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ABSTRACT

Poor fluid management during hemodialysis in patients with end-stage kidney
disease (ESKD) contributes to adverse clinical outcomes. Current clinical tools for
assessing volume status, such as Crit-Line hematocrit monitoring, are limited in their
predictive capability, underscoring the need for objective and quantitative measurement
techniques. To address this gap, a frequency-domain and broadband near-infrared
spectroscopy (FD-Bb-NIRS) system was developed to continuously and noninvasively
monitor tissue optical properties in patients undergoing hemodialysis.

The FD-Bb-NIRS system integrates frequency-domain (FD) and continuous-wave
(CW) diffuse optical spectroscopy (DOS) measurements to recover absolute absorption
and reduced scattering spectra over the 700 to 1000 nm. These measurements were
integrated using model-based analysis to provide broadband absorption and reduced

scattering spectra. Beer’s law was used to extract tissue chromophore concentrations.
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Across 27 hemodialysis sessions, the Water Ratio ([Water]/([Water] + [Lipid]) was the
only chromophore based metric that was significantly different between subjects with
(N=18) and without (N=9) intradialytic adverse events (p = 0.0313), with a decrease
observed in patients without adverse events. Additionally, a multivariate discriminant
analysis combining AWater Ratio, scattering amplitude (A) and slope (b) achieved the
highest classification performance (AUC = 0.88). An analysis of these features also
demonstrated predictive power at earlier timepoints, indicating potential for pre-
symptomatic identification of patients at risk (AUC=0.93 at 25% dialysis completion, with
respect to total dialysis time).

While these results are promising, further improvements in tissue water
quantification could enhance the accuracy of monitoring. To address this need, the FD-Bb-
NIRS system was extended to incorporate measurements in the short-wave infrared
(SWIR) range (900-1300 nm). Extending frequency domain diffuse optical spectroscopy
(FD-DOS) into the short-wave infrared region has the potential to improve measurements
of key biological tissue chromophores such as water and lipids, given their higher
absorption in SWIR compared with near-infrared wavelengths. Few studies have explored
FD-DOS in the SWIR range.

The first demonstration of a frequency domain broadband SWIR spectroscopy (FD-
Bb-SWIRS) system was developed to measure optical properties from 685 to 1300 nm. A
custom hybrid system was developed, combining frequency domain measurements from
685 to 980 nm at discrete wavelengths with broadband continuous wave measurements

from 900 to 1300 nm. This setup provided absolute absorption (p.) spectra from 685 to
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1300 nm. Validation was performed using mineral oil-based solid phantoms, deuterium
oxide (D,0) liquid phantoms, and desiccating porcine tissue.

The FD-Bb-SWIRS system was sensitive to changes in p. from varying
concentrations of absorbers in solid and liquid phantoms. Ex vivo measurements of
spectra indicated differences in tissue water content across different porcine tissue samples
during baseline and desiccation. u; values were within the anticipated range for both
porcine tissue and phantom measurements. The FD-Bb-SWIRS system enables precise
quantification of water in biological tissues. It represents a significant step forward in

advancing SWIR-based optical spectroscopy for clinical applications.
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1.1 Background

1.1.1 End Stage Kidney Disease Treatment and Current Limitations
Chronic kidney disease (CKD) affects approximately one in seven adults in the
United States, representing an estimated 30 million individuals [1]. Of these, over 700,000
are classified as end-stage kidney disease (ESKD) patients [1,2]. In ESKD, renal function
becomes insufficient to sustain life without intervention [1,2]. Kidney transplantation
remains the optimal long-term treatment for ESKD; however, due to organ shortages and
transplant waitlists exceeding five years, ESKD patients rely on dialysis as their primary

lifeline [1,2]. Hemodialysis, the most common renal replacement therapy, removes excess



solutes, toxins, and water (also called volume) from the bloodstream. In 2017 and 2018,
70% of the over 700,000 Americans with CKD were on hemodialysis [1,3]. Patients with
ESKD accumulate fluid in between hemodialysis sessions, whose removal is a
quintessential function of hemodialysis. Achieving a clinically optimal fluid balance
during hemodialysis remains one of the most challenging aspects of clinical ESKD
management. The median survival for patients undergoing maintenance hemodialysis is
approximately 5 to 7 years, with a five-year survival rate of approximately 50% [5,4]. A
major contributor to mortality in patients with CKD is cardiovascular complications driven
by inadequate volume management during hemodialysis [6,7]. Even mild fluid overload is
an independent risk factor for all-cause and cardiovascular mortality in CKD patients.
Excess fluid removal results in hypotension, muscle cramps. These clinical complications
result in a premature termination of the hemodialysis session in close to 20% patients,
compromising patient long term vitality [8]. Nearly half of all hemodialysis patient deaths
and a quarter of all hospitalizations are associated with cardiovascular disease [7,9]. With
an estimated 20-50% of all ESKD patients undergoing inaccurate fluid removal during
treatment [10], there is a critical need for improved, long-term sustainable support
strategies for this patient population.

A fundamental challenge in hemodialysis care is the accurate assessment of a
patient’s “dry weight,” or the weight at which a patient is euvolemic, meaning they have
neither too much nor too little volume [11,12]. In current standard-of- care technique for
volume assessment or mongering when a patient achieves “dry weight” is often based on

subjective symptoms such as cramping, dizziness, or nausea, and clinical signs such as



edema and inter-dialysis weight changes, which can occur when fluid is removed too
quickly or in too high a quantity during treatment [11]. This approach is imprecise and is
subject to change based on current status of the patient’s health, prior studies have shown
that poor volume assessment results in erroneous ultrafiltration, causing up to 50% to
develop dialysis-related hypotension, and experience a poor quality of life after treatment
[13-15]. Despite the recognized importance of accurate volume assessment, current
methods remain subjective, crude, and generally unreliable in routine clinical practice
[12,16-18]. Volume assessment during hemodialysis is a research priority by the Kidney
Health Initiative, given that there are currently no quantitative standards for monitoring the
volume status of patients undergoing treatment [19,20]. This unmet clinical need has driven
interest in noninvasive optical techniques, such as diffuse optical spectroscopy (DOS),
which could provide quantitative information about changes in tissue composition and fluid

status.

1.1.2 Overview of Diffuse Optical Spectroscopy
Diffuse optical spectroscopy (DOS) technologies are a class of optical techniques
for non-invasively quantifying biologic tissue [21]. These methodologies can use light to
probe tissue and quantify absorption (J1,) and reduced scattering (") properties and acquire
chromophore extractions. The four dominant chromophores in human tissue in the near-
infrared (NIR) and short-wave infrared (SWIR) spectral regions are oxyhemoglobin,

deoxyhemoglobin, water, and lipid [22-26].



Four main DOS modalities are used in biological measurements: continuous-wave
(CW), temporal frequency-domain (FD), spatial frequency domain (SFDI), and time-
domain (TD) [21,27-]. Of these, only temporal (FD-NIRS and TD-NIRS) and spatial
(SFDI) modalities allow for the independent quantification of absolute tissue absorption
(1a) and scattering (') properties, with FD-NIRS accomplishing this by measuring the
amplitude and phase shift of intensity-modulated light after it travels through tissue
[21,31,32]. While CW-NIRS systems are simpler, more compact, and capable of covering
a broad spectral range, they cannot independently resolve scattering and absorption.
Therefore, CW systems are typically limited to monitoring relative trends in absorption or
chromophore concentration [28,33-35].

To overcome the trade-off between quantitative accuracy and broad spectral range,
hybrid FD+CW systems have been developed enabling the recovery of absolute broadband
Ka and p' spectra [36,37]. Prior hybrid FD+CW NIRS techniques, namely FD-Bb-NIRS,
have largely focused on quantifying concentrations of oxygenated and deoxygenated
hemoglobin [27,38-43], but there has been a growing interest in using diffuse optical
techniques to measure tissue concentrations of water and lipids [44-47].

Quantification of these chromophore species is commonly reached by extracting
the absorption and reduced scattering (1. and p') optical properties of the tissue [21].
Beer’s Law (Equation 1) is used to calculate the absolute concentrations of the
chromophore species. Reduced scattering coefficients can be fit to a power law. Beer’s

Law displays the relationship between the attenuation of light through a material and the



properties of that material. Where A is the absorbance, € is the molar absorption

coefficient, c is the concentration of the material, and | is the optical path length.

A=c¢cl (1)
The power law (Equation 2) is the empirical description of the wavelength
dependence of scattering in tissue; to yield the scattering amplitude (a) and scattering
power (b). where A is the desired wavelength of ug, A,is the reference wavelength, a is the

scattering amplitude at A, b is the scattering power, which is always a positive value.
A
iy = a()™ @)
0
Having established the theoretical framework and instrumentation of diffuse optical

spectroscopy, the next consideration is the physics of water absorption in the NIR and

SWIR, which provides the basis for its quantification in tissue using these methods.

1.1.3 Physics of Water in NIR and SWIR Wavelengths
There are few prior studies of noninvasive measurements monitoring water volume
changes in ESKD patients undergoing hemodialysis [48-51]. None to our knowledge have
used DOS techniques to acquire continuous fluid dynamic changes. The intention of the
FD+CW hybrid devices design was to take measurements in the NIR and SWIR
wavelength ranges, due to their sensitivity changes in water absorption, this section will
review the fundamental optical characteristics of water in the NIR (600-1000 nm) and

SWIR (900-1310 nm) wavelength ranges.



Pure water has a distinct and highly sensitive optical absorption spectra due mainly
to its three vibrational modes. Water molecules are never at rest, they rotate, twist, and
vibrate. The vibrational modes of water occur in three forms, and are classified as:
symmetric stretch, asymmetric stretch, and bending. The vibrational modes relate to how
the two hydrogen molecules in water move in relation to the oxygen molecule [23,52,53].
A water molecule resides in a singular vibrational mode which is independent of the
surrounding water molecule’s modes.

Each vibrational mode has a distinct fundamental frequency, related to the rate at
which that molecule’s hydrogen atoms oscillate around the oxygen atom. The exact
frequency depends on the state and temperature of water but at 25C in a pure water system,
symmetric stretching (v1) has a frequency of 3280 cm™!, asymmetric stretching (v3) is 3490
cm’! and bending (v2) is 1654 cm™!. (Figure 1) [53]. The frequency of the vibrational mode

is important when considering the absorbance spectrum of water.
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Figure 1: The three vibrational modes of water and their associated frequencies (in
wavenumber and wavelength respectively). Figure adapted from Stomp et al [53].

By converting the fundamental frequencies of the vibrational modes into
wavelength, the harmonic pattern occurring within the pure water spectra can be observed.

Symmetric and asymmetric stretch have very similar energy requirements, and thus their



absorption peaks converge into one large peak around 3000 nm [53]. Bending has lower
energy requirements, thus has an absorption peak at a higher wavelength, around 6000 nm.
The harmonics of these vibrations occur at shorter wavelengths (higher energy levels), at
double to even triple the required energy. Thus, the harmonics of bending and stretching
vibrational modes can be recognized in visible and NIR ranges of the water absorption
spectrum [54]. Water has low absorbance in the visible spectra, with increasing absorbance
in the far NIR to SWIR wavelength ranges, where water becomes the main absorber of the
four main biologic chromophores. There are multiple known water absorbance peaks,
notably the 975 nm and 1200 nm absorbance peaks (for liquid water at 25C). The distinct
absorption peak at around 975 nm has been identified as the third harmonic of symmetric
and asymmetric stretch vibration, and the 1200 nm absorbance peak is also associated with

the third harmonic of bending (Figure 2) [53].
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Figure 2: The absorption spectrum of pure water in the visible to SWIR wavelengths. Peaks
in the absorption spectrum correspond to harmonics of the three modes. Peaks centered
around 975 nm and 1200 nm being noted in this graph as combinations of asymmetric and
symmetric stretch, and all three modes respectively. Figure from Stomp et al [53].



As stated above, the exact fundamental frequencies, and therefore the exact
absorption peak of any given harmonic of water will depend on the state of the system
being measured. A simple example of changing harmonic properties affecting the water
spectra can be seen with temperature change. As temperature increases the energy of the
system goes up, causing water molecules to vibrate faster, which can be observed in the
water absorbance spectra, particularly at the harmonic peaks (Figure 3) [55]. The
vibrational modes of water are impacted by much more complex interactions than simply
increasing the energy within the system. Changes in vibrational mode are largely affected

by water’s hydrogen bonds.

Pure Water Spectra Over Different Temperatures
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900 910 920 930 940 950 960 970 980 990 1000
Wavelength (nm)

Figure 3: Graph of the pure water absorption spectra from 600 to 1000 nm at temperatures
ranging from 15C to 65C. Note how around the ~970 nm absorption peak and beyond there
is a distinct increase in absorption as the thermal energy of the water increases. Data
compiled from multiple sources [52,55,56,57].

In water, the two hydrogen atoms are covalently bonded to the core oxygen atom.
Water molecules interact with all other molecules via hydrogen bonds, which are

significantly weaker than covalent bonds. These weak hydrogen bonds have a significant



effect on the vibrations of a water molecule. Lower frequency components are attributed
to water molecules with stronger hydrogen bonds (stretch) and higher frequency
components have weaker hydrogen bonds (bending) [58]. As observed in the temperature
example stated above, changing temperature causes hydrogen bond strength to change,
causing changes in vibration, resulting in a change in harmonics, thus changing the
absorbance spectra. As the system changes the vibration of the water molecules will change
at different rates depending on hydrogen bond strength, meaning the harmonics will change
dissimilarly [53,58].

Hydrogen bonds further affect the optical properties of water when considering
changes to the system such as within biologic tissues. In tissue water makes hydrogen
bonds with non-water molecules, such as protein molecules [59]. Proteins are highly
charged, and thousands to hundreds of thousands of times bigger than a single water
molecule, meaning that many water molecules can bind to a single protein molecule. When
water binds to the protein, the vibration of the water molecule changes. In patients with
ESKD as free water is removed by hemodialysis and what remains is intracellular or
intramuscular water, the average vibrational frequency of the system will go down,
resulting in increased absorption of the system. Additionally, it is anticipated that the
absorption peaks will widen as free water is removed, it will take on the optical profile

more similar to anticipated healthy tissue [59].

1.2 Thesis Chapter Structure
This thesis is organized into four main chapters. Chapter 2 focuses on the development

and characterization of a Frequency-Domain Broadband Near-Infrared Spectroscopy (FD-
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Bb-NIRS) system, describing the instrumentation, design, and data processing pipeline
methodologies. Chapter 3 presents a clinical study in which the FD-Bb-NIRS system was
used to monitor tissue chromophore changes in patients undergoing hemodialysis. Chapter
4 extends the scope of FD+CW based optical technologies into the shortwave infrared
region (FD-Bb-SWIRS). This chapter describes the design, development, and validation of
the next-generation system. Finally, Chapter 5 provides a discussion of findings,
limitations, and future directions for wearable and clinically translatable FD+CW optical

systems.

1.3 Specific Aims

The Specific Aims of this dissertation are as follows:

Aim 1: Creation of the FD-Bb-NIRS System
Develop, optimize, and validate a high-speed FD-Bb-NIRS platform for quantitative,

broadband tissue measurements.

Aim 2: FD-Bb-NIRS Clinical Study
Using the FD-Bb-NIRS system to take continuous FD+CW measurements of hemodialysis
patients. Perform data analysis to determine the FD-Bb-NIRS system’s ability to monitor

tissue chromophores and detect early signs of adverse events.

Aim 3: Development and Validation of the FD-Bb-SWIRS System
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Design, test and validate a FD-Bb-SWIRS system to expand the accessible spectral range
and improve sensitivity to tissue water chromophore extractions. Validation was performed
using mineral oil-based solid phantoms, deuterium oxide (D:0) liquid phantoms, and

desiccating porcine tissue.

Chapter 2: Aim 1: Creation of FD-NIRS System
Note: Sections 2.1-2.3 of this chapter were part complete manuscript submitted for peer
review to the journal SPIE Biophotonics Discovery:
Suciu D, Pham T, Wei LL, Hokestra I, Yadati P, Chitalia V, Roblyer D. “Frequency
Domain Near Infrared Spectroscopy for Fluid Volume Status Monitoring during

Hemodialysis”.

2.1 Background/Motivation

Near-infrared spectroscopy (NIRS) offers a potential solution to the unmet clinical
need of noninvasive, objective fluid volume monitoring during hemodialysis. NIRS uses
light propagation in highly scattering media to measure tissue optical properties in the near-
infrared (NIR, 650 to 1000 nm) wavelength range. NIRS has been widely applied across
biomedical fields, including oncology, neuroscience, and clinical diagnostic care [21]. The
four main NIRS methods were described in Chapter 1.1.2. In summary, FD, TD, and SFDI
enable independent quantification of absorption (L) and scattering (1), while CW systems

are simpler and broadband but limited to relative absorption trends. To address this trade-
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off, hybrid FD+CW systems (FD-Bb-NIRS) have been developed to recover absolute

broadband spectra of chromophores.

A custom-built frequency-domain broadband near-infrared spectroscopy (FD-Bb-
NIRS) system was created for the application of real-time monitoring of tissue physiology
during hemodialysis in a clinical study (clinical study findings in Chapter 3). Previous
works have monitored changes in oxygen saturation and cerebral tissue oxygenation in
hemodialysis patients using frequency-domain near-infrared spectroscopy (FD-NIRS) and
focused on extracting oxygenated and deoxygenated hemoglobin concentrations due to the
limited wavelength selection [49-51]. Utilizing a broadband wavelength range through the
FD-Bb-NIRS systems allows for more accurate assessment of absolute hemoglobin
concentrations together with water and lipid content. To our knowledge, no previous
studies have utilized a combined FD+CW NIRS system for continuous monitoring of tissue
optical properties during hemodialysis, nor have they evaluated such measurements in the
context of categorizing adverse clinical outcomes. The FD-Bb-NIRS system enables
quantitative assessment of absolute chromophore concentrations ([HbO-], [Hb], [Water],
[Lipid]) and optical scattering properties (A, b) over the course of hemodialysis, with the
goal of detecting physiological patterns associated with intradialytic adverse events. Our
findings demonstrate that tissue-level changes in relative tissue water fraction and absolute
scattering parameters exhibit statistically significant associations with hemodynamic
instability, outperforming the clinically available tool (Crit-Line) in identifying dialysis
sessions in which adverse events occurred. These results suggest the potential for

noninvasive optical techniques to enhance fluid status assessment and improve patient
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safety in reducing adverse events and augmenting treatment efficacy through adequate

volume removal in the hemodialysis patient population.
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Figure 4 Spectra of absorption coefficients (p.) and the resulting reduced scattering
coefficient (u;) for four dominant chromophores (oxyhemoglobin HbO2, deoxy hemoglobin
Hb, water, and lipids) of human tissue in the NIR spectrum (~600 to 1000 nm). These plots
are generated from values obtained from typical muscle tissue chromophore concentrations
(Total Hemoglobin ([HbT]) = 117 uM, Oxygen Saturation (StO:) = 65%, [Water] = 60%,
[Lipid] = 20%) and scattering parameters (15(800 nm) = 1.3 mm™1, b = 1) [22,23,24].

2.2 FD-Bb-NIRS Instrumentation

The FD-Bb-NIRS system combined FD and broadband NIRS components (Figure
5A). Details of the custom digital FD-NIRS component have been previously described
[60]. The FD component of the system used illumination wavelengths of 730, 785, 830,
and 940 nm (LP730-SF15, LP785-SF20, LP830-SF30, LP940-SF30, Thorlabs, Newton,
NJ). The FD laser illumination power ranged from 9.5mW to 14mW per laser depending
on the wavelength, such that the system’s combined FD lasers power output was within

the American National Standards Institute (ANSI) safety standard. Direct digital
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synthesizer (DDS) boards were used to simultaneously modulate each laser diode at the
selected discrete frequencies between 119 and 134 MHz. A broad-spectrum tungsten
halogen lamp (HL-2000-HP-B, Ocean Optics, wavelength range from 360-2400 nm) was

used as the illumination source for the CW measurements.

Custom optical fibers were made by Fiberoptic Systems Inc. (Simi Valley, CA) for
both FD and CW measurements. All fibers terminated at a right angle so they could lay flat
against the subject’s skin. Two source and detector fibers were used to increase optical
power to allow for a 20 mm source detector separation (SDS), allowing for sensitivity to
tissue depths of at least several mm [45,61]. A custom fiber holder was 3D printed to hold
the fibers for clinical measurements as seen in (Figure 5B). The source FD fibers were 400
um diameter fibers with a numeric aperture (NA) of 0.55 to deliver light to the tissue. A
2.3 mm fiber (NA: 0.55) was used for FD detection, and a 1 mm fiber (NA: 0.55) was used
for CW source and detection.

For FD-NIRS detection, a 3-mm-diameter silicon avalanche photodiode (APD)
(S11519, Hamamatsu) was used to detect laser light. A 250 mega-sample per second
analog-to-digital converter (ADC) was used to digitize the APD signal. The Goertzel
algorithm was implemented in the system’s microprocessor to calculate the phase and
amplitude of the FD reflectance measurements at each wavelength. The CW-NIRS emitted
broadband light was detected using a 2048-pixel CCD spectrometer (AvaSpec-HS2048 XL,
Avantes). The grating and slit width were selected to achieve a usable measurement range
of 700-1000 nm with a spectral resolution of 7.5 nm full width at half maximum (FWHM).

A calibration procedure was used to remove the instrument response function of clinical
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system as previously described using the solid silicone phantom for calibration [62]. The
clinical system was controlled by a custom interface written in MATLAB (MathWorks
Inc., Natick, MA) and operated on a Windows 10 laptop. The FD and CW data were
collected sequentially as described in [62], at a final sampling rate of 110 to 1200 ms per
measurement (subject dependent). The assembled system could fit on a portable cart that

was brought bedside during clinical measurements (Figure 5C).
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Figure 5 A) Schematic diagram of the custom FD-Bb-SWIRS system. Key components
include the following: ADC, analog-to-digital converter; APD, avalanche photodiode; DC,
direct current; DDS, direct digital synthesizer; LPF, low-pass filter; Amp, amplifier; BPF,
bandpass filter. Frequency-domain (FD) sources (730, 785, 930, and 940 nm) and FD detector
are indicated by red lines, and continuous-wave (CW) source and detector are indicated by
blue lines. B) Probe containing the FD and CW source and detector fibers with a source-
detector separation (SDS) of 20 mm. C) FD-Bb-NIRS clinical system. The black enclosure
houses the electronics controlled via a Windows 10 laptop.
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2.3 Data Processing for FD-Bb-NIRS

For data processing, a previous developed MC-LUT approach [61-63] was used for
a homogeneous medium with semi-infinite geometry in order to integrate FD and CW
NIRS to recover tissue broadband absorption coefficient (p.) and reduced scattering
coefficient (us") over the 700—1000 nm spectral range. An overview of the data processing
pipeline for the FD-Bb-NIRS system can be seen in Figure 6. The construction of MC-
LUT was described in detail in previous works [60,61]. A brief summary of MC-LUTs can
be found in Chapter 2.4. Look-up tables (LUTs) at different modulation frequencies (for
FD data) and at 0 MHz (CW MC-LUT for CW data) were generated for the ranges of u.
from 0 mm™ to 0.3 mm™! and u,' from 0 mm! to 2 mm™. For measurements on solid
calibration phantoms and tissue, the refraction index and scattering anisotropy were
assumed to be n = 1.4 and g = 0.9 [64].

FD u, and u,' values of the 730, 785, 830, and 940 nm lasers were extracted from
the calibrated amplitude and phase values using the MC-LUT inverse model. Calibration
was conducted on solid silicone phantoms with known optical properties. The power law
was fit to the FD u;' using the wavelength dependence of scattering [64]. The broadband
Ua spectra ranging from 700 to 1000nm nm were obtained from the calibrated CW-NIRS
measurements and known u,’ spectra. This was achieved by first calibrating the CW
measurements using a Spectralon standard (Labsphere, North Sutton, NH) to correct for
features of the broad-spectrum halogen lamp source. The broadband CW reflectance was
then scaled to match with the expected values at the overlapping FD wavelengths, which

were computed from the first step using the CW MC-LUT forward model. Thus, the
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broadband u, spectra was computed by then applying the CW MC-LUT inverse model to

the calibrated CW reflectance data and the known x," at 700-1000 nm.

FD-NIRS CW Broadband
(730,785,830,940 nm) (680-1000nm)
Amplitude m 4 Phase u

.’ Inverse
I CWMC-LUT )

Broadband p,

: Beer's Law 1

[ SR

HbO,,Hb,

[ Scattering:
Water, Lipid

a and b parameters

Figure 6 Processing pipeline of the FD-Bb-NIRS system that combines FD-NIRS and
broadband CW-NIRS systems. Note that 0 = 800 nm for the scattering power law fit. The
calibrated CW reflectance data and known FD p's values are used with CW MC-LUT
inverse model to compute pa spectrum.

2.4 Monte Carlo Modeling Simulations
In order to extract absorption (pa) and reduced scattering (us) contrasts from FD-
Bb-NIRS measurements, accurate models are required to relate detected FD amplitude and
phase to underlying tissue optical properties. This is achieved through look-up tables
(LUTs) derived via Monte Carlo (MC) Modeling. MC Modeling is a flexible technique
used to predict the probability of an outcome when random variables are present. This

allows for the simulation of light propagating in tissue. This is done by repeated simulations
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of random walks and statistical analyses to simulate photons interacting and traveling
through tissue [65,66].

To create a typical MC simulation three components are required. 1) A statistical
model describing photon and tissue/phantom interactions, 2) defined inputs parameters and
their probability distributions, and 3) a generated set of random variables from the
distribution to simulate photon step sizes and scattering angles [65,67]. Repeated
simulations of millions of photon trajectories produced reflectance and transmittance
distributions, which were subsequently compiled into LUTs spanning physiologically
relevant p, and p' ranges. These LUTs served as the foundation for inverse models that
enabled reliable recovery of tissue optical properties from experimental data.

Historically, the computational burden of running sufficiently large MC
simulations limited their accessibility, as accurate predictions required extensive photon
statistics and high-performance computing resources [67]. Recent advances in computing
hardware, particularly graphical processing units (GPUs), have significantly reduced these
barriers. Monte Carlo eXtreme (MCX) is an open-source optical imaging package, and is
one of the fastest, most accurate and most versatile Monte Carlo particle simulators freely
available to users [67]. Our previous work with MC-based simulations in diffuse optical
technologies provided the foundation for the inverse modeling approaches used in this
dissertation [61,63]. Validation of the FD-Bb-NIRS system was performed against a gold-
standard Network Analyzer (NA). Experimental protocol and results are described in

Chapter 2 Appendix and Figure S1.
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Chapter 3: Aim 2: Clinical Study
Note: This chapter was part of a complete manuscript submitted for peer review to the
journal of SPIE Biophotonics Discovery:
Suciu D, Pham T, Wei LL, Hokestra I, Yadati P, Chitalia V, Roblyer D. “Frequency
Domain Near Infrared Spectroscopy for Fluid Volume Status Monitoring during

Hemodialysis”.

3.1 Introduction of Existing ESKD Clinical Fluid Management

Currently utilized clinical monitoring methods, such as optical hematocrit tracking,
bioimpedance, and intravascular ultrasound assessment of inferior vena cava diameter,
each have their own limitations related to cost, invasiveness, technical complexity, and
limited sensitivity to early physiological changes. Direct hematocrit monitoring methods,
which involve blood draws, are labor-intensive and susceptible to operator variability
[68,69]. Indirect hematocrit monitoring, with the most common technology being Crit-Line
(Fresenius Medical Care, Bad Homburg, Germany), optically monitors ex vivo blood being
directed to the dialysis device, and is often inadequate for fluid assessment, measuring
relative blood volume changes, however it provides inconsistent results or is improperly
used when assessing patients risk during dialysis [68-72]. Bioimpedance, which utilizes
small electrical current to probe core and limb impedance, is influenced by electrolyte
shifts and temperature [69,70,73]. Intravascular ultrasound (IVUS), in which an
intravenous ultrasound measures the diameter of the inferior vena cava to assess
intravascular water volume changes in response to dialysis. This method requires

catheterization, which is invasive and often unavailable in routine clinical settings
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[1,16,17,18,48,68,69]. Current approaches to volume assessment during dialysis remain
largely out of reach and inaccurate in current clinical settings. For patients with ESKD,
accurate monitoring of fluid status during dialysis may improve long-term outcomes by
reducing cardiovascular and pulmonary complications associated with fluid overload,
thereby lowering the risk of adverse events and hospitalizations. Furthermore, precise fluid
volume assessment could assist clinicians in determining a patient’s proximity to their ‘dry
weight’, ultimately improving quality of life while awaiting kidney transplantation. There
is a present need for clinically accessible, objective, and accurate methods for fluid

monitoring to improve patient care and reduce the risk of adverse outcomes.

3.2 Methods

3.2.1 Clinical Exponential Procedure

A clinical study was conducted to assess the ability of the FD-Bb-CW NIRS system
in monitoring tissue changes during hemodialysis, and to identify potential physiological
markers associated with intradialytic adverse events. Participants for this study were
recruited from the inpatient hemodialysis care center patient population at Boston Medical
Center from July 2023 to November 2024. All measurements were conducted under an
institutionally approved protocol (BU BMC IRB H-41696). The inclusion criteria
encompassed individuals above the age of 18 of any race, gender, or ethnicities with ESKD
who were prescribed fluid removal during their inpatient hemodialysis treatment. The
exclusion criteria included anyone with below knee amputations, had restless leg

syndrome, or medical anxiety that included symptoms of restlessness. Additionally,
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subjects who only had blood cleaning with no fluid volume removed were excluded from
the study. All participants consented to the study in person. In total, 27 participants
consented to the study (Table 1 shows further participant demographic information. Every

session was taken as an independent study. 0 patients underwent more than one study).

The measurement setup is shown in Figure 7. For each subject, their lateral
gastrocnemius muscle was palpated to identify the main head of the muscle body. The
probe containing the source and detector fibers was placed on the skin above the muscle
body, oriented longitudinally to the muscle fibers, and secured using Tegaderm tape. This
location was chosen based on previous works by Colucci et al, where it was observed with
MRI imaging of the lower extremities that the lateral gastrocnemius corresponds to overall
fluid status during hemodialysis [48]. Subjects were reclined in a hospital bed throughout
the duration of dialysis. FD and CW measurements were taken sequentially once a minute
over the entire duration of dialysis. During this time intradialytic adverse events, clinical
interventions, visible movements or postural changes were timestamped and logged for
post processing data discrimination and motion correction. Additionally, blood pressure

(BP), heart rate, and ultrafiltration rate were recorded every 15 minutes.

Intradialytic adverse events were defined as follows: vomiting, cramping, dizziness,
headache, shortness of breath, sweating, stroke, fluid return, or intradialytic hypotension
(IDH). IDH is defined by the National Kidney Foundation as a decrease in systolic blood

pressure (SBP) by >20 mm Hg or a decrease in Mean Arterial Pressure (MAP) by 10 mm
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Hg associated with additional symptoms described in the National Kidney Foundation’s

Kidney Disease Outcomes Quality Initiative (NKF KDOQI) guidelines [74].

3.2.2  Chromophore Extraction

Tissue chromophore concentrations ([HbO:z], [Hb], [Water], [Lipid]) were determined
by least-squares fitting of the full pa spectrum using Beer’s law. The fitting method for
chromophore concentrations was carried out with an assumption of a spectrally constant
background absorption. The fit assumed that the overall absorption spectrum was modeled
as the sum of absorption contributions from [HbO-], [Hb], [Water], [Lipid], Melanin, and

the constant background

HaTissue = Enbo [HbO] + egp[Hb] + £y,0[H,0] + €14, [Lipid] + eyei[Melanin] +

HaBackground-

Melanin concentration was calculated at baseline (pre-dialysis) and then was assumed to
remain constant over the course of treatment. The chromophore concentrations and
background absorption were then calculated over time using the assumed constant
[Melanin] value. Supplemental Figure 2 shows the measured [Melanin] at baseline across
self-reported race categories. Additionally, a constant background absorption yg pxg Was
added to account for tissue heterogeneity or missing chromophores [75]. Extinction

coefficients of the extracted chromophores are based on values from literature [22-26,75].

In order to mitigate motion-induced artifacts in our longitudinal tissue measurements

a Transient Artifact Reduction Algorithm (TARA) algorithm was applied to the extracted
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chromophore measurements [26]. The motion artifacts identified by the TARA algorithm
corresponded closely with the timestamped instances of observed motion (described in
Chapter 3.2.2). This artifact correction step ensured that the longitudinal chromophore
extractions were optimized for quantitative analysis. For Figures 3 E and F local regression
smoothing was applied using weighted linear least squares and a 2nd degree polynomial

model, implemented with a moving window model that spans 5% of the data set at a time.

Probe Placement Frequency Domain + Broadband Post Processing
Lateral Gastrocnemius Once per Minute During Dialysis Combined Measurements + Chromophores
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Figure 7 Illustration of the experimental workflow for acquiring and processing optical
measurements during hemodialysis using the FD-CW-NIRS clinical system. (Left): The
probe was positioned over the main muscle body of the lateral gastrocnemius muscle.
(Center): FD and CW measurements were acquired once per minute throughout the dialysis
session. Top panels show representative time traces of FD absorption (1) and scattering (")
at 730, 785, 830, and 940 nm. The bottom panel displays a representative calibrated CW
reflectance spectra at wavelengths from 700-1000 nm recorded over time. (Right):
Broadband absorption spectra (p.) from 700-1000 nm were reconstructed from the calibrated
broadband reflectance spectra using MC-LUT enabling chromophore quantification.

Chromophore concentrations were estimated using Beer’s law. Created with assets from
BioRender.com.
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3.3 Results

3.3.1 Subject Overview

A total of 27 participants were enrolled in the study (Table 1). The cohort included
16 male and 11 female subjects. The racial distribution was predominantly Black (N=19),
with smaller representations from White (N=4) and Other racial groups (N=4). The mean
age of participants was 58.8 + 14.2 years, with an average height of 1.7 + 0.1 meters and a
mean body weight of 78.9 + 15.4 kilograms. This demographic and clinical profile reflects
a representative inpatient population receiving hemodialysis at the Boston Medical Center
and ESKD patients in the US.

An example dataset from a single subject illustrating the post processing results and
physiological trends during dialysis is shown in Figure 8. Figure 8 A and B display absolute
FD and broadband i, and ' spectra at three discrete time points (0, 90, and 180 minutes)
during hemodialysis. There is an overall increase in p, and a decrease in . The increase
in absorption, further emphasized in Figure 8D, correlates with the increase in [HbO2]
observed in Figure 8E. As shown in Figure 8E, this representative subject exhibited a
progressive increase in tissue oxygen saturation (StO2) and oxyhemoglobin concentration
[HbO:] over the entire course of hemodialysis. This is consistent with expected
physiological responses during hemodialysis [38,49].

In addition to changes in tissue oxygenation, changes in tissue water concentration
were considered. The Water Ratio, as defined in Lam et al. [45],
[Water]/([Water]+[Lipid]), was used here (Figure 8F). Lam et al indicates that the Water

Ratio may be more agnostic to fluctuations or inaccurate assumptions of p. We have found
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that this metric provided a more temporally stable and less noisy measurement as compared
to direct [ Water] measurements. The change in Water Ratio showed a net increase over the
dialysis session, potentially reflecting fluid redistribution during ultrafiltration. Data
outside six mean absolute deviations was assigned a weight of zero. The temporal trends
in optical properties and chromophore concentrations observed in this subject were broadly
representative of cohort-wide responses, capturing the general trends in increasing
absorption, decreasing scattering, and progressive changes in [HbO:], StO., and tissue
water content during dialysis. The absolute delta of relative extracted chromophores for all
subjects is displayed in Supplemental Figure 3.

Table 1 Demographic and clinical characteristics of study participants (N = 27). Values are
presented as mean = standard deviation unless otherwise indicated. Fluid removed represents
the average ultrafiltration volume per session. Crit-Line refers to subjects whose hematocrit
was continuously monitored during dialysis via the Fresenius Crit-Line IV Monitor.

Patients
Total N=27
Crit-Line N=19
Sex
Male N=16
Female N=11
Race
Black N=19
White N=4
Other N=4
Ethnicity
Hispanic N=7
Non-Hispanic N=19
Other N=1
Mean + Stdev
Age 58.8 + 14.2(Y.0.)
Height 1.7 £ 0.1 (m)
Weight 78.9 £ 15.4 (Kg)

Fluid Removed 1.6 £ 0.8 (L)
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Figure 8 A) Absorption coefficient spectra (n.) and B) Reduced scattering coefficients (p,) at
three time points (0, 90, and 180 minutes). Discrete frequency-domain (FD) wavelengths (730,
785, 830, 940 nm) are shown as data points, while continuous-wave (CW) data span the full
700-1000 nm range. C) Calibrated CW reflectance spectra over time and D) Broadband p,
spectra, color-coded from blue (start of dialysis) to red (end), arrows show the dominant
trend. E) Temporal display of the relative chromophore concentrations changes over
hemodialysis: oxyhemoglobin (J[HbO:]), deoxyhemoglobin ([Hb]), total hemoglobin (HbT)
and tissue oxygen saturation (StQ:). F) Change in tissue Water Ratio.

3.3.2 Adverse vs Non-Adverse Events Chromophores
To further correlate FD-Bb-NIRS measurements with physiological changes during

dialysis, subjects were stratified into two subgroups: those who experienced an adverse
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event during treatment (N = 18), as defined in Chapter 3.2.1, and those who completed
dialysis without an adverse event (N=9). Demographic and treatment characteristics for
each group are summarized in Supplemental Table 1 and Supplemental Figure 4. No
statistically significant differences were observed between groups in terms of ultrafiltration
volume or other baseline characteristics.

Group-averaged dynamics of major chromophores and tissue water ratio were then
analyzed over the normalized time course of hemodialysis to identify trends associated
with adverse events. These longitudinal trends are presented in Figure 9, which displays
group means + standard error for all subjects over normalized time (% Dialysis
Completion). The longest dialysis duration was 227 minutes; two subjects with treatment
durations less than half (t < 114) this time were excluded from the longitudinal analysis to
ensure sufficient temporal resolution for trend comparisons. Across hemodialysis, both
groups demonstrated a general increase in [HbO:] with respect to baseline (i.e., A(HbO2])
(Figure 9A), with slightly higher variability in the adverse events group, though overall
both groups had a similar total mean change of 13.79 + 16.37 uM for subjects with adverse
events and 16.02 = 11.39 uM for subjects without adverse events in A [HbO:]. A [Hb]
levels showed slightly divergent patterns (Figure 9B), remaining near baseline or slightly
negative for subjects without adverse events, while subjects with adverse events had a
higher increase over time. A[Hb] increased by an average value of 2.06 + 6.56 uM for
subjects with adverse events and 1.01 + 3.49 uM for those without adverse events during
the dialysis. Changes in A StO: (Figure 9C) exhibit a more rapid rise within the first 25%

of dialysis in subjects who experienced adverse events; however, by the end of treatment,
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both groups reach a comparable absolute change in StO- at an average of 10.25 + 13.20 %
pt for the adverse events groups and 9.43 + 14.52 % pt for the non-adverse group. Most
notably, the A Water Ratio (Figure 9D) diverged substantially between groups: while the
group without adverse events exhibited a gradual decline (with an average of 0.006 + 0.034
for the adverse event group and -0.04 = 0.085 for the non-adverse event group over the
course of dialysis), which would be anticipated with effective fluid removal, the adverse
event group showed minimal change with a slight increase in water ratio. A summary table
of'the A chromophores means, standard deviations, and statistics (2-sided t-test) is provided
in Supplemental Table 2. The time courses of A [Water] and A [Lipid] extractions used to
calculate A Water Ratio are presented in Supplemental Figure 5.

In addition to assessing temporal dynamics, the overall magnitude of physiological
change was quantified for each tissue parameter by calculating the absolute A from the
beginning to the end of dialysis for each subject (Figure 10). Among the parameters
assessed, A Water Ratio was the only measure to show a statistically significant difference
between groups (p <0.05 by a two-sample t-test), with subjects who experienced adverse
events exhibiting notably smaller reductions or even slight increases in Water Ratio
compared to those without adverse events. No significant group-level differences were
observed for A [HbO:], A [Hb], A [HbT], or A StO.. The distinct behavior of A Water
Ratio suggests it may capture relevant fluid-handling differences associated with adverse
events and warrants further investigation as a potential marker during hemodialysis.

Supplemental Figure 8 displays the time traces of adverse events over % dialysis



29

completion. Adverse events on average occurred at 51.72% +/- 24.84 % of dialysis

completion.
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Figure 9 Time-normalized traces (meanz=standard error) comparing chromophore
extractions of subjects with adverse events (red, N =16) and without (blue, N=9) A) A [HbO:]
B) A [Hb] C) A StO: D) A Water Ratio. Two subjects with short-duration sessions (r<114
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Figure 10 Boxplots of subject values and group means for the absolute A [HbO:], A [Hb], A
[HbT], A StO:, and A Water Ratio from the beginning to end of dialysis (100% dialysis
completion). Adverse event subjects are shown in red (N=18), and non-adverse event
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subjects in blue (N =9). A significant difference was observed for A Water Ratio (p <0.05).
No other parameters reached statistical significance.

3.3.3 Tissue Scattering of Patients with Adverse vs Non-Adverse Events

Our initial hypothesis related to reduced scattering changes during dialysis was that
biological tissue hydration would directly affect the overall reduced scattering value.
Specifically, we hypothesized that higher tissue water content would lead to lower reduced
scattering due to lower cellular packing, whereas lower hydration status due to dialysis
would increase scattering.

However, reduced scattering reflects both the density and size of tissue scatterers,
which have been shown to affect the scattering amplitude (A) and the scattering slope (b),
respectively [118,119,120]. Parameter A has been shown to be sensitive to the density of
scattering centers, while b is sensitive to the size of scatters. With the A and b parameters
under consideration, we expanded our hypothesis as follows: As the cellular density
increased over dialysis the scattering A parameter would also increase. Also, since the
physical size of cellular structures would likely not substantially change during dialysis, so
to, the b parameter would not change. An additional consideration is that both parameters
are also influenced by the refractive index ratio between the scatterers and the fluid media
surrounding them, which may shift dynamically during fluid removal.

To complement the longitudinal analysis of chromophores and tissue water content,
the A and b optical scattering parameters were also examined [77], which are shown in
Figure 11 A & B. Subjects who did not experience adverse events exhibited higher baseline

A values and increasing b over the course of dialysis, while those with adverse events
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showed comparatively flatter profiles. Comparison of scattering coefficients at the end of
hemodialysis are displayed in Figure 11C. A two-sided unpaired t-test was performed to
assess statistical differences between the groups. Of the parameters evaluated, at 100%
dialysis completion, scattering coefficient A (p = 0.0130) was significantly different

between groups.
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Figure 11 A&B) Longitudinal group-averaged scattering coefficients (A and b respectively)
over normalized dialysis time for adverse events (red, N =16) and non-adverse (blue, N=9)
subjects. Two subjects with short-duration sessions (<114 min) were excluded. C) Box plots
of absolute values of scattering coefficients A and b at the end of dialysis for subjects with
adverse events (red, N=18) and non-adverse (blue, N=9). A 2-sided t-test was used to assess
whether group means differed significantly from zero (p < 0.05). Statistically significant
changes were observed in scattering coefficient A.
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3.3.4 Discriminant analysis

All measured optical parameters (including chromophore extractions, water ratio,
and scattering parameters) were included in a classification analysis to evaluate their ability
to differentiate between groups. A three-feature combination of A Water Ratio, A, and b
yielded the highest classification performance of all tested features, with a true positive of
16, a true negative of 6, a false positive of 3, and a false negative of 2 (Figure 12A). While
individual features gave low AUC values (Figure 12B), the combined model achieved a
markedly improved Area Under the Curve (AUC) of 0.88 (Figure 12B) for the parameters
measured at 100% dialysis completion. These results suggest that multivariate integration
of scattering and water ratio parameters may enhance the detection of adverse events in
this dataset. Notably, this feature set also demonstrated predictive value earlier in
treatment, achieving an AUC of 0.93 at 25% dialysis completion. These results suggest
that the FD-Bb-NIRS system may provide clinical utility in early identification of at-risk
patients. Supplemental Figure 7 shows the AUC across the three features over dialysis

completion %
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Figure 12 A) Confusion matrix from a top-performing 3-feature classification model (A
Water Ratio, A, b). B) ROC curves showing classification performance of individual features
and the combined model. While A Water Ratio, A, and b at 100% dialysis completion
individually gave low AUC values of 0.6, 0.75 and 0.7 respectively, with the combined model
achieved an AUC of 0.88.

3.3.5 Comparison with Crit-Line and Blood Pressure Metrics
To evaluate whether Crit-Line measurements of relative blood volume change (A

BV) could be used to differentiate between patient groups with adverse vs non-adverse
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event, percent changes in hematocrit-derived BV were compared from the start to the end
of hemodialysis (Figure 13A). While the adverse event group exhibited a wider distribution
of A BV values, there was no statistically significant difference between groups.
Longitudinal plots of A BV are shown in Supplemental Figure 6, no statistically significant
difference was found between longitudinal Crit-Line measurements. These findings
suggest that A BV alone, as measured by Crit-Line, was not a reliable discriminator of
adverse events within this cohort. This interpretation should consider that the sample size
of Crit-Line (N=19) is smaller than the overall study population (N=27).

This contrasts with A Water Ratio (Figure 10), which was significantly different
between groups and remains the only tissue-based optical parameter to reach statistical
significance. Additionally, a summary of all measured physiological parameters, including
chromophores, A BV, and systolic blood pressure, is provided in Supplemental Table 2.
Among all variables assessed, only A Water Ratio was the only optical marker statistically
associated with adverse events. A Systolic Blood Pressure (SBP) was also identified as a
potential statistical marker (Figure 13B). However, it is noteworthy that 16 of the 18
subjects who experienced an adverse event had at least one documented episode of
hypotension during dialysis. Supplemental Figures 9 and 10 show the longitudinal and
delta chromophore plots of Hypotensive vs Non Hypotensive subject groups. Taken
together, these findings suggest that A Water Ratio may serve as a distinct optical marker
of adverse events and that noninvasive optical measurements could offer physiologically

relevant information beyond traditional hemodynamic metrics.
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Figure 13 A) Box plots of absolute change in relative blood volume (A BV) from start to end
of dialysis, as measured by Crit-Line. Subjects with adverse events (red, N = 13) and without
(blue, N = 6) presented similar means. No statistically significant difference was observed
between groups. B) Box plots of the absolute change in systolic blood pressure (A SBP) from
start to end of dialysis Subjects with adverse events (red, N = 18) and without (blue, N = 8).
A 2-sided t-test (p=0.039) shows there is a statistically significant difference was observed
between groups.

3.4 Discussion

We presented here the findings from a clinical study in which a FD-Bb-NIRS
system was used to monitor optical and physiological changes during hemodialysis and
evaluated their association with intradialytic adverse events. To date, few optical studies
have systematically examined chromophore dynamics during hemodialysis, and none, to
the best of our knowledge, have reported FD+CW NIRS measurements to longitudinally
monitor tissue hydration status.

Among the parameters analyzed, A Water Ratio was the only chromophore related

metric to show statistically significant differences between subjects with and without
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adverse events. While chromophore trends such as those seen in HbO., Hb, and StO:
exhibited similar overall magnitudes between groups, A Water Ratio diverged
substantially. The scattering parameters, A and b, demonstrated clear longitudinal
differences and contributed to the top-performing three-feature classification model. When
considering conventional clinical measurements, Crit-Line-derived blood volume changes
(A BV), was not able to differentiate between groups. Although A Systolic Blood Pressure
(SBP) also reached statistical significance, it is notable that the majority of adverse events
(16 of 18) were hypotension-related, potentially narrowing the profile of the average
captured adverse event.

The observed group-level divergence in A Water Ratio may reflect a mismatch
between the prescribed ultrafiltration rate and the subject’s vascular refill capacity (plasma
refill rate) or tissue water clearance, potentially contributing to the onset of adverse events.
A declining water ratio in non-adverse event subjects is consistent with effective interstitial
and intracellular water removal, while the relative stability or increase in the adverse event
group may reflect a disparity between ultrafiltration rate and vascular refill capacity,
leading to insufficient compensation and a higher risk of hypotensive events. These
findings suggest that optical measurements of tissue water behavior (interstitial volume)
may precede the development of dialysis-related adverse events and thus can be leveraged
as an early sign of hemodynamic instability not apparent in currently available clinical
measurements such as blood pressure and hematocrit.

There is limited prior literature characterizing chromophore changes in patients

during hemodialysis, the preliminary characterizations show here underscore the need for
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further investigation in this area. The observed hemodynamic (e.g., HbT increasing by
approximately 17 uM) were in agreement with previously published FD measurements
taken in the context of dialysis by de Blasi et al. who reported a HbT increase of ~18 pM
[31]. Additionally, the absolute tissue absorption and scattering values measured in the
study population aligned with more broadly published ranges for skin and muscle [60].
Prior work by Pierro et al. measured cerebral blood flow in hemodialysis patients using
FD-NIRS. In their preliminary application of coherent hemodynamics spectroscopy (CHS)
a significantly prolonged capillary and venous transit times were shown in hemodialysis
patients compared to healthy controls, potentially indicating microvascular dysfunction
[22]. This NIRS optical work also explores hemodynamic tissue changes in the ESKD
population, it differs from our study in physiological focus and analytical approach.

Differences in optical scattering are more challenging to interpret, likely due to
multiple contributing factors such as edema, cellular swelling, and changes in vascular
dynamics [24,27,37]. Prior literature has shown that as hydration status of tissue changes,
scattering is altered [24,27]. This effect is potentially caused by shifts in hydration status
altering cell packing density, thus altering the amplitude of p'.

Fluid volume assessment is a vital aspect of hemodialysis care, yet many currently
available methods present limitations in clinical utility or quantitative precision. Beyond
the current widely utilized clinical protocol of tracking patient’s subjective symptoms;
suggested clinical techniques such as hematocrit monitoring, bioimpedance, and
ultrasound-based assessments often face challenges of accessibility, ease of use, and

patient-specific variability [9,10,11]. Direct hematocrit monitoring methods, which involve
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blood draws, are labor-intensive and susceptible to operator variability [68,69]. Indirect
hematocrit monitoring, with the most common technology being Crit-Line, optically
monitors ex vivo blood being filtered through the hemodialysis machine and measuring
relative blood volume changes. Crit-Line was designed to estimate risk of adverse events,
and likelihood of achieving dry weight during a session [68-70,72]. However,
measurements have been shown to be inconsistent in predicting adverse events relating to
fluid volume shifts, limiting their clinical reliability [68-71]. Crit-Line monitoring was
available for 19 study participants. Another method currently used for fluid monitoring is
bioimpedance, which utilizes small electrical current to probe core and limb composition.
Bioimpedance measurements are influenced by electrolyte shifts and temperature
[69,70,73]. Intravascular ultrasound (IVUS), in which an intravenous ultrasound measures
the diameter of the inferior vena cava to assess intravascular volume to predict changes in
volume as a response to dialysis. This method requires catheterization, which is invasive
and often unavailable in routine clinical settings [1,16,17,18,48,68,69]. Current approaches
to volume assessment during dialysis remain largely out of reach and inaccurate in current
clinical settings.

In contrast to these other techniques, our optical approach offers a noninvasive and
physiologically specific alternative, with real-time sensitivity to changes in both
chromophore and water content. All the above discussed clinical technologies focus on
intravascular volume assessment, while >60% of total body water remains in extravascular

spaces, for which there are no clinical methods to assess its flux [78].
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A notable confounding factor in this study is that the participant cohort consisted
of inpatient dialysis patients, who may differ clinically from the broader, stable, outpatient
population, potentially limiting generalizability. Common comorbidities among study
participants included: congestive heart failure, diabetes, hypertension, chronic infections,
and anemia [2,7,68]. On average, 1.6 + 0.8 liters of fluid were removed during dialysis.
This volume is lower than typically observed in outpatient dialysis populations, which may
reflect the higher comorbidity burden of the inpatient study cohort. Previous literature
reports an accepted removal rate of 10-13ml/h/kg over an approximately 3.75-hour
outpatient dialysis session. Thus, for an individual attending outpatient dialysis with a
weight of 70kg, their expected ultrafiltration goal would be between 2.6 to 3.4 Liters)
[2,11,79]. The median dialysis duration was 3 hours (range: 1 to 4 hours); however, nine
sessions were terminated early due to the onset of severe intradialytic complications such
as: the possibility of stroke, severe leg cramping, low blood pressure, blood clots, or onset
of malaise or anxiety. These clinical constraints further contributed to variability in fluid
removal and treatment duration.

While A Water Ratio demonstrated statistically significant group differences, the
small sample size (N=27) is a limitation of this study. However, our objective was to
examine the feasibility of the FD-Bb-NIRS system as a preliminary clinical study. Future
studies with a higher power, larger, more diverse cohorts and a broader range of adverse
event types will be important to validate the discriminatory power of the Water Ratio and
other optical metrics. Additionally, a limitation of this study is the use of homogeneous

Monte Carlo models, which do not account for the layered structure of tissue (skin, adipose,
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and muscle) [80,81]. This simplification may lead to inaccuracies in absolute estimates of
chromophore extractions. Our prior work has shown that FD-Bb-NIRS is effective at
tracking dynamic relative changes in water content and other chromophores, though an
overall more accurate quantification of water and lipid may be achievable in the SWIRS
domain [62].

While the current study focused on hemodialysis, understanding tissue water
dynamics may have broader clinical relevance. Similar methodologies could be used for
assessing edema in patients with cardiovascular disease [23,82,83]. FD-Bb measurement
techniques may also be useful for non-invasive quantification of hydration level and body
composition [84], such as monitoring intentional weight gain or loss, or in sports medicine
[85].

3.5 Conclusion

In this preliminary clinical study, a pilot clinical study was conducted using a
combined FD-Bb-NIRS system to monitor tissue optical changes during hemodialysis.
Among the parameters evaluated, A Water Ratio emerged as the only optical metric that
significantly differentiated between subjects with and without adverse events. Changes in
scattering parameters contributed to multivariate classification. The multivariate
classification showed higher specificity and greater statistical significance than the
clinically utilized Crit-Line metric in distinguishing adverse from non-adverse event
groups. These findings support further investigation of FD-NIRS in a larger and more

diverse cohort as a tool to guide ultrafiltration in hemodialysis, a predictive tool for
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impending adverse events, and most importantly to assist in objectively defining the dry
weight in hemodialysis.
Chapter 4: Aim 3: Develop and validate an FD-SWIRS system

Note: This work was published in the Journal of Biomedical Optics:
Suciu D?, Pham T?, Wei LL?, Guruprasad S?, Roblyer D®. “Frequency domain broadband
short-wave infrared spectroscopy for measurement of tissue optical properties from 685 to
1300 nm”. J Biomed Opt. 2025 Apr;30(4):045001. doi: 10.1117/1.JB0O.30.4.045001.
2Boston University, Department of Biomedical Engineering, Boston, MA, USA
®Boston University, Department of Electrical and Computer Engineering, Boston,

MA, USA

4.1 Motivation/ Introduction

Diffuse optical spectroscopy (DOS) is a technique that leverages light propagation in
highly scattering media to measure tissue optical properties. This technique is also
commonly referred to as near-infrared spectroscopy (NIRS) when utilizing wavelengths in
the near-infrared (NIR) region (~650 to 1000 nm). DOS and NIRS have been widely
applied in medical diagnostics in applications ranging from cancer to neuroscience[21].
Three types of NIRS modalities are commonly used in biological measurements:
continuous wave (CW), frequency domain (FD), and time domain (TD) [21,27,28]. Among
these techniques, only FD-NIRS and TD-NIRS allow for the decoupling of absolute
absorption (u,) and reduced scattering (u,") from the measured optical signal [55].
Specifically, for FD-NIRS, the absolute measurements of both u, and u,' can be achieved

by using calibrated amplitude and phase information of the detected light after traveling
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through tissue [21,32]. One of the limitations of FD-NIRS is the added instrumental
complexity compared to CW-NIRS, which typically restricts absolute measurements of
optical properties to only a few wavelengths simultaneously. To address this, hybrid
FD+CW systems have been developed to acquire absolute broadband u. and u;' spectra
[32,36,37]. Though prior NIRS techniques have focused on quantifying oxygenated and
deoxygenated hemoglobin (HbO:> and Hb, respectively) [21,27], there has been a growing
interest over the last decade in using diffuse optical techniques to measure tissue
concentrations of water and lipids [25,45-47].

Noninvasive optical measurements of water and lipids may provide utility in a wide
range of clinical applications, including chronic conditions such as end stage kidney
disease, heart failure, and monitoring the side effects of cancer treatments among others
[12,82,86-89]. Other applications include hydration monitoring of athletes and more
accurate assessment of body composition during intentional weight loss or gain [85,90].
To date, however, most optical techniques designed to monitor water and lipids in biologic
tissues have focused on using NIR wavelengths, especially the 900-1000 nm range [91-
93]. Compared to NIR, the short-wave infrared (SWIR) wavelength range (often defined
as 1000 to 2000 nm) potentially enables more accurate measurements of water and lipids,
as these chromophores exhibit strong absorption in this region, with minimal interference
from HbO, and Hb (as seen in Fig. 14). The SWIR wavelength range may also provide
deep tissue measurements in certain circumstances, due to the lower tissue scattering and
lower melanin absorption compared to NIR wavelengths [47]. There are a handful of prior

studies that have explored SWIR wavelengths for monitoring water and lipids using diffuse
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optical technologies [45,46,94]. To our knowledge there has been no prior work developing
SWIR in a combined FD and CW system or similar technology to provide absolute tissue
optical properties.

In this study we developed a hybrid FD and CW system to measure broadband and
absolute 1, and us" up to 1300 nm. This frequency-domain broadband SWIR spectroscopy
(FD-Bb-SWIRS) system utilizes FD-NIRS measurements from 685-980 nm, and
broadband CW measurements from 900 to 1300 nm. Using broadband p., we demonstrated
that water and lipid concentrations can be obtained in phantoms and porcine tissue samples.
Compared to other current SWIR techniques such as CW-SWIRS and spatial frequency
domain imaging (SWIR-SFDI) [46,47,95-97], our approach offers several advantages,
including the use of single source detector separation (SDS), direct extraction of optical

properties, and greater sensitivity to deeper tissue regions.
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Figure 14 Spectra of absorption coefficients (n.) and the resulting reduced scattering
coefficient (u;) for four dominant chromophores (oxyhemoglobin HbO2, deoxy hemoglobin
Hb, water, and lipids) of human tissue. The total p, is calculated by adding the individual
chromophore absorptions to get the human tissue absorption spectra. The region with white
background indicates the NIR spectrum (~650 to 1000 nm) The shaded region indicates the
SWIR spectrum (1000 nm and up). These plots are generated from values obtained from
typical muscle tissue chromophore concentrations (Total Hemoglobin ([HbT]) = 117 uM,
Oxygen Saturation (StO2) = 65%, [Water] = 60%, [Lipid] =20%) and scattering parameters
(u5(800 nm) = 1.3 mm™1, b = 1) [22,23,24,57,64,77,82,93,98,99].

4.2 Materials and Methods

4.2.1 Wavelength Selection and Inverse Model considerations

One of the challenges of using FD technology with SWIR wavelengths is the combination
of high u, and low u,' typically found in biological tissue. This combination of optical
properties typically renders the diffusion equation (i.e., the analytical solution to the P1
diffusion approximation of the Boltzmann transport equation with semi-infinite boundary
conditions) inaccurate [28,37]. To address this issue, we evaluated the feasibility of using
FD measurements in the SWIR range through Monte-Carlo look-up table (MC-LUT)
model (detailed in Chapter 2.4), which are accurate beyond the diffusive regime [31].

We first conducted a simulation study to estimate the uncertainties in optical properties
based on the uncertainties in measured FD diffuse reflectance across a wide range of tissue
optical properties, spanning those anticipated in the NIR and SWIR wavelength bands. We
explored the range of u, from 0.002 to 0.2 mm! and a range of u,’ from 0.2 to 2 mm™'. For
each combination of u, and u,’, we calculated FD reflectance using the MC-LUT forward
model with a modulation frequency of 150 MHz. Then, for each FD reflectance value

generated, we created a set of 1000 simulated FD data by introducing Gaussian random
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noise to the ground-truth value. We added zero-mean Gaussian noise with 0 = 1% to the
amplitude and similarly, zero-mean Gaussian noise with ¢ = 1° to the phase of the
reflectance data. Throughout this simulation, we assumed that the noise was consistent
across all optical property values. Subsequently, optical properties were recovered from
the simulated data by applying the MC-LUT inverse model. The uncertainties in u, and u;'
associated with the uncertainties in reflectance data were estimated as standard deviations
of the recovered optical property distributions for each specific set of ground-truth optical

property values.

4.2.2 Bb-FD-SWIRS Instrumentation
The FD-Bb-SWIRS system combined a FD-NIRS component and a broadband CW-
SWIRS component (Fig. 15). Details of the custom digital FD-NIRS component have been
described elsewhere [60]. Depending on the specific experiment, the FD system used
illumination wavelengths of either 730, 852, 940, and 980 nm (LP730-SF15 Thorlabs,
LP852-SF30 Thorlabs, LP940-SF30 Thorlabs, and LDT-980-100-MM CNI) or 685, 730,
852, 915, and 980 nm (FMXL685-025SFOB BlueSky, LP730-SF15 Thorlabs, LP852-
SF30 Thorlabs, LP915-SF40 Thorlabs, and FMXL980-025SFOB BlueSky). The laser
illumination power for both systems ranged from 6mW to 14mW per laser depending on
the wavelengths, such that each system’s combined lasers power output was within the
American National Standards Institute (ANSI) safety standard. Lasers were modulated at
discrete frequencies between 127 and 177 MHz. A set of direct digital synthesizer (DDS)

boards was used to simultaneously modulate each laser diode at the selected modulation
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frequency. A broad-spectrum tungsten halogen lamp (HL-2000-HP-B, Ocean Optics,
wavelength range from 360-2400 nm) was used as the illumination source for the CW
measurements.

Custom optical fibers were used for both FD and CW measurements (Fiberoptic
Systems, Simi Valley, CA). An eight-in-one source fiber was used for FD measurements
in which eight 400 um core diameter fiber bundles were combined into a single straight
ferrule to deliver light to the tissue sample. A single 3 mm active area fiber was used to
deliver CW broadband light to the sample. A 2.3 mm fiber (NA: 0.55) was used for FD
detection, and a 1 mm fiber (NA: 0.55) was used for CW detection. All four fibers were
housed in a custom aluminum probe holder which was fabricated to position fibers on the
sample as seen in Fig. 16.

For FD-NIRS detection, a 3-mm-diameter silicon avalanche photodiode (APD)
(S11519, Hamamatsu) was used to detect laser light. A 250 mega-sample per second
analog-to-digital converter (ADC) was used to digitize the APD signal. The Goertzel
algorithm was implemented in the system microprocessor to calculate the phase and
amplitude of the FD reflectance measurements. The CW-SWIRS remitted broadband light
was detected using a 256-pixel uncooled InGaAs spectrometer (AvaSpec-NIR256-1.7-
EVO, Avantes). The grating and slit width were selected to achieve a usable measurement
range of 900-1300 nm with a spectral resolution of 22 nm full width at half maximum
(FWHM). The exposure time of the broadband light source varied depending on the
experiment and was adjusted to maximize photon counts while avoiding spectrometer

saturation. To ensure reliable measurements, we also measured a dark phantom (fabricated
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with a high nigrosin concentration as an absorbing agent) using exposure times similar to
those used for sample measurements. This allowed us to confirm that the sample intensity
counts stayed well above the dark phantom measurements (dark noise) at all wavelengths.
The wavelengths at 915 nm, 940 nm, and 980 nm used by the FD-NIRS components of the
systems overlapped with the spectral range of the spectrometer.

The FD-Bb-SWIRS system was controlled by a custom graphic user interface (GUI)
written in MATLAB (MathWorks Inc., Natick, MA) and operated on a Windows 10 laptop.
The FD and CW data were collected sequentially, with the FD amplitude and phase data
acquired first at an acquisition time of approximately 11 ms per measurement, followed by
the CW reflectance data collection at 25-1200 ms per measurement (experiment
dependent). During FD data collection, the CW broad-spectrum lamp was turned off, and
only the FD lasers were active. Conversely, during CW data collection, the FD lasers were
switched off and the broad-spectrum lamp was turned on. Given the total acquisition time
of 35-1211 ms, we do not anticipate significant optical, thermodynamic, or other
physiologic changes that would impact the system’s ability to capture static tissue optical

properties.
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Figure 15 Schematic diagram of the custom FD-Bb-SWIRS system. Key components include
ADC = Analog-to-Digital Converter, APD = Avalanche Photo Diode, DC = Direct Current,
DDS = Direct Digital Synthesizer, LPF = Low Pass Filter, Amp = Amplifier, BPF = Band Pass
Filter. FD source and detector indicated by red lines, CW source and detector indicated by

blue lines.
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Figure 16 A) The adjustable probe containing the FD and CW source and detector fibers set
to a source-detector separation (SDS) of 10mm B) The FD-Bb-SWIRS system. The black

enclosure houses the electronic system which is controlled by a laptop.
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4.2.3 FD-Bb-SWIRS Data Processing Overview

The processing pipeline for the FD-Bb-SWIRS system is shown in Fig. 17. It is adapted
from a previously described algorithm used for combined broadband CW-SWIRS and FD-
NIRS [37]. The NIRS processing pipeline is described previously in Chapter 2.3. In this
case we leveraged the fact that there is a partial overlap between the FD-NIRS and
broadband CW-SWIRS wavelengths to extract u, from 900-1300 nm. For data processing,
we used the MC-LUT approach for a homogeneous medium with semi-infinite geometry
to translate optical properties . and u;' to theoretical reflectance data (forward model) and
vice versa (inverse model). Look-up tables (LUTs) described in chapter 2.4 were used. For
measurements on intralipid-based liquid phantoms (Sec. 3.2), the refraction index and
scattering anisotropy were assumed to be n = 1.33 and g = 0.7 respectively [95]. For
measurements on solid phantoms and porcine tissues, the values were setasn = 1.4 and g
=0.9[77].

First, u. and u;' values at 685-980 nm were extracted from the calibrated amplitude and
phase values of FD-NIRS measurements using the MC-LUT inverse model. Calibration
was conducted using intralipid-based liquid phantoms or solid silicone phantoms. The
optical properties of the calibration intralipid phantoms are known based on our previous
work [95]. Using extracted u' at 685 to 980 nm, the wavelength dependence of scattering
was fit to a power law [77] and the scattering parameters a (scattering amplitude at 900
nm) and b (scattering power) were computed. These scattering parameters were used to

obtain spectral u " up to 1300 nm.
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Next, broadband u, spectra at wavelengths >900 nm were obtained from calibrated
CW-SWIRS measurements and known u;' spectra obtained as in the previous step. The
broadband CW-SWIRS measurements were first calibrated by using a Spectralon standard
(Labsphere, North Sutton, NH) to correct for spectral features of the lamp light source. The
broadband CW-SWIRS reflectance was then scaled to match with the expected CW
reflectance values at the overlapping FD wavelengths, as computed from the optical
properties at those wavelengths obtained in the first step using the CW MC-LUT forward
model. With the calibrated CW reflectance data and known u;' values at 900-1300 nm, we
used the CW MC-LUT inverse model to compute u, spectrum. Figure 18 shows an example
measurement of a liquid phantom composed of intralipid (1.5% lipid by volume), which
clearly shows the expected absorption peak of water near 980 nm and 1200 nm.

For tissue measurements, tissue chromophore concentrations, i.e., [HbO2], [Hb],
[Water], and [Lipid], were obtained from the broadband u, spectra (at FD wavelengths
from 685-980 nm and CW-wavelengths from 900-1300 nm) by applying the least-square

fitting method to minimize u. spectra and Beer’s law model (Sec. 2.4.3).
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4.3: Validation Experiments

4.3.1 In Vitro Validations on Mineral Oil based Phantoms
In the first experiment, the FD-Bb-SWIRS system was used to measure solid mineral oil-
based phantoms with different absorption values to determine the system’s ability to
measure i, spectra up to 1300 nm. Solid mineral oil-based phantoms were fabricated
following the method described in Hacker et a/ [100]. In this protocol we substituted
nigrosin dye with powdered carbon black dye (Jacquard Products, Healdsburg, CA).
Carbon black has a flat u, spectra across the NIR and SWIR wavelength ranges [101] while
the nigrosin u. spectrum decreases with wavelength [102]. Three 125 mL phantoms were
fabricated with increasing carbon black dye concentrations: 0.05, 0.08 , and 0.16 g/L.. Each
phantoms contained 100 mL of mineral oil (Sigma Aldrich, St. Louis, MO), 0.15 g of
titanium dioxide (Sigma Aldrich, St. Louis, MO), 25.14 g of SEBS (polystyrene-block-
poly(ethylene-ran-butylene)) (Sigma Aldrich, St. Louis, MO), and 6.70 g of LDPE (low-
density polyethylene) (Alfa Aesar, Haverhill, MA). Measurements were taken with a SDS
of 10 mm. The FD measurements taken in this experiment utilized wavelengths at 685,
730, 852, 915, and 980 nm FD wavelengths. However, data at 730 and 915 nm were
excluded due to phase noise > 2 deg or amplitude noise > 2%. The FD measurements were
calibrated against a solid silicone calibration phantom (namely ACRIN9) with known

optical properties.
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4.3.2 In Vitro Validation on D>O liquid Phantoms

In the second experiment, the FD-Bb-SWIRS system was used to measure liquid
intralipid-based phantoms fabricated from a consistent concentration of intralipid solution
(Patterson Veterinary, Houston, TX) and at different concentrations of deuterium oxide
(D20) (Sigma Aldrich, St. Louis, MO) to test the feasibility of the system to measure
changes in u, around the water absorption peaks at 980 and 1200 nm wavelengths.
Measurements were taken from a solution of 1% lipids by volume held within a 10 cm X 7
cm x 2.5 cm opaque well, able to hold 150 mL of fluid. The lipid solution was
incrementally diluted with a similar mixture of 1% lipids and D>O over 10 titration steps
of increasing D20 from 0% to 90% D>O. The solution was measured five times per titration
step. Measurements were taken with a SDS of 10 mm at 730, 852, 940, and 980 nm FD
wavelengths. FD measurements were calibrated against a separate 1% by volume lipid and
deionized water (DI) solution. D>O has approximately 1/10% the u, of DI water in the
SWIR wavelength range [103]. Thus, as the D>O replaced H>O in the solution it was

anticipated that the x4, would decrease while u' remained constant [46].

4.3.3 Ex vitro Validations on porcine samples during desiccation
In the final experiment, the FD-Bb-SWIRS system was validated in ex vivo
measurements on porcine tissue to assess the ability of the system to monitor water changes
in tissue. Measurements were performed on two different porcine tissue samples, a lean
muscle (M) sample and a sample with a 7 mm adipose + skin layer on top of the muscle

(muscle+adipose, or M+A) (Fig. 19). The samples were acquired fresh and refrigerated.
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Before measurements, they were left at room temperature for one hour, assuming they had
reached room temperature before the start of the experiment. In this experiment the SDS
was set at 15 mm to allow for deeper light penetration. FD measurements were taken at
730, 852, and 915 nm wavelengths. Data at 685 and 980 nm were excluded as phase noise
was > 2 deg or amplitude noise was > 2%. Calibration of FD measurements was performed
on a solid silicone calibration phantom (labeled as INO9) with known optical properties.
The porcine samples were measured with the FD-Bb-SWIRS system in three locations by
moving and replacing the probe between each measurement. These locations were marked
for subsequent measurements. For the M+A sample, measurements were taken on top of
the skin layer. After baseline measurements, the porcine samples were placed inside an
electric vacuum oven at 30-40 °C for the next 8-hour desiccation period. The specified
temperature range was selected to allow for a continuous evaporation of water, while not
inducing protein denaturation [104]. Over the course of 8 hours, the porcine samples were
removed once an hour to be weighed and optically measured with the FD-Bb-SWIRS
system in the same locations as the baseline measurements. After 10 hours, the porcine
sample continued to undergo desiccation and was weighed at every 12 hours until no
further weight loss was observed due to water evaporation (after 177 hours in total). The
water content at each desiccation time point x was calculated based on weight loss relative

to the final recorded weight [105], as shown in Eq. 3:

my —mg
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Here, C. is the water content of the porcine sample at time x, m, is the measured mass
after x hours of desiccation, and m. is the final mass of the porcine sample recorded at the
end of the desiccation period (i.e., after 177 hours).

The u. spectra measured at the three locations for each desiccation time point were
averaged to get tissue chromophore concentrations ([HbO:z], [Hb], [Water], [Lipid]). The
fitting method for chromophore concentrations was carried out including a constant
background absorption. Specifically, the model indicates that x4, spectrum is dependent on
the concentrations (C) and respective extinction coefficient spectra (¢) of the
chromophores, such that p, (1) = X; Ci&;(4) + pgprg - Here, a constant background
absorption g g Was added to account for tissue heterogeneity or missing chromophores
[93]. Extinction coefficients ¢ of the four chromophores are based on values from literature,
listed in the Appendix. In this experiment, we compared the water content extracted from
our FD-Bb-SWIRS method with estimates derived from weight loss (using Eq. 3) and those
obtained from FD-Bb-NIRS data (i.e., fitting was performed on the same optical data up to
1000 nm). This comparison aimed to highlight the advantages of the proposed FD-Bb-

SWIRS over NIRS in terms of water fitting accuracy.
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Figure 19 Photos of the two porcine samples, muscle (M) sample and muscle with an adipose
layer (M+A) sample. Photos were taken at baseline (before desiccation).

4.4 Results

4.4.1 Uncertainty in Extracted Optical Properties using FD Model
Figure 20 illustrates the simulated uncertainties of extracted u, and pg when using FD
reflectance data obtained at different optical property values. When subjected to the same
noise level in FD reflectance data, we observed increased variances in the recovered u,
and pg with increasing u,. Absorption uncertainty was notably higher in the region with
high p, and low g (SWIR regime). In particular, we presented two sets of optical
properties representing typical values for human muscle tissue at 800 nm (NIR) and 1200

nm (SWIR). Results indicated that the absorption uncertainty o, /i, was approximately
twice as high at 1200 nm compared to 800 nm. Similarly, scattering uncertainty a7 /i

was about four times greater at 1200 nm than at 800 nm. The increased uncertainties in
optical properties at 1200 nm are further shown by the higher standard deviations observed
in the distributions of extracted u, and pg, as shown in Fig. S6 A and B (Supplemental
Material). Additionally, the differences between the means of these extracted optical
property distributions and the simulated ground truth values are notably higher for high p,
and low pg values but remain relatively uniform otherwise (see Fig. 6S C and D).

The simulation results underscore the challenge of obtaining accurate optical property

measurements using only FD technology in the SWIR, in contrast to the NIR. This serves
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as motivation for this study to employ a combination of FD-NIRS and broadband CW-
SWIRS techniques to improve the accuracy of optical property measurements.

A)

Absorption Uncertainty
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Figure 20 Uncertainties in A) p, and B) pg obtained from simulations with frequency-domain
(FD) reflectance data. Optical property examples (shown as red crosses) are shown for human
muscle tissue at 800 nm (u,=0.02mm 1, u,=1mm') and 1200 nm ( u, =
0.11 mm™1, u; = 0.6 mm™1). These plots are generated from values obtained from typical
muscle tissue chromophore concentrations (Total Hemoglobin ([HbT]) = 117 uM, Oxygen
Saturation (StO2) = 65%, [Water] = 60%, [Lipid] = 20%) and scattering parameters
(u5(500 nm) = 1.5mm™1, b = 0.9) [22,23,24,57,64,77,82,93,98,99].

4.4.2 In Vitro Validations on Mineral Oil based Phantoms
Figure 21 A and B show u, and u;' spectra obtained from the three solid mineral oil-based
phantoms. FD measurements of u, and u' are shown as means and standard deviations
averaged from 300 sequential measurements without probe repositioning. As anticipated,
Ua increased linearly with increased carbon black concentration (Fig. 21 A,C) while u,’
remained nearly constant (Fig. 21B). Though there was some fluctuation in ;' over the
increasing carbon black concentration, there is no singular trend as seen in Fig. 21D, and
thus any drift in the values can be attributed to instrumental/experimental noise or slight

variations in phantom creation. All presented measurements were below the 2 degrees
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phase error and 2% amplitude error. Lipids absorption peaks at 925 and 1210 nm were
present in all phantoms, which is attributable to the previously reported spectra of mineral
oil [106]. The broadband u. featured a prominent SWIR lipids peak at 1210 nm,
approximately 5 times the magnitude of the peak at 925 nm. The slope values of u, changes
vs carbon black concentrations shown in Fig. 21C are 0.23, 0.26, 0.22, and 0.26 mm!/(g/L)

for 685, 852, 925, and 1210 nm, respectively.
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Figure 21 Spectra of A) p. and B) p’ of three solid mineral oil-based phantoms with carbon
black concentrations at 0.05, 0.08, and 0.16 g/L.. C) Values of pa D) values of ps’ 685, 852, 925,
and 1210 nm vs different the carbon black concentrations in the phantoms. Lines in (C and
D) indicate the linear fits across all data points.



59

4.4.3 In Vitro Validation on D>O liquid Phantoms
Figure 22 A and B show u, and u;' spectra obtained from the three solid mineral oil-based
phantoms. FD measurements of x4, and u," are shown as means and standard deviations
averaged from 300 sequential measurements without probe repositioning. As anticipated,
Ua increased linearly with increased carbon black concentration (Fig. 22 A,C) while us’
remained nearly constant (Fig. 22B). Though there was some fluctuation in u;" over the
increasing carbon black concentration, there is no singular trend as seen in Fig. 22D, and
thus any drift in the values can be attributed to instrumental/experimental noise or slight
variations in phantom creation. All presented measurements were below the 2 degrees
phase error and 2% amplitude error. Lipids absorption peaks at 925 and 1210 nm were
present in all phantoms, which is attributable to the previously reported spectra of mineral
oil [106]. The broadband u. featured a prominent SWIR lipids peak at 1210 nm,
approximately 5 times the magnitude of the peak at 925 nm. The slope values of u, changes
vs carbon black concentrations shown in Fig. 22C are 0.23, 0.26, 0.22, and 0.26 mm!/(g/L)

for 685, 852, 925, and 1210 nm, respectively.
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Figure 22 Spectra of A) p. and B) p, of the ten titration steps. The titration was preformed
from 0% D,0 to 90% D;0. C) Values of p, and D) values of ps' at 730, 852 (from FD
measurements), 980, and 1200 nm (from broadband measurements) vs the different D,O
concentrations. Lines in (C and D) indicate the linear fits over all data points.

4.4.4 Ex vitro Validations on porcine samples during desiccation
Figure 23 presents u, spectra measured from two porcine samples, one consisting solely of
muscle (M) and the other with a layer of 7 mm adipose + skin at the top of the muscle
(M+A). Fig. 23 also presents the tissue water concentrations [Water| derived from weight
estimates (using Eq. 3), FD-Bb-SWIRS optical data, and FD-Bb-NIRS optical data (up to
1000 nm) for the two porcine samples during the desiccation. Measurements were taken

from three distinct locations, with the probe being moved and repositioned between each
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reading. The u, spectra were fit to the Beer’s law to extract chromophore concentrations
including a constant background absorption. The raw intensity measurements for the
porcine samples are discussed in Supplemental Materials, Figure 12.

At baseline (prior to desiccation), the proposed FD-Bb-SWIRS method measured
[Water] as 70 = 4 % for the M sample and 40 + 2 % for the M+A sample. The extracted
[Lipid] was 9.3 £ 0.5 % for the M sample and 45.8 = 0.7 % for the M+A sample. The
constant absorption background pg prg Was 0.003 = 0.003 mm™' for the M sample and 1.7
+0.1 X 107® mm! for the M+A sample. From baseline to the end of desiccation, [Lipid]
measured by FD-Bb-SWIRS increased slightly in the M sample (from 9.3% to 11.9% on
average) and remained relatively stable in the M+A sample (from 45.8% to 44.7% on
average). Over the 8-hour desiccation period, the M sample exhibited minimal variation in
the measured [Water], increasing slightly from an average of 70% at baseline to 72% after
8 hours. This negligible change closely aligned with weight-loss-based estimates (using
Eq. 3), which indicated 71% at baseline and 68% after 8 hours. In contrast, the M+A sample
showed a more pronounced decrease in FD-Bb-SWIRS measured [Water], dropping from
an average of 40% at baseline to 26% after 8 hours. These measured values differed from
the estimated water content from weight loss, which indicated 54% at baseline and 51%
after 8 hours. Throughout the desiccation process, the FD-Bb-NIRS method consistently
underestimated water content compared to both the FD-Bb-SWIRS chromophore
extractions and the weight-loss-based estimates in both tissue samples (Figure 23 E and F).

The discrepancy in estimated water content between FD-Bb-SWIRS and weight

estimates for the M+A sample is likely due to the relatively small 15 mm source-detector
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distance, which likely resulted in increased sensitivity to the skin and adipose layers while
providing much less sensitivity to the muscle layer [66,107]. Thus, the lower [Water]
values measured in the M+A sample may be attributed to the lower water content in adipose
tissue compared to muscle [84,108,109]. In contrast, the weight-loss-based water content

estimates for the M+A sample likely reflect contributions from both muscle and adipose

tissues.
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Figure 23 Optical properties and chromophore extraction results for two porcine tissues: a
muscle (M) sample and a muscle with adipose layer (M+A) sample. Data were collected every
hour over an 8-hour desiccation period. pa spectra A&B) and p' spectra C&D) are presented
for each desiccation hour, with values shown as means and standard errors based on three
separate location measurements. Panels E&F) display the extracted water concentrations for
both samples over time, with means and standard errors from measurements at three distinct
locations.

4.5 Discussion
We presented here a combined FD and CW system to measure u, and ;' from 685 - 1300
nm. To the best of our knowledge, this is the first combined FD and CW system capable
of quantifying water and lipids in the SWIR regime (i.e. > 1000 nm).

The system was shown to be sensitive to u. changes in mineral oil-based phantoms
with increasing concentrations of carbon black. A similar trend in u, and carbon black
concentration was observed in Maneas et al [110] in which u, increased linearly with
carbon black concentration. The mineral oil-based phantoms also exhibited strong u, peaks
at 925 and 1210 nm, characteristic of lipid absorption. Additionally, the FD-Bb-SWIRS
system was shown to be sensitive to absorption changes due to water content in the D,O
titration experiment. Here, prominent absorption peaks were observed at 980 and 1200 nm,
characteristic of water absorption.

The system was also able to quantify changes in u, and u', as well as water and lipid
concentrations in ex vivo porcine tissues. To the best of our knowledge, this paper is the
first to compare NIR vs. SWIR optical window in a hybrid FD and CW broadband system
in terms of the accuracy of water content extraction in biological tissue. Our results
demonstrated that the proposed FD-Bb-SWIRS system provided better estimations of

tissue water content measured by weight-loss-based estimates. In this ex vivo experiment,
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both lean muscle (M) and fatty muscle + adipose (M+A) porcine tissues were measured,
which had substantially different properties and trends during desiccation. Optical
measurements showed lower water content at baseline values in M+A than in M sample.
This could be explained because in the M+A tissue, measurements were sensitive to the
more superficial skin and adipose layers where there is a lower water content than in muscle
[109]. Our optical measurements on M and M+A samples showed similar spectral features
to those measured on porcine muscle and pure fat tissue samples, respectively, as reported
in Damagatla et al [28]. Specifically, M sample showed clear water absorption peak at 980
and a broad peak at 1200 nm, while M+A sample showed a more prominent and narrow
lipid absorption peak at 1210 nm. Bashkatov et al reported a muscle water content of 73 +
0.5% [111] which is similar to our measurements of 70 + 4 % for the M sample at baseline.
Lam et al reported averaged water contents of 43% and 56% for porcine tissue samples
with thick and thin adipose tissue layer, respectively [45]. Our water content estimates for
our M+A measurements are at 40 = 2 % aligning within the range of values reported from
Lam et al. After 8 hours of desiccation, water changed more significantly in M+A sample
(about an average 14%) as compared to M sample. This may be because the superficial
tissues (e.g., skin and adipose) probed by our optical measurements may undergo different
proportional changes in water content during the desiccation process compared to pure
muscle tissue. When compared to prior dehydration assessments of porcine skin tissue our
findings report similar trends. In Yu et al there is a marked decrease of ~15% in water over
the first 8 hours of dehydration of a porcine dermis sample [105], which we see similar

trends to in the M+A sample.
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Compared to prior SWIR measurement techniques, the FD-Bb-SWIRS system
presented here has several important and distinct characteristics. Importantly, the use of
FD measurements provided absolute quantification of tissue optical properties both at the
FD measurement wavelengths, and then from 900-1300 nm through scaling of our
broadband CW spectroscopy data. In contrast, our prior work in the development of a CW
wearable SWIR probe utilized multiple SDS as well as a deep neural network to extract
water and lipid concentrations, without direct extraction of optical properties [46].
Similarly, other works such as Nachabe et al utilized spectral shape constraints to fit for
scattering parameters and tissue chromophores directly without extracting tissue
absorption [25]. Our method allows for more direct extractions of chromophores, such as
water and lipids, from absorption measurements without the need for spectral constraint
assumptions on raw optical data. Nachabe et al also differed from our own in that they used
only CW measurements and utilized a very short SDS of 2.48 mm, whereas our system
used either 10 mm or 15 mm SDS allowing for measurements of deeper tissue regions.
Additionally, our measurements utilized both NIR and SWIR wavelength ranges so that
concentrations of blood oxy- and deoxy-hemoglobin could be included in our chromophore
fits in future work.

In comparison to prior works utilizing the NIR wavelength band to extract tissue water
and lipids concentrations [45,90,112], our method captures both the first and second lipid
and water absorption peaks. As expected from the known extinction values, our findings
confirmed that the 1200 nm absorption peak is more sensitive to changes in water and lipids

compared to the 900-1000 nm range. For example, in the D-O-H-O titration, the slope of
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relationship between H2O concentration and u, was approximately four times steeper at
1200 nm compared to 980 nm (Fig. 22C). This is likely to assist in the detection of more
subtle changes in tissue water and lipid concentrations.

We have previously reported on extending SFDI to the SWIR wavelength band
[47,95,97]. SFDI is non-contact and uses spatial modulation to extract quantitative optical
properties over a wide field. One major difference between SWIR-SFDI measurements and
the FD-Bb-SWIRS measurements presented here is the depth of penetration. SFDI has a
relatively shallow penetration depth, typically ranging from a few hundred microns to
approximately 3 mm [47,95]. In contrast, the direct-contact configuration and spatially
separated source and detector fibers used in FD-Bb-SWIRS potentially allows for deeper
tissue measurements, reaching up to ~8 mm inside the tissue for the SDS of 15 mm used
in the ex vivo experiments [45,61].

The ability to non-invasively quantify water and lipid content using FD-Bb-SWIRS
may be important for several clinical scenarios. For example, the volume status of patients
receiving hemodialysis (HD) is not currently directly assessed and it is estimated that 20-
50% of all dialysis patients are inadequately dialyzed [12,18,68,88]. Direct measurements
of tissue water content with FD-Bb-SWIRS might help with the management of
administration of dialysis for these patients. Similarly, this or similar technology could
assist with monitoring fluid overload and edema in patients with cardiovascular disease,
especially heart failure [82.83]. This technique may also be useful for non-invasive
quantification of hydration level and body composition [84], such as monitoring intentional

weight gain or loss, or in sports medicine [85]. Finally, changes in lipid concentrations
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have been shown to relate to chemotherapeutic response in breast cancer
[86,87,92,97,113].

One limitation of this work was the use of a relatively small SDS of 15 mm or less.
This was primary due to the inability to collect useable measurements near the strong 1200
nm absorption peak of tissue at longer SDS. In the future this might be improved with
higher illumination power near this wavelength band and/or improved detector sensitivity.
Another limitation was the use of homogenous MC models, which are appropriate for
homogenous liquid phantoms, but fail to capture the layered structure of tissue, including

skin, adipose, and muscle [95,81].

4.6 Conclusion
In summary, in this work we designed and fabricated a FD-Bb-SWIR device for the
characterization of tissue optical properties up to 1300 nm. The system’s sensitivity to
changes in u, at both the water and lipid absorption peaks in the NIR and SWIR was
validated through both solid and liquid phantom titrations in the carbon black and D,O
experiments. Additionally, the system’s ability to extract water concentration changes ex
vivo was showcased via chromophore extractions during a porcine desiccation experiment.
In the future, this technique has the potential to provide sensitive water and lipid

measurements for a variety of clinical applications.
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Chapter 5: Discussion and Conclusions
5.1 Summary of Findings

Presented here is the initial design and application of the FD-Bb-NIRS optical
system for the noninvasive monitoring of tissue hydration during hemodialysis. The FD-
Bb-NIRS system was used in a preliminary clinical study, in which twenty-seven patients
undergoing hemodialysis were monitored continuously. The FD-Bb-NIRS system was able
to capture distinct chromophore trends over the course of treatment. Group-level analyses
revealed that AWater Ratio was the only optics based parameter that could, with statistical
significance (p=0.0313), distinguish between patients who experienced intradialytic
adverse events from those who did not. When considering multivariate classifications, a
three-feature model utilizing AWater Ratio, and scattering parameters A and b were able
to not only discriminate adverse events post dialysis but also showed potential for an early
warning sign of adverse event by demonstrating strong discriminatory performance early
in treatment. In contrast, currently clinically available metrics such as Crit-Line were not
able to discriminate between the two groups.

Following our findings in the FD-Bb-NIRS study, the range of the hybrid FD+CW
spectroscopy was extended into the SWIR wavelength range. The FD-Bb-SWIRS system
was developed and validated, which was able to extract broadband absorption and reduced
scattering between 900-1300nm. Validation experiments were performed with a carbon
black titration on mineral oil phantoms, a D20 liquid phantom titration, and a porcine tissue
desiccation experiment. It has been demonstrated here that the FD-Bb-SWIRS system

could accurately recover absorption and scattering spectra. The system also reported water
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and lipid concentrations more accurately than the FD-Bb-NIRS system, proving that by
utilizing the SWIRS wavelength range could provide heightened sensitivity to tissue
hydration in future clinical studies.

By demonstrating both clinical feasibility in the NIR and technical feasibility in the
SWIR, this work establishes a promising tool for comprehensive tissue hydration

monitoring hemodialysis and related clinical settings.

5.2 Impact and Innovations

The clinical impact of this work lies in demonstrating that DOS technologies have
the potential to provide meaningful insights into the fluid dynamics of patients during
hemodialysis, a setting where current monitoring tools remain inadequate.

Hemodialysis patients face high risks of intradialytic adverse events due to fluid
mismanagement. Often, clinical decisions are guided by crude indicators such as
monitoring patients for secondary symptoms of discomfort or intermittent changes in blood
pressure. By the time in which symptoms are occurring an adverse event has already
occurred. Even widely used technologies such as Crit-Line hematocrit monitoring are
limited in their ability to consistently predict adverse outcomes.

This dissertation showed that tissue-level optical biomarkers can bridge this gap.
The AWater Ratio, proved to be a stable and physiologically relevant hydration metric,
distinguished patients who experienced adverse events from those who did not, while
scattering parameters offered complementary discriminatory power. Importantly, the
integration of these metrics into a multivariate model enabled not only accurate

classification of adverse events but also early prediction during treatment. This finding
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highlights the potential for optical monitoring such as the FD-Bb-NIRS systems to serve
as a real-time early warning system for hemodynamic instability, allowing clinicians to
adjust ultrafiltration strategies before complications arise. Furthermore, by extending a
FD+CW system into the SWIR range the existing technologies have been innovated upon
and have allowed for future clinical monitoring systems that explore a more
hydrodynamically sensitive range.

The ability to track hydration shifts within tissue also carries broader clinical
implications. Our system could not only help guide dialysis treatments but could potentially
be utilized in volume management in intensive care units, in monitoring cardiovascular
disease, or in the monitoring or treatment of other chronic diseases where fluid imbalance
drives morbidity. Apart from the critical care space this technology could be used in
assessing hydration or lipid levels of athletes during training or allow for general
practitioner doctors to track the lipid and hydration status of individuals undergoing

intentional weight gain or weight loss.

5.3 Future Work
The work in this thesis provides many potential future directions, some of which are

described below.

5.3.1 SWIRS Human Measurements (and updates to the FD-Bb-SWIRS System)
The FD-Bb-SWIRS system demonstrated a high sensitivity to changes in water (as
shown in Chapter 4), however, transitioning to in vivo human measurements introduces

new challenges. The high absorption properties of tissue in the SWIR range significantly
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reduces light penetration and limits the useable SDS with the FD-Bb-SWIRS system. This
absorption effect can make it difficult to obtain signals at depths sufficient for probing
muscle and deep tissue. Figure 24 shows the spectrometer measurements of the forearm of
a healthy volunteer at a 15 mm SDS with the FD-Bb-SWIRS system. The count level
around 1200 nm is so close to dark that any attempts to extract broadband absorption would
be unreliable.

There are several methods that could potentially resolve the current issue and allow
for noninvasive tissue hydration monitoring with SWIRS wavelengths. First, by increasing
the laser powers while ensuring compliance with ANSI safety standards, could help
improve signal from tissue. In order to increase laser power without exceeding ANSI
parameters each laser would have to be sequentially illuminated and measured, as currently
all lasers are multiplexed. These modifications to the existing FD-Bb-SWIRS system could
make it possible to use a longer SDS of 15-20 mm while still receiving adequate signal
from tissue. This would allow for enhanced sensitivity to water and lipid changes in deep

tissue, enabling meaningful hydration monitoring methods in clinical settings.
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Figure 24 The raw spectrometer counts taken of a healthy volunteer’s forearm compared to
a dark calibration phantom at 15mm SDS.

5.3.2 Multi-Layer Monte Carlo Simulations

The MC simulation models utilized in this dissertation assumed a semi-infinite
homogeneous media, which is a simplification of the complex layered anatomy
encountered in vivo. Human tissue consists of layers of skin, adipose, vasculature, and
muscle that all contribute uniquely to the absorption and scattering properties of the entire
tissue. Future works should consider applying a multi-layer MC model incorporating the
features of human tissue. Previous work conducted by our group has quantified the
sensitivity of multi-layer MC models on tissue optical property extraction [117].

This would result in some changes to data acquisition in clinical and healthy
volunteer studies. A colorimeter, or Fitzpatrick scale questionnaire should be used to
estimate the participants’ melanin concentration. Additionally, a handheld ultrasound can
be used to estimate the skin and subdermal lipid thickness. All these parameters should be
utilized to allow for more accurate MC modeling for optical feature extraction. Multi-layer
simulations would enable more accurate inverse models, reduce partial volume effects, and
improve chromophore recovery in heterogeneous tissues. These approaches could
potentially assist in quantifying compartment-specific shifts, providing critical insight into
whether optical signals primarily reflect vascular, interstitial, or intracellular fluid changes.
Such refinements would strengthen the physiological interpretation of optical biomarkers

and improve their clinical reliability.
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5.3.3 Further Clinical Studies and Exploring the three-compartment model

A central challenge in dialysis care is balancing fluid removal with patient
tolerance, which depends on interactions between three fluid compartments: vascular,
interstitial, and intracellular (Figure 25). The vascular compartment is the direct target of
ultrafiltration, with its volume continually replenished from the interstitial/cellular space
(plasma refill). Based on the clinical understanding of the three compartment model, when

ultrafiltration outpaces vascular refill, intradialytic hypotension and other complications

\y Intracellular

Vascular

arise [10,13-16,68].

Tissue/ Interstitial

Figure 25 Diagram showing the three-compartment fluid model during dialysis. Blue arrows
indicate the movement of water as fluid is removed from the vascular space by ultrafiltration,
with sequential refilling first from the interstitial and then from the intracellular
compartments. Future work will focus on identifying optical signatures corresponding to
these compartmental shifts in tissue fluid during vascular refill. (Modified from OpenStax
CNX (OpenStax.org))

Optical monitoring via the FD-Bb systems could provide a promising approach to
exploring these compartmental dynamics in real time. Hemoglobin-based signals reflect

vascular changes, while AWater Ratio may provide insight into shifts between interstitial
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and intracellular water. Scattering parameters, which may be sensitive to cellular packing
and size, may further inform on intracellular hydration changes. By combining these
optical markers with models of fluid kinetics, it may be possible to track compartmental
behavior during dialysis.

Future work should integrate optical data with exploratory three-compartment
kinetic models to test whether these signals can quantify plasma refill rates, predict
tolerance thresholds, or estimate if a patient is approaching “dry weight.” Longitudinal
optical monitoring across multiple sessions could then validate whether compartmental
signatures consistently predict individual patients’ risk of adverse events. Although
exploratory, the three-compartment model represents a promising framework for linking
optical biomarkers to clinically actionable fluid management strategies. This approach has
the potential to move dialysis monitoring from crude, symptom-based assessments toward

quantitative and patient-individualized guidance.

5.4 Overall Conclusion

This body of work has aimed to advance DOS technologies toward the noninvasive
monitoring of tissue hydration during hemodialysis. The FD-Bb-NIRS and SWIRS
systems discussed hold great potential for real-time assessment of fluid balance, offering
information that is difficult to capture with current clinical tools. The systems and findings
presented here establish a foundation for detecting water changes in tissue and demonstrate
their relevance to patient outcomes. These results provide a first step toward bridging
optical measurements with physiological changes during dialysis, and open new avenues

for future investigations into more comprehensive, quantitative fluid monitoring.
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APPENDIX

Chapter 2 Appendix

Chapter 2 Supplemental Figures:
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Figure S1 Validation measurements of 11 phantoms taken by the the FD-Bb-NIRS system
against a gold standard Network Analyzer (NA). This graph compares A) p, and B) p’ of
both systems at their overlapping wavelength (730 nm). The dashed line represents the

identity line. The FD-Bb-NIRS system preformed comparably to the NA system in this
validation test.
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Chapter 3 Appendix

Chapter 3 Supplemental Figures:
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Figure S2 Box plot of [Melanin] across subject’s (N=27) self-reported race, stratified by self-
identified race into three groups: Black (N=19), White (N=4), and Other (N=4). [Melanin]
was derived from baseline measurements taken of pre-dialysis. These findings reflect
expected physiological variability in epidermal melanin content across racial groups.
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Figure S3 Box plots represent the absolute relative change (A) in the measured chromophore
derived parameters for each subject (N=27): oxyhemoglobin (HbO:), deoxyhemoglobin (Hb),
total hemoglobin (HbT), tissue oxygen saturation (StO:), Water Ratio (RWater), and relative
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blood volume (BV) derived from crit line (N=19). A one-sample t-test was used to assess
whether group means differed significantly from zero (p < 0.05). Statistically significant
changes were observed in HbO:, HbT, StO:, and BV across the cohort.

Table S1 Demographic and treatment characteristics of subjects stratified by occurrence of
intradialytic adverse events (N=18 with adverse events, N=9 without). Values are presented
as mean *+ standard deviation unless otherwise indicated. Fluid removed represents the
average ultrafiltration volume per session. Crit-Line data was available for a subset of
participants (N=13 with adverse events, N=6 without) and refers to subjects whose hematocrit
was continuously monitored during dialysis via the Fresenius Crit-Line IV Monitor.

Adverse Events No Adverse Events

Total N=18 N=9
Crit-Line N=13 N=6
Sex

Male N=11 N=5

Female N=7 N=4
Race

Black N=12 N=7

White N=1 N=2

Other N=4 N=0
Ethnicity

Hispanic N=6 N=1

Non-Hispanic N=12 N=7

Other N=0 N=1

Mean = Stdev Mean = Stdev
Age 59.7+ 14.8 (Y.0) 57.0+ 13.7 (Y.0)
Height 1.72+£ 0.1 (M) 1.68 0.1 (M)
Weight 78.8 = 16 (Kg) 79.0 £ 15.2 (Kg)
Fluid Removed 1.5+09 (L) 1.7+ 0.5 (L)
Median Range Median Range

Dialysis duration 3 1-3.5 (Hr) 3 2.25-3.5(Hr)
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Figure S4 Box plots of the demographic and treatment characteristics are shown for subjects
who experienced intradialytic adverse events (red, N=18) and those who did not (blue, N=9).
Parameters include age, height, weight, fluid volume removed, and dialysis session duration.
There is no statistically significant difference in the characteristics between the two groups.

>
-’
=

No Adverse Event (N=9)
Adverse Event (N=16)

[

\
N\ v
W\ ,‘M‘/ "\

A Water (%opt)

. . . 10 . .
0% 25% 50% 75% 100% 0% 25% 50% 75% 100%

Dialysis Completion (%) Dialysis Completion (%)

Figure S5 Longitudinal changes of A) A[Water]| (%) and B) A[Lipid] (%), across subjects
with (red, N=16) and without (blue, N=9) adverse events during dialysis. Solid lines represent
mean absolute chromophore concentration change; shaded regions represent the standard
error. Subjects who experienced adverse events demonstrated a relative increase in [Water]
during dialysis, while those without adverse events showed progressive decreases in [Water].
Conversely, likely due to the partial volume effect, [Lipid] tended to decrease in the adverse
group and increase slightly in the non-adverse group.
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Figure S6 Longitudinal changes in relative blood volume change (ABV %) measured by Crit-
Line over the course of dialysis for subjects with (N = 12, red) and without (N = 6, blue)
intradialytic adverse events. Solid lines represent mean BV change; shaded regions represent
the standard error. One subject was excluded from the analysis due to insufficient data points
(t<114 min) as described in Chapter 3.3. ABV% trends between groups were not statistically
different.

Table S2 Comparison of absolute changes (A) in optical and clinical parameters between
subjects with (N=18) and without (N=9) intradialytic adverse events. Reported values reflect
the mean % standard deviation of changes from baseline to end of dialysis treatment for
optically measured biomarkers: oxyhemoglobin ([HbQ:|), deoxyhemoglobin ([Hb]), total
hemoglobin ([HbT]), tissue oxygen saturation (StO:), and water ratio. Clinical measurements
including relative blood volume (BV) as measured by Crit-Line, and systolic blood pressure
(SBP). A two-sided unpaired t-test was performed to assess statistical differences between
groups. Of the parameters evaluated, Water Ratio (p = 0.044) and SBP (p = 0.039) were
significantly different between groups, with adverse event subjects exhibiting a relative
increase in water ratio and a more pronounced decline in systolic blood pressure.

Adverse Events No Adverse Events
P-Value (2-Sided
A Subjects Mean + Stdev Subjects Mean + Stdev t-test)
[HbO,| (nM) N=18 13.79+1637 N=9  16.02 = 11.39 0.718

[Hb] (uM) N=18 2.06 £6.56 N=9 1.01 +£3.49 0.659
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[HbT] (M) N=18  15.85+18.00 =9 17.03+12.55 0.862
StO, (Yo pt) N=18 1025+ 13.20 =9  943+14.52 0.884
Water Ratio N=18  0.006 = 0.034 =9 -0.04+0.085 0.044
SBP (mmHg) N=18 -12.77 +21.94 =8 5.00+941 0.039
BV (%, Crit-Line) N=13 -1029+489 N=6  -8.65+3.30 0.468
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Figure S7 The AUC from the top-performing 3-feature classification models (A Water Ratio,
A, b) and the combined features over the normalized time course of dialysis completion.
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Figure S8 Time-normalized traces (mean+standard error) comparing chromophore
extractions of subjects with adverse events (red, N=16) and without (blue, N=9) of the A
Water Ratio (Two subjects with short-duration sessions (t <114 min) were excluded from the
normalized time trace). The black dots overlay indicate the timestamp of adverse events
occurring. The average adverse event occurred at 51.72% +/- 24.84 % of dialysis completion
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Figure S9 Time-normalized traces (mean+standard error) comparing chromophore
extractions of subjects with Hypotensive events (red, N =14) and without (blue, N=11) A) A
[HbO:] B) A [Hb] C) A StO: D) A Water Ratio. Two subjects with short-duration sessions
(t<114 min) were excluded.
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Figure S10 Boxplots of subject values and group means for the absolute A [HbO:], A [Hb], A
[HbT], A StO:, and A Water Ratio from the beginning to end of dialysis. Hypotensive subjects
are shown in red (N=16), and non-Hypotensive subjects in blue (N=11). A significant
difference was observed for A Water Ratio (p <0.05). No other parameters reached statistical
significance.
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Chapter 4 Appendix
The sources of tissue chromophore extinction coefficients used in this paper are as follows:
HbO: and Hb (430-599 nm): Scott Prohl OMLC [https://omlc.org/spectra/hemoglobin/],
scaled to match with those at 600 nm. [114]
HbO: and Hb (600-1000 nm): Zijlstra et al [“Visible and Near Infrared Absorption
Spectra of Human and Animal Haemoglobin determination and application”, First Edition,
2000] and Kou et al [Applied Optics, 1993].
HbO; and Hb (1001-2000 nm): Kuenstner and Norris [Journal of Near Infrared
Spectroscopy, 1994], scaled to match with those at 1000 nm.
Water (430-559 nm): Pope and Fry et al [Applied Optics, 1997].
Water (600-2000 nm): Seglestein et al [1981]. Values overlap very well with Pope and
Frye and no scaling was needed to match the two data sets.
Lipids (430-1098 nm): van Veen and Sterenborg et al [OSA Technical Digest (Optica
Publishing Group), 2004].
Lipids (1100-2000 nm): Anderson et al [Lasers Surg. Med., 2006].

Water and Lipids (900-1600 nm): Nachabe et al [JBO, 2010].
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Chapter 4 Supplemental Figures:

1. Simulations of extracted optical property uncertainties using FD model

02 A) Extracted p, distribution 0.2 B) Extracted p/, distribution
- T T [] T T - T
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Figure S11 . Examples of extracted absorption (i, panel A) and reduced scattering (i, panel
B) distributions, showing for two sets of optical properties representing values for human
muscle tissue at 800 nm (1, = 0.02 mm ™1, u; = 1 mm™1, shown in blue) and 1200 nm (u, =
0.11 mm™1,u; = 0.6 mm™!, shown in red). Ground truth values are indicated by solid
lines, while the distribution mean values are shown in dashed lines. Panels C and D display
the absolute differences between the ground truth values and the distribution means across
different u, and p; values.
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2. Ex Vivo Porcine Raw Intensity Measurements

A) Raw Porcine Spectrometer Data at Baseline B) Raw Porcine Spectrometer Data at Hour 8
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Figure S12 Example raw spectra at A) Baseline and B) Hour 8 for both M and M+A porcine
samples as well as dark phantoms at similar integration times. All porcine sample
spectrometer counts were several hundred counts above the dark phantom to ensure good
SNR.

Throughout the ex vivo porcine desiccation experiment the spectrometer exposure
time was adjusted for each measurement to ensure sufficient signal intensity count without
saturating the detector. A dark phantom (fabricated with a high nigrosine concentration as
an absorbing agent) was also measured using exposure time similar to those used for
sample measurements. This allowed us to confirm that the sample measurements had
intensity counts well above the dark phantom (dark noise) at all wavelengths. Looking at
one of the lowest intensity periods 1200 nm, Baseline measurements: sample M had 1782
counts higher than dark phantom; sample M+A had 765 counts higher than dark phantom
at the same integration times. At hour 8 of desiccation, sample M had 1594 counts higher
than dark phantom; sample M+A had 1159 counts higher than dark phantom at the same
integration times. All samples had counts several hundred counts above dark, indicating

measurements were above the noise floor for all spectrometer measurements.
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Chapter 5 Appendix

Chapter 5 Supplemental Figures

Bound water refers to water molecules that form hydrogen bonds with non-water
molecules, most commonly proteins in biological tissue [59]. When water binds to protein,
its vibrational modes are altered (see Chapter 1.1.3). The added molecular interactions
cause the vibrational frequency of water to decrease, leading to a red shift of the absorption
peaks. In addition, bound water spectra are expected to show peak broadening as well as
shifting at ~980 and ~1200 nm, since each protein has a finite water binding capacity [59].
Given the higher sensitivity of water absorption in the SWIR range, a larger spectral shift
was anticipated at 1200 nm compared to 980 nm.
To test this, five gelatin-based phantoms were prepared following Chung et al. [115] and
measured with the FD-Bb-SWIRS system. Initial measurements showed on average water
absorption peaks near 980 and 1200 nm were red-shifted, with the greater effect occurring

at 1200 nm as predicted (Figure S13).
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Figure S13 Effect of gelatin concentration on water absorption peak positions. (Left) Peak
wavelength near the 980 nm water peak. (Right) Peak wavelength near the 1200 nm water
peak. Both peaks experienced red shifts with increasing gelatin concentration, with the 1200
nm peak experiencing a ~3X greater shift than 980 nm. Error bars represent standard
deviation across phantoms.

However, because gelatin contains a high collagen fraction, the contribution of
collagen absorption was considered. Collagen density was quantified for each phantom,
and the collagen spectra were subtracted to isolate water-specific effects. Figure S14 shows
the absorption spectrum of collagen between 900 to1200 nm [116]. Collagen has an
absorption peak around 1190 nm and elevated absorption around 980 nm. After correcting

for collagen content, the apparent water peak shifts were greatly reduced.

Absorption (cm-1)

900 950 1000 1050 1100 1150 1200 1250

Wavelength (nm)

Figure S14 Collagen absorption spectrum from 900-1250 nm. Data is from Sekar et al 2017
[116]. Note the peak near ~1190 t01200 nm and elevated absorption around 980 to 1000 nm
these features greatly overlap with the water absorption peak features at 980 and 1200nm.
(See Figure 14 in chapter 4.1)

Analysis of the CW calibrated spectra provided further insight. When examining
local minima around 980 and 1200 nm (Figure S15), minima positions (correlating to peak

absorption) were more stable than in the initial FD-Bb-SWIRS results. Across gelatin
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phantoms, no measurable shift was observed at 980 nm, while the 1200 nm peak shifted
only ~4 nm between 0 and 24 g collagen.

Overall, these findings make it unclear whether the initially observed red shifts
(Figure S13) reflect true bound water effects, or whether they are largely driven by the
collagen contents within the gelatin phantoms.

Average Gelatin Phantom Spectra
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Figure S15 (Left) The average calibrated CW spectra of gelatin phantoms at varying collagen
concentrations (0-24 g). (Right) The corresponding local minima at ~980 nm and ~1200 nm.
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