al. Fast blood flow 

monitoring in deep tissues with real-time software correlators. 2016;7(3):776-97. 

111. Cerussi AE, Warren R, Hill B, Roblyer D, Leproux A, Durkin AF, et al. Tissue phantoms in 
multicenter clinical trials for diffuse optical technologies. Biomedical optics express. 2012;3(5):966-71. 

112. Culver JP, Durduran T, Furuya D, Cheung C, Greenberg JH, Yodh AJJocbf, et al. Diffuse optical 

tomography of cerebral blood flow, oxygenation, and metabolism in rat during focal ischemia. 

2003;23(8):911-24. 
113. Ances BM, Wilson DF, Greenberg JH, Detre JA. Dynamic changes in cerebral blood flow, O2 

tension, and calculated cerebral metabolic rate of O2 during functional activation using oxygen 

phosphorescence quenching. Journal of cerebral blood flow & metabolism. 2001;21(5):511-6. 
114. Hoge RD, Atkinson J, Gill B, Crelier GR, Marrett S, Pike GB. Investigation of BOLD signal 

dependence on cerebral blood flow and oxygen consumption: the deoxyhemoglobin dilution model. 

Magnetic resonance in medicine. 1999;42(5):849-63. 
115. Hyder F, Shulman RG, Rothman DL. A model for the regulation of cerebral oxygen delivery. 

Journal of applied physiology. 1998;85(2):554-64. 



78 

 

116. Ghijsen M, Lentsch GR, Gioux S, Brenner M, Durkin AJ, Choi B, et al. Quantitative real-time 
optical imaging of the tissue metabolic rate of oxygen consumption. 2018;23(3):036013. 

117. Li Z, Baker WB, Parthasarathy AB, Ko TS, Wang D, Schenkel S, et al. Calibration of diffuse 

correlation spectroscopy blood flow index with venous-occlusion diffuse optical spectroscopy in skeletal 

muscle. Journal of biomedical optics. 2015;20(12):125005. 
118. Cheatle T, Potter L, Cope M, Delpy D, Smith PC, Scurr JJBjos. Near‐infrared spectroscopy in 

peripheral vascular disease. 1991;78(4):405-8. 

119. Niehorster DC, Li L, Lappe MJi-P. The accuracy and precision of position and orientation 
tracking in the HTC vive virtual reality system for scientific research. 2017;8(3):2041669517708205. 

120. Wang Z, Ying Z, Bosy‐Westphal A, Zhang J, Heller M, Later W, et al. Evaluation of specific 

metabolic rates of major organs and tissues: comparison between men and women. American Journal of 
Human Biology. 2011;23(3):333-8. 

121. Kushmerick MJ, Meyer RA, Brown TR. Regulation of oxygen consumption in fast-and slow-

twitch muscle. American Journal of Physiology-Cell Physiology. 1992;263(3):C598-C606. 

 

 

 

 

 

                                                          

                                                                     



79 

 

Appendix A 

Electrical diagram of the high speed DCS  

 

      Electrical connection of the high speed DCS to the PCIe6612 NI board. 
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Data acquisition block diagram of the high speed DCS 

 

 

 




