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Abstract

This research has two parts. The first part focuses on the use of non-invasive imaging
technique, diffuse optical tomography (DOT), to study the brain activation during the stimulation
in the clinical room. It further extends the application of DOT by using it to monitor the
hemodynamic response during the TMS stimulation in different parameters. Diffuse optical
tomography (DOT) is based on NIR light that exploits the relative transparency of biological
tissue. The part two and three extends the application in the hospital for delirium patient study and
arm muscle dystrophy by adding the sources and detectors to monitor the brain and arm
simultaneously.

Diffuse optical tomography provides three-dimensional tissue and functional information
with high spatial resolution and excellent contrast. With the application on brain combined with
repetitive transcranial magnetic stimulation (rTMS), we detect the different hemodynamic
response with different resting motor threshold (rMT) stimulation parameters for healthy subjects.
In a functional imaging approach, we study the hemodynamic changes and volumetric location of
hemodynamic response. By doing so, we hope to project the tomography imaging as a cost
effective and less harmful alternative imaging modality for the brain stimulation imaging. We
propose a 100% rMT TMS stimulation for both healthy subjects and depressed patients.

In the first part, by using diffuse optical tomography, we guide its application and monitor
the hemodynamic response successfully. With the comparison of hemodynamic response between
healthy subjects and depressed patients in different views, it is useful for studying the mechanism

of TMS and the pathophysiology of the disorders in which it is applied.

Vil



After the application for the brain detection during the TMS stimulation, we developed a
novel and portable diffuse optical tomography imaging system for brain imaging in the hospital
for delirium study. We scanned the delirium patient before and after treatment. Results from the
treatments using our system can find different brain activation before and after treatment for the
delirium patient. We found the significant difference of brain activation between before and after
treatment of delirium patient. By analyzing the brain hemoglobin response for the delirium patient,

our DOT system can help the doctor evaluate how delirious the patients are.
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Chapter 1: Diffuse Optical Tomography Imaging Background and Literature
1.1 Introduction

Diffuse optical tomography (DOT) is a noninvasive imaging technique that exploits the
relative transparency of biological tissue to NIR light. In DOT, multi-spectral NIR light
sequentially excites the tissue at multiple locations and the scattered light is measured at multiple
positions along the scalp in the case of brain imaging. The measured multispectral light is then
used to reconstruct the spatial distribution of tissue absorption and scattering coefficients at each
wavelength through a light propagation model in tissue. The images of absorption and scattering
spectra are, respectively, used to derive the images of functional parameters (via the Beer-Lambert
law) and cellular morphology (via particle scattering theory). DOT has been used to measure
hemodynamic evoked response in several cortical areas both in humans and small animals [1,2].
These studies have proved that DOT is able to image hemodynamic activity with a good spatial
resolution comparable to fMRI.
1.1.1 Brief History of Diffuse Optical Tomography Imaging

Diffuse optical tomography (DOT) is an emerging noninvasive imaging modality based on
the scattering and absorption properties of non-ionizing near-infrared light in biological tissue. It
can be viewed as an extension and improvement to fNIRS, similar to the distinction between
magnetic resonance spectroscopy and magnetic resonance imaging [6]. As the NIR light is poorly
absorbed relatively by tissue, light can penetrate through the tissue up to several centimeters [3].
Using multiple near-infrared wavelengths, it is able to accurately measure absolute and relative

deoxygenated ([Hb]), oxygenated ([HbO]), and total hemoglobin ([HbT]) concentrations. Most



pertinently, it combines multi-channel data acquisition with sophisticated image reconstruction
algorithms to produce quantitative three-dimensional images of changes in regional blood volume
and oxygenation at high temporal and spatial resolutions [4]. Oxy-hemoglobin and deoxy-
hemoglobin are the two major absorbers. Thus, the two wavelengths we used (780nm and 850 nm)
are ideally suited for brain imaging to achieve a high signal-to-noise ratio [5]. Over the past 15
years, DOT has been successfully utilized in imaging epilepsy, breast cancer, osteoarthritis, and
cortical activation [6]. It has been well documented that DOT is able to image hemodynamic

activity with a spatial resolution comparable to fMRI.
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Figure 1.1 Absorption coefficient spectra of various tissue chromophores

1.2 Physics of the Diffuse Optical Tomography Imaging
In diffuse optical tomography (DOT), the photon diffusion/transport model establishes the

mathematical relationship between the imaging parameters and the observable/computable photon

2



density, which providing a tractable basis for image reconstruction [7]. The most used wavelengths
in DOT imaging for tissue excitation are the near infrared (NIR) region from 700nm ~ 900nm,
which offering penetration depths extending to several centimeters. The model is a partial
differential or integral equation requiring the numerical methods to solve. Briefly, the photon
diffusion Eq. (1.1) below combined with Robin boundary condition Eqg. (1.2) are essential in DOT

image reconstruction algorithm.

VD) V-@(r) — p,(Me(r) = —S(r) 1.1

—D(r)Vd,, = ad 19

®(r) is the photon density, o is the coefficient related to internal reflection at the boundary, D (r)
and u, (r) are the diffusion and absorption coefficients, and S(r) is the source term. And the

diffusion coefficient is defined as:

1

D) = v ey

1.3
where u;(r) is the reduced scattering coefficient. The objective of the DOT reconstruction
algorithm is to recover u, (r) and ug(r) at all positions inside the computational domain, achieved
through a regularized Newton’s method to update an initial optical property distribution iteratively
to minimize a weighted sum of the squared difference between computed and measured optical
data along its boundary. A calibration method was applied to reduce the errors caused by the use
of different source/detection intensities/positions and the system hardware [8]. In this study, we
utilize the nonzero photon density and type 111 boundary condition Eq. (1.2). After making use of

finite-element discretization, we can get the matrix representation of Eq (1.1) and get the derived



matrix relationships through differentiation [13]. These equations can lead to an inverse problem

solution:

[Ax,m]{cbx,m} = {bxm} 14

85 - £ - B o)

(S?mﬁx,m + /U)AX = S)Tc',m(q)?c,m - q))cc,m) 1.6

where the elements of matrix [A, ,,] and the entries in column vectors {b, ,,,} can be expressed by

a set of locally spatially varying Lagrangian basis functions; y expresses

(ADy, ADy, wvey ADyy, At 1) Bl 2, +oos Blan)T s the update vector for the optical property profiles, where
N is the total number of nodes in the finite element mesh. 3, ,, is the Jacobian matrix consisting
of the derivatives of @, ,,, with respect to  at each boundary observation node. I is identity matrix;
A may be a scale or a diagonal matrix; ®% ,, and @5, are the observed and the computed excitation
or emission photon density at the boundary sites, respectively [9,10,11]. Optical and fluorescent
images are formed by iteratively solving Egs. (1.4) — (1.6) and updating the optical (Dx and Hax)
and fluorescent property distributions from presumably uniform initial estimates of these
properties. The concentrations of oxy- and deoxy-hemoglobin ([HbO] and [Hb]) were then
calculated using the recovered absorption coefficients at both wavelengths based on the Beer-
Lambert law [12]. Coupled with a least-square fitting procedure and pseudo inverse matrix
calculation, hemoglobin concentration, [HbT], was calculated by summing up [HbO] and [Hb]

which is proportional to cerebral blood volume (CBV) [13].



The aim and idea for the algorithm utilized in the DOT image reconstruction would focus
on how to generate the parameters and transfer the photon equation to inverse problem. With the
solution of the inverse problem, we can have the distribution of absorption coefficient.

1.3 Diffuse Optical Tomography Configuration and Instrumentation
1.3.1 Configuration

We used a fast multispectral DOT system for optical signal recording, as described in detail
previously (Figure 1.2A). The computer sent a starting signal to the FPGA to sequentially light up
two groups of LEDs (96 LEDs, 48 LEDs for each group,780nm and 850nm). The light signal was
delivered to interface through optical fibers. The diffused light signal was received by the detection
optical fibers and it was converted to electrical signals and collected by the data acquisition boards
(DAQ). The system performs continuous-wave (CW) measurements using 48 light-emitting
diodes (LEDs) as the excitation sources and highly sensitive photodetectors as the light detectors.
Forty-eight optical source/detector pairs were distributed the brain and attached firmly to the scalp.
The blue dots in represent the locations of detectors and the red dots represent the locations of the
sources. The average distance between 2 adjacent source-detector positions was nearly 1 cm with
0.32 variance. The sources/detectors were also attached to a two-layer interface coupled with a
256-channel medium size EEG cap which fits all the head sizes of the participants in this study.
Tomographic optical data were collected with a temporal resolution of 14.4 Hz at two NIR
wavelengths (780 and 850 nm). The raw optical data from all channels were inspected to exclude
the epochs with significant discontinuity due to the motion artifacts during the measurement. After
excluding the suspected ‘discontinuous channels’, a blackmanharris window-based finite impulse
response filter was applied to remove the instrumental noise after the data collection from the

DAQ. The data was extracted and filtered in Matlab [13].



1.3.2LED

Two groups of high-power NIR LEDs at wavelengths of 780nm and 850nm were chosen
as the light sources. The rising and falling time of the LED is less than 50 ns [14]. The pulse width
is 10 ps. Radiant Power is around 1.6 W to ensure the energy for the light signal. 48 pairs of LEDs
with 780nm and 850nm were controlled by the self-designed LED driver to make sure the rising
and falling time can be compatible with the data acquisition system. Table 1. shows the parameters

for these LEDs.

Table 1.1 Wavelength of LEDs for DOT imaging system

Model number | Wavelength Half Band Radiant Power | Manufacturer
Width
SMB780 780nm 25nm 1.65 Marubeni
W(Igp=4A)
SMB850D 850nm 20nm 1.60W Marubeni
(Irp=3A)

Irp: Pulse forward current, duty=1%, pulse width=10p8
1.3.3 Detection Units
The detectors were chosen to cover a large dynamic detection range. The high sensitivity
avalanche photodiode detectors C5460-1 consists of an APD and a low-noise current-to-voltage
amplifier, which is suitable for low-light-level detection. The photon sensitivity at 30dB is 1.5><108
V/W and the electronic noise level is 1 mV. The noise equivalent intensity is 6.7pW. Since the

maximum output voltage is about 10V, accordingly the maximum detectable light power is 67nW

[9].



1.3.4 Interface

The interface for the human brain data acquisition was made by two layers bell shape 3D
printing materials which presented in the Figure 1.2 C. The advanced human head interface was
designed and implemented by a two-layer structure coupled with a modified 256-channel medium
size EEG cap (Figure.1.2 (C)) to hold the source/detector optic fiber bundles that have direct
contact with the head. Figure 1.2 (C) shows human subjects wearing the interface during
experiments. Experiments have demonstrated that our 3-layer interface was capable of long-term
monitoring on human subjects without signal distortion, motion artifact, and discomfort from the

subjects.
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Figure 1.2 Schematic of original DOT imaging system. A) DOT hardware set up. B) Locations of
the DOT sources and detectors over the brain surface. A total of 48 source-detector pairs placed
on the interest of area. C) Two-layer DOT human brain interface with inner EEG cap.



1.4 Portable Diffuse Optical Tomography Imaging System

Equation 1.2 and 1.3 show that the initial photon distribution depends on the optical energy
deposition and scattering, which in turn depends on optical absorption and scatter parameters.
Thus, the tomography imaging contrast depends on the optical absorption. This means that,
materials which strongly absorb light will produce excellent contrast during the photon
transmission. As the Figure 1.1 presented, light absorbers are typically tissue chromophores such
as hemoglobin, melanin, lipids, water etc. If we need want to enhance the imaging contrast, we
need to concentrate more sources and detectors at the interest of area. With sources and detectors
covered, the region of interest would be calculated and get the distribution of brain absorb
efficiency.

Portable diffuse optical tomography imaging is based on optical absorption spectroscopy
which attempts to identify the absorb efficiency with multiple wavelengths. The selected
wavelengths are such that the different absorber can be distinguished from each other. After
multiwavelength imaging, the resulting set of DOT images at each single wavelength are sent into
a spectral algorithm, where they are converted to the value of hemoglobin concentration [15].

The significant innovative design for the portable system is the development of brain
interface. New interface was designed to be suitable for the hospital environment and had to
discard the previous inner and outer layer. To make the whole system more portable, the previous
complicated brain interface was replaced by a flexible swimming 3D printing rubber made cap.
The relative locations for sources and detectors were based on the 256 channels EEG cap. All the
coordinates system were strictly following the previous system. Only the interface and optical fiber
bundles were changed to be lighter material and design. The gravity of optical fiber bundles was

supported by the home-made arm. By the way, the NIR light alignment use the self-designed



adapters to be rotated 90 degrees. In this case, the big interface was changed and the whole

hardware were fastened in a moveable cart. With the installation of 4 wheels, the portable DOT

imaging system can be adapted to the hospital environment.

Figure 1.3 Portable DOT imaging system. A) Photo of the portable DOT set up. B) Portable DOT
imaging system data acquisition in the hospital environment.
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Chapter 2: TMS, Major Depression and Delirium Background and Literature
2.1. Introduction
2.1.1 Background of Transcranial Magnetic Stimulation

Repetitive transcranial magnetic stimulation (rTMS) is a non-pharmacological, non-
invasive brain stimulation technique which is used for various psychiatric disorders. It is also
called as TMS for short. When TMS is administered repeatedly at a specific frequency, it is
referred to as rTMS. Repetitive TMS (rTMS) has been approved by the FDA since 2008 and it has
been proved to be an effective and safe treatment for depression. It involves passing an electrical
current through an insulated coil, which creates an alternating magnetic field that penetrates the
scalp and skull to induce neuronal depolarization and modulation [1].

Application of high frequency (10-20 Hertz) stimulation of left dorsolateral prefrontal
cortex (DLPFC) has an antidepressant effect that can be enhanced by increasing field intensity,
increasing the number of stimuli per session, or increasing the number of treatments [2]. However,
despite its increasing use, the typical effect sizes have been modest at best.

Though studied the most for major depressive disorder, its use in schizophrenia,
posttraumatic stress disorder, substance use disorders, and obsessive-compulsive disorder is also
being investigated. Despite ongoing research, our knowledge of the underlying mechanism of
rTMS is poorly understood. While rTMS is effective for psychiatric disorders treatment, different
antidepressant effect has been reported through the stimulation of left dorsolateral prefrontal cortex
(DLPFC) by different field intensity, number of stimuli per session and the number of treatments,

and the activation mechanism is largely unclear [3]. Several studies have demonstrated that
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approximately 35-40% of patients who do not respond to medications, do respond to subsequent
TMS treatment [4]. Despite its observed efficacy, little is known about its mechanism of action.
The effectiveness of TMS is likely reduced due to: (1) non-optimized targeting, (2) unclear ideal
stimulation parameters (e.g., patterns, frequencies, dosage), and (3) a lack of understanding of how
the brain is physiologically responding, during and after, stimulation. As such, neuroimaging with
r'TMS has been a particularly promising area of research that has been pursued in order to answer
these questions [12].
2.1.2 Major Depression

Major depressive disorder is a chronic, recurrent, and debilitating mental health illness
linked to significant functional impairment, disability, and mortality [1]. It is the primary and the
most common mental disorders in the United States, which is the cause of mental health-related
disease burden globally, affecting approximately 300 million individuals [12]. In 2017, an
estimated 17.3 million adults had at least one major depressive episode, representing 7.1% of all
adults [6,7]. It significantly diminishes psychosocial functioning and overall quality of life.
Depression, especially in midlife or beyond, can co-occur with other serious medical illnesses,
such as diabetes, cancer, lung disease, heart disease, and Parkinson’s disease. These conditions are
often worse when depression is present [8]. In 2008, the WHO ranked major depression as the
third cause of burden of disease worldwide and projected that this illness will rank first by 2030
[9]. Current research suggests that depression is caused by a combination of genetic, biological,
environmental, and psychological factors. Although there have been numerous clinical trials and
studies on existing pharmacological and non-pharmacological options, its overall treatment is still

challenging [12]. Despite the fact that our knowledge of its underlying pathophysiology has grown
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tremendously over the decades, the overall response rates to standard pharmacological treatment
options remain underwhelming.
2.2 The Treatment of Depression

The largest and most extensive trial, the Sequenced Treatment Alternatives to Relieve
Depression (STAR*D), revealed that antidepressants, even with augmentation, demonstrated
suboptimal remission rates. In the treatment of the depression, the remission rates after first
treatment with a serotonin re-uptake inhibitor was only 37% [10]. Augmentation with other
pharmacological agents such as atypical antipsychotics, lithium, and triiodothyronine has shown
to have mixed results, yet are accompanied by significant adverse effects [11]. In lieu of
medications then, a concerted effort has been dedicated to studying other treatment options, such
as brain stimulation techniques. Transcranial magnetic stimulation (TMS) has now been
established over the past decades as a safe and effective treatment for depression [12].
2.3 Brain Imaging During TMS Stimulation

Brain imaging is theoretically able to offer valuable information regarding the above
unanswered questions about improving TMS [13]. However, due to the immediate brain changes
that occur, only a few modalities possess the temporal resolution required to appropriately evaluate
such conditions. Prior studies on brain activation and connectivity during TMS include the usage
of functional magnetic resonance imaging (fMRI), magnetoencephalography (MEG),
electroencephalography (EEG), and functional near-infrared spectroscopy (fNIRS) [14]. As fMRI,
MEG, and EEG use signals that involve the electromagnetic spectrum, their overall resolution and
quality are subject to significant measurement artifacts given the fact that TMS produces very
strong magnetic and electrical fields. Due to this, fNIRS has been investigated for concurrent

imaging as it measures an optical signal, which has no electromagnetic interference [15]. It also
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has benefits of being portable, safe, cost-effective, and less restrictive than other devices. However,
fNIRS has several technical limitations including scalp interference, shallow imaging depth, low
spatial resolution, and an inability to produce three-dimensional images. In this case, the
technology with good depth information would be a good choice. Our proposed solution to these
problems involves a more novel neuroimaging technique called diffuse optical tomography [12].
2.4 Delirium

2.4.1 Background of Delirium

Delirium is a syndrome of acute brain failure that represents an acute change in awareness,
cognition, and attention. The terminology original deviated from the Latin word delirare, that
represents “to go out of the furrow” [16]. It is a serious neuropsychiatric syndrome that would lead
to deficits in attention and cognitive behavior. Although the prevalent and potential life-threating
of delirium threaten the quality of the delirium patients’ life, the knowledge about the pathogenesis
of emergency delirium is limited. The cognitive impairments and damage are highly variant.
Memory failure, orientation losing, functional incapacitation, visuospatial ability, and perception
are the common phenomenon and symptom that occur in the clinical treatment. Even the social
estimated health care cost of delirium in the United States is more than $150 billion every year,
the incidence of delirium ranges still existed in a high range.

Delirium can be triggered by a lot of potential reasons and causes. Acute medical illness,
drug abuse or withdrawal, and surgery are commonly happening in the clinical. These causes
usually deviated from outside of the brain. Certain primary neurological causes like stroke can be
recognized as the inside brain problem. In the clinical study, delirium have certain connections
with the considerable distress for patients and caregivers [17]. Different people have different

delirium duration. Most of the delirium duration would exist a few days, however, the sequelae
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symptom specially for episodes persisting would exist for weeks or months in up to 20% of
individuals [18,19]. The light symptom for delirium would be treated as the subsyndromal
delirium, that describes some patients have delirium features but do not have the criteria for the
delirium diagnosis [20,21].

2.4.2 Treatment and Estimation of Delirium

The estimation of delirium based on a high index of suspicion, and it often goes undetected
or misdiagnosed [22]. In a study, only 31% of cases were discovered by nursing staff and only
40% of hospital patients referred to a psychiatric consultation [23,24]. Multiple challenges would
face when the doctor try to establish the diagnosis of delirium based on the symptoms, cognitive
testing, and cognitive functioning. No biomarker with high sensitivity and specificity was
considered as the gold standard for the diagnosis of delirium. Although, multiple validated
delirium screening tools with high sensitivity and specificity have been used, the mechanism inside
is still unknown [25,26].

The treatment goal for delirium should find the cases or triggers. Infection, drug abuse or
withdrawal, and surgery are commonly causes for delirium. The treatment of delirium mainly
focuses on creating the setting and healing of the body. After calming the brain, the symptom and
side effects of delirium could be controlled. The current therapy for delirium has not developed
from an understanding of complex neurochemical methods [27]. The choice of the medication
often results in the balance between uncertain therapy benefits and adverse effects [28,29]. In all,
the use of medication tends to be focused on the treatment of patients with the risk of injury to
themselves or others [30,31].

2.5 References

1. Koob, George F., and Michel Le Moal. Drug abuse: hedonic homeostatic dysregulation.
Science,278, no. 5335 (1997): 52-58.

15



10.

11.

12.

13.

14.

Brigitte Zrenner, Christoph Zrenner, Pedro Caldana Gordon, Paolo Belardinelli, Eric J.
McDermott, Surjo R. Soekadar, Andreas J. Fallgatter, UIf Ziemann, Florian MUler-
Dahlhaus. Brain oscillation-synchronized stimulation of the left dorsolateral prefrontal
cortex in depression using real-time EEG-triggered TMS. Brain Stimulation, Volume 13,
Issue 1, 2020, Pages 197-205, ISSN 1935-861X.

Bovy, L., Mdbius, M., Dresler, M. Combining attentional bias modification with
dorsolateral prefrontal rTMS does not attenuate maladaptive attentional processing. Sci Re
volume 9, 1168 (2019)

Higgins ES, George MS. Brain Stimulation Therapies for Clinicians, 2nd ed. Washington,
DC, American Psychiatric Association Publishing. 2020.

George MS, Wassermann EM, Williams WA, Callahan A, Ketter TA, Basser P, Hallett M,
Post RM. Daily repetitive transcranial magnetic stimulation (rTMS) improves mood in
depression. Neuroreport. 1995 Oct 2;6(14):1853-6.

Patel V, Chisholm D, Parikh R, Charlson FJ, Degenhardt L, Dua T, Ferrari AJ, Hyman S,
Laxminarayan R, Levin C, Lund C, Medina Mora ME, Petersen I, Scott J, Shidhaye R,
Vijayakumar L, Thornicroft G, Whiteford H. Addressing the burden of mental,
neurological, and substance use disorders: key messages from Disease Control Priorities,
3rd edition. Lancet. 2016 Apr 16;387(10028):1672-85.

G, Wagner G, Matyas N, Titscher V, Greimel J, Lux L, Gaynes BN, Viswanathan M, Patel
S, Lohr KN. Pharmacological and non-pharmacological treatments for major depressive
disorder: review of systematic reviews. BMJ Open. 2017 Jun 14;7(6): e014912.

Https://www.lifeextension.com/protocols/emotional-health/depression

Malhi GS, Mann JJ. Depression. Lancet. 2018 Nov 24;392(10161):2299-2312. doi:
10.1016/S0140-6736(18)31948-2.

Sinyor M, Schaffer A, Levitt A. The sequenced treatment alternatives to relieve depression
(STAR*D) trial: a review. Can J Psychiatry. 2010 Mar;55(3):126-35.

Noah S Philip, Linda L Carpenter, Audrey R Tyrka & Lawrence H Price. Pharmacologic
approaches to treatment resistant depression: a re-examination for the modern era. Expert
Opinion on Pharmacotherapy,11:5, 709-722.

Jiang, S., Huang, J., Yang, H. et al. Neuroimaging of depression with diffuse optical
tomography during repetitive transcranial magnetic stimulation. Sci Rep volume 11, 7328
(2021).

George MS. Whither TMS: A One-Trick Pony or the Beginning of a Neuroscientific
Revolution. Am J Psychiatry. 2019 Nov 1;176(11):904-910.

Bestmann S, Baudewig J, Siebner HR, Rothwell JC, Frahm J. BOLD MRI responses to
repetitive TMS over human dorsal premotor cortex. Neuroimage. 2005 Oct 15;28(1):22-9.

16



15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

Kozel FA, Tian F, Dhamne S, Croarkin PE, McClintock SM, Elliott A, Mapes KS, Husain
MM, Liu H. Using simultaneous repetitive Transcranial Magnetic Stimulation/functional
Near Infrared Spectroscopy (rTMS/fNIRS) to measure brain activation and connectivity.
Neuroimage. 2009 Oct 1;47(4):1177-84.

Wilson JE, Mart MF, Cunningham C, Shehabi Y, Girard TD, MacLullich AMJ, Slooter
AJC, Ely EW. Delirium. Nat Rev Dis Primers. 2020 Nov 12;6(1):90.

Williams ST, Dhesi JK & Partridge JSL, Distress in delirium: causes, assessment and
management. Eur Geriatr Med,11, 63-70, doi: 10.1007/s41999-019-00276-z (2020).

Pandharipande PP et al. Long-term cognitive impairment after critical illness. The New
England journal of medicine. 2013 Nov, 1306-1316, doi: 10.1056/NEJMo0al1301372
(2013).

Cole MG et al. Partial and No Recovery from Delirium in Older Hospitalized Adults:
Frequency and Baseline Risk Factors. Journal of the American Geriatrics Society 63,
2340-2348.

Slooter AJC et al. Updated nomenclature of delirium and acute encephalopathy: statement
of ten Societies. Intensive care medicine 46, 1020-1022.

Ouimet S. et al. Subsyndromal delirium in the ICU: evidence for a disease spectrum.
Intensive care medicine 33, 1007-1013.

Thom RP, Levy-Carrick NC, Bui M, Silbersweig D. Delirium. Am J Psychiatry. 2019 Oct
1;176(10):785-793.

Pisani MA, McNicoll L, Inouye SK. Cognitive impairment in the intensive care unit. Clin
Chest Med, 2003 Nov; 24:727-737.

Farrell KR, Ganzini L. Misdiagnosing delirium as depression in medically ill elderly
patients. Arch Intern Med, 1995 Feb; 155:2459— 2464.

Inouye SK, van Dyck CH, Alessi CA, et al. Clarifying confusion: the Confusion
Assessment Method: a new method for detection of delirium. Ann Intern Med, 1990;
113:941-948.

Bellelli G, Morandi A, Davis DHJ, et al. Validation of the 4AT, a new instrument for rapid
delirium screening: a study in 234 hospitalised older people. Age Ageing 2014; 43:496—
502.

Richard S. Bourne, Tayyeb A. Tahir, Mark Borthwick, Elizabeth L. Sampson, Drug
treatment of delirium: Past, present and future. Journal of Psychosomatic Research,
Volume 65, Issue 3, 2008, Pages 273-282.

Someya T, Endo T, Hara T, Yagi G, Suzuki J. A survey on the drug therapy for delirium
Psychiatry Clin. Neurosci, 55 (2001), pp. 397-401.

17



29.

30.

31.

Carnes M, Howell T, Rosenberg M, Francis J, Hildebrand C, Knuppel J. Physicians vary
in approaches to the clinical management of delirium. J Am Geriatr Soc, 51 (2003), pp.
234-2309.

Michaud L, Bula C, Berney A, Camus V, Voellinger R, Stiefel F, Burnand B Delirium:
guidelines for general hospitals. J Psychosom Res, 62 (2007), pp. 371-383.

Young J, Inouye SK, Delirium in older people Br Med J, 334 (2007), pp. 842-846.

18



Chapter 3: Portable Diffused Optical Tomography System Design and Validation
3.1 Limitation of Previous DOT System

Considering the recruiting environment, doing experiment in the hospital should have a
moveable cart. The previous two-layer large interface needs a huge frame to hang up which is
impossible to move in front of patient’s room. Guided by the hospital experiment request, we
should design a moveable cart and develop the huge interface. As the new device needs to inherit
the good resolution and image reconstruction quality, the hardware configuration for the new
portable device would still have 48 pairs of sources and detectors which can cover the interest of
area. The optical fibers should be manufactured much lighter compared to the previous optical
fiber bundles that were made by silica.

Compared to fNRIS, although DOT suffers much less from scalp interface, the presence of
hair itself or dark shades impairs the signal quality. As such, pinning or separation of hair is a non-
ideal and imprecise method we often employed. As for the hair problem, our optical fibers need to
have an extension tip in the end that can insert into the haircut and reach the scalp as near as
possible. In this case, the signal would be delivered or received as much as possible instead of
absorbing by the haircut.

3.2 New DOT System Design
3.2.1 Optical Fiber Bundle Update

As the system would be applied in the hospital circumstance. Whether the device is

moveable becomes the essential aim to guide us how to design and build up the new system. The

previous system in the TMS clinical study utilized a large interface because of the heavy mass of
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silica optical fiber bundles. In order to achieve the same resolution as the previous device, we still
need have 48 sources and 48 detectors made by the plastic optical fiber bundles. The new ordered
plastic optical fiber attenuation is 12% less than the previous silica optical fiber and the mass is
45% less than the silica optical fiber. With the new fiber bundles, we discard the large interface
and used 3D printer to print out an interface similar to swimming cap size. For guaranteeing the
quality of image, the arrangement of sources and detectors were based on the previous pattern.
3.2.2 Interface and Image Setup

In this project, developing a flexible and appropriate brain interface working in the hospital
plays an important role in the experiment. our aim focused on the smaller brain interface pattern
with good attachment with the scalp. As the figure 3.3 C) shown, a 2-layer structure coupled with
a 256-channel medium size EEG was utilized to hold the sources and detectors which have contact
directly with the brain surface. The details were introduced previously, and the interface can fit all
the head size, which can fasten on the head by a Velcro chin strap [1]. We followed the idea that
brain activation can be detected accurately by using an atlas-guided approach without a subject-
specific MRI. The 3D finite element mesh for each brain was produced using the brain contour
measured a 3D magnetic space digitizer coupled with a head atlas approach. A partial head was
selected and transformed into mesh from the whole head atlas which contain the region of interest
in the brain (Figure 3.1A). Each subject’s locations of 13 landmarks (NZ, I1Z, LPA, RPA, CZ, PZ,
0z, T8, C4, Fpz, Fz, T7 and C3) and 48 pairs of source and detector were measured by 3D
magnetic space digitizer (Figure 3.1B). Atlas and landmarks of human subject generate subject-
specific mesh by affine transformation. In the end, the position of sources and detectors locations
were projected to the new subject-specific mesh and it would be used for 3D DOT image

reconstruction (Figure 3.1C) [2].
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After getting the location of the sources and detectors, the registered mesh would be used
in the FET algorithm. This algorithm can calculate the distribution of the absorption coefficient.
Each node in the registered mesh can be obtained the value of absorption coefficient. Due to the
multiple spectra of the NIR lights, we can use Beer-Lambert law to calculate the relative

hemoglobin response for the interest of area.

(A) Transformed mesh

Mesh with
S/D

(€

(B)

Figure 3.1 Partial transformed mesh with registered sources and detectors. A) Partial transformed
mesh from the head Atlas. B) 3D location of 48 pairs of source and detector. C) Projection of 48
pairs of source and detector on the transformed mesh.
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3.2.3 Adapter Design

In the TMS study, due to the optical fiber bundles replaced vertically on the scalp, the TMS
coil cannot put on the optical fiber bundles that limited our interest of area only in the right
prefrontal cortex. When we study the depression mechanism, it is very important to analyze both
ipsilateral and contralateral of the brain under TMS stimulation. Thus, the optical bundles need to
be replaced horizontally to the brain surface and let the TMS coil above the brain and optical
bundles. In this case, we need to design an adapter to guide the optical path and distort the path
into 90 degrees. As the figure 3.2 A) shown, we designed an adapter with prism and grin lens to
reflect the optical path into 90 degrees. These adapters would be placed and fixed on the 3D printed
new interface as the figure 3.2 C shown. The new designed interface would be validated in the

brain phantom experiment before the usage in the human study.

(A)

Optical fiber

l

(B)

Attach Scalp

(€

Optical fiber

Figure 3.2 Adapter design and interface fiber. A) Sketch of adapter designed by AutoCAD. B)
Sample of adapter printed by 3D printing. C) Sketch of prism and grin lens position and photo of
adapter connected with interface and fiber.
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3.3 Phantom Experiment

Before applying the new DOT system to human study, we performed a tissue-mimicking
phantom experiment following the actual steps that we would be taken in human experiments.
First of all, a head-shaped phantom was made using an adult head model. The tissue-mimicking
phantom was made of TiO2 as the scatterer, the India ink as absorber, and 2% agar as solidification
material. With two cylindrical targets (radius = 5mm and height = 5 mm) were placed in the
homogeneous background with 0.016 mm-1 absorption coefficient and 1.2mm-1 scattering
coefficient. In order to demonstrate the depth-resolving capability of our system, two targets with
2 times higher absorption and scattering coefficients to the background were placed at the depth
of 25mm and 35mm below the surface. The new head interface with adapter-connected fiber
bundles was placed on the phantom. Followed the same steps of doing human experiment, we got
the position information of sources and detectors and recorded optical signals for 780nm and
850nm. In the figure 3.3 B), it shows the reconstructed absorption image at 780nm and the XY
cut planes are shown in figure 3.3 D) for the 2 targets. In figure 3.3 D), we can clearly detect the
targets are located which indicates the depth-solving ability of our new DOT system. With similar
image quality obtained at 850nm, we can claim that our DOT system can localize the targets with
different optical properties at a depth of at least 35mm.

The brain phantom experiment tries to evaluate the basic imaging function of the new DOT
imaging system. With the interest of area located in the prefrontal cortex, our brain phantom was
replaced in the prefrontal cortex region. With two located targets in the brain phantom, we can
clearly evaluate and find the pros and cons for this device utilized in the neuropsychiatric disorder

which is derived from prefrontal cortex.
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Figure 3.3 Brain phantom experiment. A) Tissue-mimicking head shape phantom. B) Actual target
positions. C) Phantom and head interface/fiber bundles. D) Reconstructed absorption image at
780nm for different cut planes.

3.4 Portable DOT Imaging System Human Validation Experiment
3.4.1 Finger Tapping Experiment

The Finger tapping test is widely used to evaluate muscle control and motor ability in the
upper extremities around almost a century [3]. This test can be used to quantitatively evaluate
Parkinson’s disease and some muscle dystrophy disease. Due to its simplicity of construct and
execution finger tapping paradigms have long been used in neuroimaging studies for probing
motor substrates [4]. In contrast to a large number of publications on finger tapping in adults, few
diffuse optical tomography (DOT) studies have examined the functional anatomy of finger tapping
in healthy subjects [5]. In this study we presented the reconstructed three-dimensional image to

show the hemodynamic of motor cortex during the finger tapping experiment. The primary aims
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for this study were moving the DOT toward application in human clinical study, and establish a
platform conducting continuous noninvasive DOT function brain mapping for human.
3.4.2 Study Design and Method

All subjects were typical, healthy individuals with no history of neurological disease or
learning disability. All subjects were right-handed, and the finger tapping was conducted on the
right hand of 3 male university students ranging in age from 20 to 28 years (Mean+SD = 23.45 *+
1.34). The subjects were instructed to tap his index and middle fingers against the thumb at a
frequency of 3 Hz without moving the wrist and arm. Each trial contains 30 seconds of stimulation
interleaved with 30 seconds of rest. A 1-minute baseline was recorded before each finger-tapping
experiment. Each subject was asked to repeat the task using right hand and the recording for each
participant lasted 5 minutes in total. No participants data were excluded in this study.
3.4.3 Image Analysis and Processing

The optical absorption coefficients at 780nm and 850nm were used to obtain [HbO] and
[Hb] using the Beer-Lambert Law coupled with a least-square fitting procedure followed by
pseudo inverse matrix calculation. The concentration of HbT was calculated by summing up
[HbQO] and [Hb]. [HbT] has been suggested to map cerebral activity in fNIRS for its better spatial
specificity than [HbO] or [Hb]. In this study, each trial consisted of 30 seconds of stimulation
followed by 30 seconds of rest. In total, the participant was asked to perform 10 trials. An average
of 10 trials was used as the final hemodynamic change for each subject. Data analysis was
conducted using MATLAB (version R 2017) and SAS (9.4). Subject means were allowed to vary
around an individualized intercept across trials with stimulation type as a within subject factor.
Redundant analysis was conducted using repeated measures analysis of variance (ANOVA) to

allow simpler interpretation of the results. The alpha level was set at 0.05 for all calculations [1].

25



3.5 Results and Discussion

Hemodynamic activities were observed in the motor cortex when the healthy subjects were
performing the right finger-tapping tasks. Figure 3.4 shows the hemodynamic response of healthy
subject no.1 indicating the changes of [HbO], [Hb], and [HbT] during the total 10 trials of finger-
tapping task. The green, red, and blue lines represent the average of the [HbT], [HbO], and [Hb]
for the 10 trials. Each trial of finger tapping generated a precisely time-locked hemodynamic
change in the left anatomical motor cortex. Each trial consisted of 30 seconds of resting state
followed by 30 seconds finger tapping. After the onset of finger tapping at the 30-second, increased
of [HbT] and [HbO] were captured few seconds later. [HbT] and [HbO] reached the peak around
the 41" to 42" second. [HbT] decreased sharply to the minimum level within 4 to 7 seconds after
the peak, and returned to the baseline in the next 10 seconds. [Hb] started to decrease gradually
after the onset of finger tapping 30-second mark and sharply decreased at the around 40" second.
After reaching the nadir around 41-second point, [Hb] returned to the baseline in the next 11
seconds.

The finger tapping experiment results focused on monitoring the hemodynamic response
for the motor cortex. Due to the motor cortex is the essential part of the brain that participants in
the movement, it directly conducts the muscle contraction and finger movement. With 10 trials of
the experiment, we can exclude the accidental error. In this case, we can confirm the finger tapping
results can prove the ability of our new portable DOT imaging system. By the way, the hemoglobin
response results also can be used to compare the image reconstruction results and finish the cross

validation.
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Subject #1: Hemodynamic Change
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Figure 3.4 Hemodynamic response for finger tapping experiment. Time-locked hemodynamic
changes during right-index finger tapping for subject no.1.

(A)

Figure 3.5 Image reconstruction for finger tapping experiment. A) Slice plane indication and color
scale bar for the activation maps of subject no.1. B) Transverse section HbT images at selected
time pointed for the finger tapping experiment.
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Reconstructed [HbT] image was superimposed on the brain MRI of this subject using an
open source cross-platform image viewer MRIcron, along with the slice position of brain MRI an
the color scale bar of [HbT]. The warm color indicates the increase in [HbT] while the cool color
suggests [HbT] decrease. Affine transform was used to register the reconstructed [HbT] space
domain to the MRI domain in the MRIcron. The results suggest the activation of left motor cortex
during the right-index finger tapping. The results of time-locked hemodynamic changes with time
are consistent with previous studies with fMRI, PET and optical imaging, and the brain activities
were found at similar cortex locations when motor tasks were performed.

This study confirmed that our new DOT system has ability to map the motor cortex
noninvasively in real time. It also helps me understand how to do the DOT lab human study. It
validates that DOT is safe for brain imaging without heating the skull, brain or soft tissue and open
a gate to do the clinical and hospital human study in the next step.

3.6 DOT and Delirium Study

In the clinical study, the symptom of delirium would occur the brain failure and change the
baseline cognitive functioning. Despite how serious and prevalent life-threatening is, the
traditional method for detecting the underlying specific mechanisms for delirium is still unknow
and limited. With the development of the brain imaging technology, the advancement of
neuroimaging in neuropsychiatric disorders offers the possibility of probing the mechanisms and
networks involved in delirium. Imaging can be used to quantify normal or pathologic physiology,
localize abnormalities to specific brain regions, and offer objective information for diagnostic,
preventative, and treatment purposes [6]. Functional techniques in particular may be able to
elucidate our understanding of cerebral hemodynamic activity during and after delirium. Previous

neuroimaging studies in delirium have utilized modalities such as near-infrared spectroscopy,
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functional magnetic resonance imaging, single photon emission computed tomography, positron
emission tomography, and transcranial doppler [7]. One of the most pertinent findings reported
thus far is significant network dysfunction of the dorsolateral prefrontal cortex and posterior
cingulate cortex [8]. Overall though, significant limitations of these techniques and their studies
exist and include poor spatial resolution, cost and feasibility, portability, hypoactive subtypes only,
and a lack of task-based protocols.

Diffuse optical tomography (DOT) is an emerging noninvasive optical imaging modality
that uses near-infrared light to accurately assess changes in brain connectivity. It overcomes the
previous limitations due to its inherent algorithms and design and can provide real-time, three-
dimensional quantitative imaging data [11,12]. We propose to use DOT to capture images of
resting state and task-based neural activity in the bilateral prefrontal cortices of all delirium
subtypes. The ability of DOT to study pathophysiology and detect and monitor abnormalities could
lead to an improvement in how we can investigate, diagnose, and prevent delirium. Additionally,
we predict that the concurrent utilization of DOT with pharmacologic treatments, brain stimulation
techniques, or other approaches in the future will open a new frontier for the clinical investigation
of delirium. As for the research in the hospital, the device should have a good mobility and
feasibility.

In this study, potential subjects will be recruited at the Tampa General Hospital by the
psychiatry consultation-liaison team. Medical and surgical teams routinely place consult requests
to the psychiatry team in order to seek assistance with the evaluation and management of delirious
patients. Potential subjects will include such patients who have been determined to be delirious by
the psychiatry team and if they do not violate the above stated inclusion/exclusion criteria. The

consent process will take place in a private conference room or patient room in the Tampa General
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Hospital. Only the Principal Investigator and Sub-investigator will obtain consent. The consent
form will be thoroughly reviewed with the LAR and will only be signed after all questions have
been asked and answered. The LAR will be reminded of legal rights prior to signing as well.

Significant consent changes will result in reconsent.

A j——————y B
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Fibers ‘ Fibers

Detector 1 O Source

Detector 2

Detecfor 48

Figure 3.6 Schematic of portable DOT imaging system. A) Portable DOT imaging system
hardware set up. B) Locations of the DOT sources and detectors over the brain surface. A total of
48 source-detector pairs placed on the prefrontal cortex.

3.7 Delirium Experiment
3.7.1 Experiment and Method

In the hospital study, the requirement of the imaging device should be cleaned and
disinfected appropriately and transported around the hospital with a specially designed cart. The
system consists of a main computer controlling groups of light emitting diodes via core boards
which then deliver light beams in a timed sequence. The subsequent diffusing light is received by
pairs of highly sensitive photodiode detectors (the DOT “probe”). This probe is connected to a
two-layer interface coupled with a flexible electroencephalogram cap tailored to fit the head size

of any subject.
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In this experiment, 18 non-delirium subjects (9 men and 9 woman) with a mean age of 61.5
+5.2 years and 18 delirium patients (9 men and 9 woman) with 64.8 7.2 years were initially
recruited as paid volunteers. Two non-delirium subjects were excluded due to significant motion
artifacts that could not be rectified. Three delirium subjects were excluded due to weak signal
processing and volitionally leaving the experiment prior to completion of data collection. In total,
15 non-delirium individuals (8 men and 7 woman) with a mean age of 62.3 £6.7 years and 15
delirium individuals (8 men and 7 women) with a mean age of 69.1 +7.8 years were included for
final analysis. All the participants were right-handed, and had normal or corrected-to-normal
vision. All subjects were of Caucasian descent except for two Asian females (one from each study
group).

During the imaging and data collection phase of the study, the device will be stored in the
University of South Florida Psychiatry Consultation-Liaison office in the Tampa General Hospital.
This is a secured room in an access-restricted building that uses no electronic entry methods. Only
the principal investigator and attending physicians on the consultation-liaison service have keys
that unlock this office (Tampa General Hospital security personnel possess such keys as well).
When active imaging is being conducted, the device will be handled only by authorized study
investigators trained to manage such equipment. The device will be transported around the hospital
in a special cart designed by our lab. For longer-term storage after imaging is completed, the device
will be stored in a secured room in an access-restricted building (The Department of Medical
Engineering).

3.7.2 Hypothesis

The primary hypothesis in this study is to determine if diffuse optical tomography can be

used to obtain resting-state and task-based functional neuroimaging information during and after
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an episode of delirium. Secondary objectives include quantitatively correlating hemoglobin
concentration alterations with delirium assessment scores and neuropsychological evaluations.

Our major hypothesis is that diffuse optical tomography will reliably capture
hemodynamically based dysconnectivity and measure hemoglobin concentration derangements
during an acute delirious episode, at rest and while performing a cognitive task. After resolution
of the delirium, we anticipate that the subsequent quantitative analysis will result in an
improvement of such functional data when compared to the acutely delirious state. Additionally,
we hypothesize that the severity of delirium (as assessed by rating scales) will correlate with the
measured changes in hemoglobin concentrations.
3.7.3 Data Acquisition and Withdrawal

For image acquisition, the DOT probe will be positioned over the bilateral dorsolateral
prefrontal cortices as these are regions previously found to display high dysconnectivity in
previous neuroimaging studies (as described in our background). A resting state scanning sequence
will first be obtained for 5 minutes. Participants will be asked to let their minds wander, avoid
repetitive thoughts, keep their eyes open, and maintain their attention on a central fixation point.
This will be followed by an active task-based imaging sequence where the subject will be
instructed to perform a Months Backwards test to focally activate the dorsolateral prefrontal
cortices. Grading will be conducted on a 0 to 4 point scale and 30 seconds (if younger than 65
years old) or 60 seconds (over 65 years old) will be allowed for image capturing and test
completion. The following anticipated circumstances will lead to acute withdrawal from the study:

First, the investigators consider it would be in the best interest of the subject (e.g.,
peripheral adverse event or onset of new clinically significant condition while assessment/imaging

is being conducted).
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Second, protocol violation which would increase risk of an adverse event to the subject.
(e.g., hyperactive delirious subject becomes combative).

Third, subject’s health care proxy or surrogate decides to withdraw consent for any reason.
The subject and their health care proxy/surrogate will be contacted immediately to be notified of
withdrawal. If this cannot be conducted on the first attempt, second and third attempts via
telephone or in-person will be made. If subjects are withdrawn from the study before any imaging
or assessments by our investigators are conducted, then any demographic/clinical characteristics
data will be removed. If subjects are withdrawn after the first imaging set, but before the second
data collection is conducted, then consent will be obtained from the health care proxy/surrogate
for retention of the first data set.

3.7.4 Results and Conclusion

Hemodynamic activities were observed in the prefrontal cortex when participants were
performing the Months Backwards verbal test. The preliminary results for this study consist of 4
healthy subjects and 4 delirious patients. As hypothesized, the quantitative hemodynamic response
difference were reliably observed between healthy subjects and delirious patients in the bilateral
prefrontal cortices. Data for control group and experiment group are shown in Figure 13,14
indicating the changes of [HbT], [HbO] and [Hb] during the Months Backwards verbal task. In
Figures 13 and 14, the bold red,blue and yellow lines represent the average of [HbO], [HbT] and
[Hb] for the 4 experiment trials. As illustrated, each trial generated a time-locked hemodynamic
change accurately. In the control group, [HbO] and [HbT] began to increase sharply between 123-
seconds to 125-seconds and peaked at 154-seconds. The peak value was calculated to be 3.36 M
and 0.74 pM for [HbO] and [HbT], respectively. [HbO] and [HbT] decreased sharply to the

minimum level within 50 seconds after the 154-second, and returned to baseline in the next 10
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seconds. As for the [Hb], it decreased sharply at 122-second point and reached the nadir at 156-

second. The average value of change was calculated to be 2.62 M.

A [HbO)(:M)
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Figure 3.7 Hemodynamic response for healthy subjects’ verbal test. Averaged time course of
oxygenated [HbO], total [HbT], and deoxygenated [Hb] hemoglobin signals in the healthy subjects
for the prefrontal cortex. The x-axis represents the time from 0 to 300s and the y-axis represents
the mean and standard deviation for relative hemoglobin concentration in uM/L.

In the delirium experiment, a resting and tasking states scanning sequence will first be
obtained for 5 minutes. In the first two minutes baseline resting status, participants were asked to
let their minds wander, avoid repetitive thoughts, keep their eyes open, and maintain their attention

on a central fixation point. Followed by an active task-based imaging sequence where the subject
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will be instructed to perform a Months Backwards test to focally activate the dorsolateral prefrontal
cortices, this status was marked as the tasking status, that has been represented in the green shadow
in Figure 3.6 and 3.7. There are two groups delirium patient and non-delirium patient that have the
same protocol during the Months Backwards test. Grading will be conducted on a 0 to 4 point scale
and 30 seconds (if younger than 65 years old) or 60 seconds (over 65 years old) will be allowed

for image capturing and test completion.
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Figure 3.8 Hemodynamic response for delirium patients” verbal test. Averaged time course of
oxygenated [HbO], total [HbT], and deoxygenated [Hb] hemoglobin signals in the delirium
patients for the prefrontal cortex. The x-axis represents the time from 0 to 300s and the y-axis
represents the mean and standard deviation for relative hemoglobin concentration in pM/L.
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In the delirium group, [HbO] and [HbT] increased more gradually and their values
plateaued in comparison to the healthy subjects at 161-second. The average values of hemoglobin
change in this group were started to be decreased at 0.26 M and 0.24 M for [HbO] and [HbT],
respectively. [Hb], in a similar fashion, decreased gradually and reached a nadir later at 177-second

point and the value of change was calculated to be 0.24 M.

Figure 3.9 Image reconstruction for non-delirium subjects at HbT peak value time point. Non-
delirium subjects #1-#15 of frontal section of HbT images at HbT peak value time point (a-0) in
prefrontal cortex.

Those 15 DOT images shown in Figure 3.9 and 3.10 presents the brain activation during
the Month Backwards Test experiment. The cognitive verb test is wildly used in the
neuropsychiatric disorder evaluation especially in the delirium prediction. In this study, we
captured the time point at the HbT peak value time point in order to compare the peak brain

activation between delirium patients and non-delirium patients.
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Figure 3.10 Image reconstruction for delirium patients at HbT peak value time point. Delirium
subjects #1-#15 of frontal section of HbT images at HbT peak value time point (a-o0) in prefrontal
cortex.

The three-dimensional functional imaging was successfully captured by our portable DOT
imaging system. In the provided coronal view of prefrontal cortex, clear distinction in activation
patterns between non-delirium and delirium subject can be observed. Non-delirium subjects were
observed to have a more robust area of activation compared to the baseline. In comparison, the
delirium individuals had a weak change and activation in hemodynamic response with a restricted
distribution pattern.

In this preliminary study, we demonstrate the ability of a novel DOT system to capture
cerebral hemodynamic activity in delirious and healthy individuals. As our study continues, we
plan to further enroll subjects to increase our sample sizes, conduct a functional connectivity
analysis to study any dysregulation that may occur within the prefrontal cortex or other regions of

the brain, and conduct formal statistical analyses.
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In addition, the obstacles regarding the DOT setup itself in the future should be mentioned.
Due to the physical limitations of the optical fibers and optodes used in the portable DOT system
design, meticulous planning of the array must be considered. Movement artifacts, as with any other
techniques, is still a significant barrier that will inevitably be presented [11]. The construction of
the optical fiber optodes with fixation may help reduce the possibility of this phenomenon, along
with further advancements in post processing and filtering methodologies. Physiological signal
contamination is another technical limitation that is common to all optical methods especially.
Although DOT suffers much less from scalp interference (compared to fNIRS), the presence of
hair itself or dark shades have a big influence on signal quality. As such, the pinning or separation
of hair is a moderate and imprecise method often employed. Further development of analysis and
filtering algorithms may assist with bypassing this issue. Lastly, the maximum depth that can be
reliably and accurately imaged is greater than fNIRS, though is still limited compared to fMRI
[10]. It is estimated to be approximately 5 cm, which reduces the ability to detect deeper brain
structures, but more than capable of capturing cortical and some subcortical structures [11].
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Chapter 4: Significance and Specific Aims of the Research
4.1 Public Health Relevance of the Research

Mental health and suicide are events that are unfortunately has become more common over
the past decades. Mental illness and symptoms are probably always the equation when assessing
death by suicide. However, the mechanism for major mental illness is unclear. The Brain imaging
has proven offering valuable information regarding the unanswered questions. Because of the
immediate brain change happening, few modalities possess the temporal resolution can be
captured. Major depressive disorder and delirium are mental health illness lined to significant
functional impairment and mortality. It is the primary and the most common mental disorders in
the United States. For the major depressive disorder, an estimated 17.3 million adults had at least
one major depressive that significantly diminishes psychosocial functioning and overall quality of
life. Depression would last for midlife or beyond. Some serious medical illnesses, such as diabetes,
cancer, lung disease, heart disease, and Parkinson’s disease would be the reason to generate the
depression. Current research suggests that depression is caused by a combination of genetic,
biological, environmental, and psychological factors.

Delirium is a syndrome of acute brain failure that represents a change from an individual’s
baseline cognitive functioning, characterized by deficits in attention, awareness, and multiple
aspects of cognition that fluctuate in severity over time. It is the most common neuropsychiatric
disorder observed in hospitalized patients [1]. The incidence of delirium ranges from 11% to 42%
[2] and can be as high as 87% among critically ill patients [3]. It is associated with increased

mortality, rate of complications, hospital length of stay, and institutionalization after discharge [4-
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6]. The estimated health care cost of delirium in the United States is $150 billion per year [7].
Despite how prevalent and potentially life-threatening this syndrome is, little is known about its
underlying specific mechanisms.

4.2 Scientific Premise of the Research

Optical imaging has been used for decades in the literature with no reported significant
health risks or hazards. The known theoretical risks include tissue damage from heating and
blindness due to direct light exposure to the eyes. These risks, however, are minimal to none.
Regarding the first possible risk, the optical power that will be used during these procedures is
insufficient to cause tissue heating. In our system, the maximum power from the light source (light-
emitting diodes) is approximately 0.5 mJ/cm?, which is significantly lower than the safety standard
of 20 mJ/cm? (per the American National Standard for Safe Use of Lasers). In fact, if the power
exceeds 0.5 mJ/cm?, the light source would be subsequently damaged, thus self-discontinue the
procedure and inherently prevent any risk of overheating the tissue. In terms of the risk of
blindness, this is also extraordinarily minimal because the light will be delivered to the head
through specially designed enclosed optic fibers. Additionally, to further eliminate the risk of
blindness participants will be asked to wear optical protective goggles.

The interest of area in this study would be located in the prefrontal cortex, because the
prefrontal cortex plays an important role in the cognitive control functions. In the TMS and
depression study, the left DLPFC is the most common target for treating depression not only
necessarily due to this specific region itself, but from studies demonstrating that it modulates the
blood flow response and activity of the anterior cingulate cortex as well. The rates of perfusion
and metabolism in this region in particular may predict response to treatments. Thus, our depth

analyses may demonstrate that either our treatment parameters were not adequate enough to
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generate appropriate activation or again, that depressed individuals at baseline have reduced
hemodynamic responses in the future.

In the depression study, although, the FDA approved parameters combination can be
selected as the treatment protocol in the clinical depression treatment, ideal stimulation parameters
have remained unknown as there has previously been no reliable mechanism to measure neural
connectivity and responses in real time [8]. Utilizing DOT simultaneously with TMS in testing
variable frequencies, intensities, number of pulses, and interval timings offers a new promising
approach to allowing such exploration in real time and with three dimensional images. Cortical
activation/inhibition patterns and hemodynamic responses would be reliably captured in healthy
individuals.

4.3 Technological Significance of the Research

As the development of neuroimaging in neuropsychiatric disorders, nowadays, it offers the
possibility of probing the mechanisms and networks involved in delirium. Imaging can be used to
quantify normal or pathological physiology, localize abnormalities to specific brain regions, and
offer objective information for diagnostic, preventative, and treatment purposes. Functional
techniques particularly may be able to elucidate our understanding of cerebral hemodynamic
activity during and after delirium [9]. Previous neuroimaging studies in delirium have utilized
modalities such as near-infrared spectroscopy, functional magnetic resonance imaging, single
photon emission computed tomography, positron emission tomography, and transcranial doppler
[10]. One of the most pertinent findings reported thus far is significant network dysfunction of the
dorsolateral prefrontal cortex and posterior cingulate cortex. Overall though, significant limitations
of these techniques and their studies exist and include poor spatial resolution, cost and feasibility,

portability, hypoactive subtypes only, and a lack of task-based protocols.
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As such, we have developed a novel portable DOT device to be used for the study of
delirium. DOT is an emerging technique that is based on near-infrared light and is able to reliably
capture brain activity via hemoglobin concentration assessments as our surrogate markers of
activation. We propose to use DOT to capture images of resting state and task-based neural activity
in the prefrontal cortices of all delirium sub-types. The ability of DOT to study pathophysiology
and detect and monitor abnormalities could lead to an improvement in how we can investigate,
diagnose, and prevent delirium [11]. Additionally, we predict that the concurrent utilization of
DOT with pharmacologic treatments, brain stimulation techniques, or other approaches in the
future will open a new frontier for the investigation of delirium in the hospital. In this study, we
propose to apply DOT to delirious subjects and evaluate and test whether diffuse optical
tomography can provide brain activation and functional connectivity data during and after an
episode of acute delirium. In future work, we will focus on further studying underlying
neurobiological mechanisms of delirium with DOT.

4.4 Specific Aims
4.4.1Aim1

This aim is concerned with demonstrating the capabilities of DOT in human brain imaging
during the TMS stimulation. This aim is basic, and it must do for the experimental and
instrumentation of this research. The hypothesis of this study is that optical methods coupled with
model-based image formation from tomographically-measured optical data provides brain
activation and connectivity during transcranial magnetic stimulation on patients experiencing
depression disorder. The primary objective of this study is to determine if DOT is able to offer
quantitative information to detect the effect of transcranial magnetic stimulation on depression

patients and optimize the parameters of transcranial magnetic stimulation. To better image the
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brain cortical structures associated with the functional activities like oxygen saturation by DOT,
enough optical energy should be delivered to the tissue [12]. To achieve this aim, firstly, we tested
our prototype system for light delivery/detection to the changed conditions in a clinical setting.
After this system has been tested, we recruited the healthy subject as control to evaluate the system
in the clinical environment. In previous studies, it is already stated that the light absorption by
tissue depends on the wavelength. As for NIR wavelength, the optical absorption coefficient of the
skull is higher at A < 700nm, while it is relatively lower at 700nm < A < 1000nm. The optical
absorption of cortical issue include blood vessels also varies in this wavelength range [13]. After
evaluating and optimizing the TMS experiment produce for several trials, we can iterate our
designs to perfect the clinical operation for subsequent experiment.
4.4.2 Aim 2

Aim 2 is concerned with developing and testing the efficacy of a novel diffuse optical
tomography imaging guided system for healthy subject and delirium patient. This aim evaluates
the feasible and convenient features for the clinical and hospital utilization. Before collecting data
from the delirium patient, we need to evaluate whether the new diffuse optical tomography can
provide brain activation and functional connectivity data during the for healthy subjects in the
verbal test. In this study, five healthy subjects were enrolled in the study. During the experiment,
one minute month backwards test come after two minutes resting time in the beginning. After one
minute month backwards test, the participant enters into another two minutes resting time. The
experiment exists 5 minutes in total. In this study, we need to find the difference of hemodynamic
activation between healthy subject and delirium patient. This work can demonstrate and verify
whether the new fast DOT system has the potential to become a powerful tool for noninvasive

three-dimensional imaging of the brain. With the observation of hemodynamic response for the
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healthy subject and delirium patient by DOT, we can determine whether DOT is able to offer

quantitative information to detect the verbal test stimulation on delirium patients and help the

doctor to judge how serious of the delirium patients are.
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Chapter 5: Manuscripts!

This chapter contains two manuscripts based on this research: - (5.1, 5.2). A Third and
fourth manuscript are in progress. 5.1, titled “Three-dimensional optical imaging of brain
activation during transcranial magnetic stimulation” is published in Journal of X-Ray Science and
Technology. Permission is included in appendix B. It is based on the application of the structural
and functional imaging capabilities of diffuse optical tomography imaging to study brain activities
during the TMS stimulation for healthy subjects. I am the first author in this paper. The paper
appears here in the original form in which it was written.

The second manuscript, 5.2 is titled “Neuroimaging of depression with diffuse optical
tomography during repetitive transcranial magnetic stimulation” is published in Scientific Report.
Permission is included in appendix B. This paper talks about the difference between brain
activation and hemoglobin response between healthy group and depressed patient group. | am the
co-first author in this paper. The paper appears here in the original form in which it was written.
In this published paper, we tried to find the correlation between level of depression and
hemodynamic response. We hypothesized that the depressed patients would not as sensitive as the
healthy subjects. In this study, the brain activities were monitored by our DOT imaging system for
both healthy and depressed patient groups. With the same level of TMS stimulation, we can

compare the results and evaluate the depressed level. In the future, our results for the depressed

! This chapter contains two sections. The first section, 5.1, was published in The Journal of X-ray Science and
Technology. The second section, 5.2, was published in Scientific Report. Permission is included in Appendix B.
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patient can be correlated by the level of depression, that can help the doctor evaluate the effective
of the TMS treatment.
5.1 Three-dimensional Optical Imaging of Brain Activation During Transcranial Magnetic
Stimulation?
5.1.1 Abstract

Repetitive transcranial magnetic stimulation (rTMS) to the left prefrontal cortex with 10
Hz is a common clinical protocol for major depressive disorder (MDD). Noninvasive
neuroimaging during rTMS allows to visualize the cortical brain activation and response, and to
optimize treatment parameters for rTMS. In this paper, we present a fast diffuse optical
tomography (DOT) approach for three-dimensional brain mapping of hemodynamics during
rITMS. Ten healthy subjects were enrolled to the study. These subjects received the 10 Hz
stimulation with 80% and 100% resting motor threshold (rMT), respectively, in 4 seconds for each
stimulation. Significant hemodynamic activation was observed in all cases with the strongest
response when 100% rMT stimulation was applied. This work demonstrates that fast DOT has the
potential to become a powerful tool for noninvasive three-dimensional imaging of the brain during
rTMS.
5.1.2 Introduction

Repetitive transcranial magnetic stimulation (rTMS) is a non-pharmacological, non-
invasive brain stimulation technique which is used for various psychiatric disorders. Though
studied the most for major depressive disorder, its use in schizophrenia, posttraumatic stress

disorder, substance use disorders, and obsessive-compulsive disorder is also being investigated.

2 The section 5.1 was published in The Journal of X-ray Science and Technology. Jingyu Huang is the only first author
for this paper. Shixie Jiang, Hao Yang corrected the English. Ryan Wagoner, F Andrew Kozel, Gleen Currier are
doctors and help recruited the subjects in the clinical study. Huabei Jiang is the telecommunication author. Permission
is included in Appendix B.
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Despite ongoing research, our knowledge of the underlying mechanism of TMS is poorly
understood. While rTMS is effective for psychiatric disorders treatment, different antidepressant
effect has been reported through the stimulation of left dorsolateral prefrontal cortex (DLPFC) by
different field intensity, number of stimuli per session and the number of treatments, and the
activation mechanism is largely unclear [1]. To better understand the brain activation areas
associated with rTMS, several neuroimaging modalities such as single-photon emission
computerized tomography (SPECT), positron emission tomography (PET), and functional
magnetic resonance imaging (fMRI) have been used to image the brain during TMS [2]. However,
these imaging techniques have not shown their utility for brain imaging during rTMS, due to their
low temporal resolution along with other limitations such as the cost,

Electroencephalography (EEG), magnetoencephalography (MEG), and functional near-
infrared spectroscopy (fNIRS) are fast techniques and have also been used for brain mapping
during rTMS [3]. However, these techniques have very low spatial resolution, and thus their utility
for brain imaging during rTMS is also limited. Although fNIRS has no electromagnetic
interference and possess portable, cost-effective, and noninvasive, little and shadow depth
information can be presented out and it does not have a very good penetration which could not dig
out much brain activation during the rTMS stimulation. As for the functional magnetic resonance
imaging (fMRI) and diffusion tensor imaging (DTI) use signals that involve the electromagnetic
spectrum, the resolution and the image quality would be influenced by significant measurement
artifacts, because the TMS coil produces series of very strong magnetic and electrical fields.
Diffuse optical tomography (DOT) is an emerging neuroimaging modality that is based on near-
infrared (NIR) optical technologies and model-based inverse computations [4]. It can be

considered as an extension of fNIRS, but DOT is able to provide three-dimensional images of
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hemoglobin and blood volume/oxygenation with centimeter scale resolution. In addition, like
fNIRS, DOT measures functional brain changes without using electrical or magnetic signals, and
thus, there are no electromagnetic interactions between DOT and rTMS. Here we report a first-in-

human study applying this combination DOT and rTMS in human study.
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Figure 5.1 Schematic of DOT brain imaging system. A) Schematic of the DOT system. B)
Locations of the rTMS coil and the DOT sources and detectors over the brain. A total of 48 source-
detector pairs placed on the right hemisphere. C) Schematic of 3D location of rTMS coil and DOT

sources and detectors.

5.1.3 Materials and Methods
5.1.3.1 Subjects

In this experiment, eight healthy subjects (7 men and 1 woman) with a mean age of 33.5 +
15.9 years were recruited as paid volunteers. Three healthy subjects were excluded because of

significant motion artifacts and discontinuous signal. As a result, 5 healthy subjects (4 men and 1
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woman) with mean age of 36.9 +11.8 were included for final analysis. All of the participants were
right-handed, as determined by the modified Edinburgh Handedness Questionnaire (Oldfield
1971), and had a normal or corrected-to-normal vision. The potential neurological or psychiatric
disorders were excluded. The study protocol was approved by the University of South Florida
Institutional Review Board. Written informed consent was obtained from all the participants.

5.1.3.2 TMS and DOT Procedures

Participants were positioned in the TMS device chair and adjusted to ensure comfort
throughout the experimental procedure. Ear plugs were inserted in order to decrease the impact of
hearing upset from the noise of TMS machine. All external light was blocked from entering the
clinical room, and the ambient lighting was tested to ensure that it did not contaminate the DOT
signal. The DOT probe consisting of 48 sources and 48 detectors was then positioned over the
region of the right prefrontal cortex. The DOT is a contralateral measurement over the region on
the right prefrontal cortex while the TMS stimulation start on the left prefrontal cortex. Optical
probes covered the entire contralateral dorsolateral prefrontal cortex (DLPFC), which can monitor
the major part of DLPFC. The probes were fastened using Velcro straps and attached against the
scalp with their tips directly touching the skin for maximum efficiency of light transmission. The
hair strands under the probe were manually moved away using combs to facilitate optimal contact.
This helped avoid potential contamination by light absorption in hair.

The rTMS was performed using a Neuronetics’ NeuroStar system. One hertz TMS pulse
with 45% of device output was delivered to the left cortex in order to locate the estimated motor
strip by observing the muscle twitch of the abductor pollicis brevis in the right hand [5]. After
several re-positioning the TMS coil and reliable muscle twitch observed, we located and marked
the motor cortex area. The motor threshold (MT) is defined as the lowest level of stimulation

capable of causing a twitch in the contralateral thumb by TMS motor threshold assessment tool

o1



[6]. According to the TMS protocol, the location of TMS stimulation was defined as 5 cm anterior
to the motor cortex position in a para-sagittal line. Stimulation with 80% and 100% resting motor
threshold (rMT) was, respectively, applied during the experiment. The participants were instructed
to sit quietly with eyes open, stay awake, and not move. DOT data were acquired 1.5 min prior to
the stimulation, during the 24 stimulation/rest epochs (30 s per epoch), and during another 1.5
minutes post-stimulation period, resulting in a total recording time of 15 minutes. The resting gap
between the two consecutive experiments was 5 minutes. The stimulation epochs consisted of 4 s
of 10 Hz stimulation and 26 s of rest, and were repeated 24 times for each experiment. A 90 second
baseline was recorded respectively before each TMS stimulation experiment in different rMT
stimulation.
5.1.3.3 Diffuse Optical Tomography System and Image Reconstruction

Diffuse optical tomography (DOT) is a noninvasive imaging technique that exploits the
relative transparency of biological tissue to near-infrared (NIR) light (600~950 nm). As the near-
infrared wavelength range between roughly 600 and 950 nm is poorly absorbed relatively by
biological tissue, light can travel through up to several centimeters of tissue because of low
intrinsic optical absorption of biological tissue. In this range of light spectrum, most biological
tissue have low absorption, however, oxy-hemoglobin and deoxy-hemoglobin are the major
absorbers. Thus, this two spectrum we used (780nm and 850 nm) is ideally suited for monitoring
the changes, which can achieve a high signal-to-noise level relatively [9]. Over the past 15 years,
diffuse of tomography has been successfully utilized in imaging epilepsy, breast cancer,
osteoarthritis, and cortical activation [10]. It has been proved that DOT has the ability to monitor
hemodynamic activity in terms of spatial resolution (around 5cm penetration) compared to fMRI.

Moreover, it is portable, noninvasive, safe and cost-effective.
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We used a fast multispectral DOT system for optical signal recording, as described in detail
previously [8,11]. The system performs continuous-wave (CW) measurements using 48 light-
emitting diodes (LEDSs) as the excitation sources and highly sensitive photodetectors as the light
detectors. Forty-eight optical source/detector pairs were distributed over the right hemisphere of
the brain and attached firmly to the scalp. The average distance between 2 adjacent source-detector
positions was nearly 1 cm. The sources/detectors were also attached to a two-layer interface
coupled with a 256-channel medium size EEG cap which fits all the head sizes of the participants
in this study. Tomographic optical data were collected this with a temporal resolution of 14.4 Hz
at two NIR wavelengths (780 and 850 nm). The row optical data from all channels were inspected
to exclude the epochs with significant discontinuity due to the motion artifacts during the
measurement. After excluding the suspected ‘discontinuous channel’, a blackmanharris window-
based finite impulse response filter was applied to remove the instrumental noise.

The three-dimensional (3D) images of tissue absorption coefficient were reconstructed
using a finite element method (FEM)-based inverse algorithm, as described in detail previously.
The 3D finite element mesh for each brain was produced using the brain contour measured a 3D
magnetic space digitizer coupled with a head atlas approach [12]. And the three-dimensional (3D)
images of tissue absorption coefficient were reconstructed using a finite element method (FEM)-
based inverse algorithm [13,14,15]. The FEM-based algorithm allows the recovery of tissue
absorption coefficient in 3D based on an iterative regularized Newton method [16], and the
concentrations of oxy- and deoxy-hemoglobin ([HbO] and [Hb]) were then calculated using the
recovered absorption coefficients at both wavelengths based on the Beer-Lambert law [17].

Coupled with a least-square fitting procedure and pseudo inverse matrix calculation, hemoglobin
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concentration, [HbT], was calculated by summing up [HbO] and [Hb] which is proportional to
cerebral blood volume (CBV).
5.1.4 Statistical Analysis

Data analysis was conducted using MATLAB (version R 2018a) and SAS (9.4). All the
epochs (the 30s) in the session were averaged for each channel and the data are shown as the mean
+ standard deviation. We used a paired Student’s t-test for comparison of means. All statistical
analysis were performed at a significance level of 0.05. Data before and after the rTMS treatment
were analyzed with two-tailed paired t-tests. Subject means were allowed to vary around an
individualized intercept across trials with stimulation type as a within-subject factor. Redundant
analysis was conducted using repeated measures analysis of variance (ANOVA) to allow an
appropriate interpretation of the results.
5.1.5 Results

As hypothesized, there was an observable difference in the heodynamic response between
80%rMT and 100% rMT stimulation within the right dorsolateral prefrontal cortex. Averaged HbT
for the subjects over time under 80% rMT stimulation is shown in Figure 5.2, indicating the
dynamic change of [HbT] during the total 24 trials of TMS stimulation (each trial consisted of 4
seconds of TMS stimulation state and 26 seconds of resting state). The blue bold line represents
the averaged [HbT] for the 24 trials. The other 5 plots indicate the individual time curves for
different healthy subject which show a similar hemodynamic change compared to each other. We
note that each trial of TMS stimulation generated a time-locked hemodynamic change in the right
prefrontal cortex. The increase of [HbT] started right after the TMS pulse was delivered, reached
the peak around the 8" to 12™ second, and then decreased slowly after the peak. As for 100% rMT

stimulation, we see that the [HbT] increased right upon the onset of TMS stimulation and reached
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its peak at around the 9" to 14" second followed with continued decrease afterwards. The average
absolute value for [HbT] change was calculated to be 1.52 uM at 9.3 second for 80% rMT and
3.45 uM at 10.24 second for 100% rMT.(P<0.01, t test, [HbT])

When comparing the two groups, as many studies showed that the hemodynamic response
(HR) to brief neural activity caused by the blood oxygen level-dependent effect is delayed some
seconds, and the HR latency varies among activation sites, especially since this is in response to
repetitive stimulation [18]. On the other hand, the average absolute peak [HbT] with different rMT
stimulation occurred around 10 second and then decreased gradually. There was a significant
difference in the [HbO] and [HbT] response between 80% rMT and 100% rMT stimulation. In

general, the response to 100% rTM stimulation was higher than 80% rTM for all the subjects.
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Figure 5.2 Healthy subjects’ HbT hemodynamic response during 80% MT TMS stimulation. Time
course of averaged total hemoglobin (HbT) for all the subjects under 80% rMT stimulation in the
prefrontal cortex. Ten hertz stimulation was performed for 4 s followed by 26 s of rest for 12
epochs. The x-axis represents the time from 0 to 30 s in the epoch, and the y-axis represents the
mean and 95% confidence interval of HbT concentration in pM/L.
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Figure 5.3 Healthy subjects” HbT hemodynamic response during 100% MT TMS stimulation.
Time course of averaged total hemoglobin (HbT) for all the subjects under 100% rMT stimulation
in the prefrontal cortex. Ten hertz stimulation was performed for 4 s followed by 26 s of rest for
12 epochs. The x-axis represents the time from 0 to 30 s in the epoch, and the y-axis represents the
mean and 95% confidence interval of HbT concentration in pM/L.
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Figure 5.4. Healthy subjects’ Hb hemodynamic response during 80% MT TMS stimulation. Time
course of averaged deoxy-hemoglobin (Hb) for all the subjects under 80% rMT stimulation in the
prefrontal cortex. Ten hertz stimulation was performed for 4 s followed by 26 s of rest for 24
epochs. The x-axis represents the time from 0 to 30 s in the epoch, and the y-axis represents the
value of Hb concentration in pM/L.
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Figure 5.5. Healthy subjects” Hb hemodynamic response during 100% MT TMS stimulation. Time
course of averaged deoxy-hemoglobin (Hb) for all the subjects under 100% rMT stimulation in
the prefrontal cortex. Ten hertz stimulation was performed for 4 s followed by 26 s of rest for 24
epochs. The x-axis represents the time from 0 to 30 s in the epoch, and the y-axis represents the
value of Hb concentration in uM/L.
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Figure 5.6. Healthy subjects” HbO hemodynamic response during 80% MT TMS stimulation.
Time course of averaged oxy-hemoglobin (HbO) for all the subjects under 80% rMT stimulation
in the prefrontal cortex. Ten hertz stimulation was performed for 4 s followed by 26 s of rest for
24 epochs. The x-axis represents the time from 0 to 30 s in the epoch, and the y-axis represents the
value of HbO concentration in pM/L.
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Figure 5.7. Healthy subjects” HbO hemodynamic response during 100% MT TMS stimulation.
Time course of averaged oxy-hemoglobin (HbO) for all the subjects under 100% rMT stimulation
in the prefrontal cortex. Ten hertz stimulation was performed for 4 s followed by 26 s of rest for
24 epochs. The x-axis represents the time from 0 to 30 s in the epoch, and the y-axis represents the
value of HbO concentration in uM/L.

Figure 5.8 Image reconstruction (Sagittal view) for healthy subjects during 80% and 100% MT
TMS stimulation. Sagittal section HbT images at selected time points for the 80% (a-i) and 100%
(j-r) tMT stimulation.

The average absolute value peak for [HbT] of different rMT stimulation occurs around 10
second and decreased gradually. There was a significant quantitative difference in the [HbT]

response between 80% rMT and 100% rMT stimulation. In general, 100% rTM stimulation
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response is higher than 80% rTM for each subject and healthy subject 1, 2 are more sensitive than
subject 4, 5.

Reconstructed [HbT] images superimposed on the brain MRI in transverse and sagittal
sections are shown in Figure 5.8 and 5.9, respectively, using an open source and cross-platform
image viewer called MRIcron (https://www.nitrc.org/projects/mricron) where affine transform was
applied to register the reconstructed [HbT] space domain to the MRI domain in the MRIcron. We
immediately note that the patterns of hemodynamic changes are clearly visualized in the prefrontal
cortex region of the brain for both the 80% and 100% rMT for subject 1. We note that the images
for 80% rMT stimulation had a more restricted HbT distribution than that for 100% rMT
stimulation. Figures 5.8 and 5.9 represent the three-dimensional hemodynamic response change
with time. The figure 8 shows the sagittal section that gives the depth information of HbT change
with time. And the “8-shape” in Figure 5.9 represents the top view location of the TMS coil on the
transverse plane. We notice that the reconstructed images at time point 9s and 12s show more
stronger HbT response than other time points. Besides, the reconstructed images represent the HbT
response change with time which have consistent tendency results in figure 5.2 and 5.3, which was
reliably caputred by our system. These reconstructed images clearly show the volumetric location
of hemodynamic response in the brain in different views, which is useful for studying the
mechanism of TMS and the pathophysiology of the disorders in which it is applied. In summary,
our findings from this pilot experiment are consistent with previous studies with fMRI, fNIRS and
optical imaging, where brain activations were found at similar cortex locations.

We immediately note that the patterns of hemodynamic changes are clearly visualized in
the prefrontal cortex region of the brain for both the 80% and 100% rMT for healthy subject 1. In

these provided figures, clear different pattern has been observed and the 80% rMT stimulation has
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a more restricted distribution than 100% rMT stimulation. Affine transform was applied to register
the reconstructed [HbT] space domain to the MRI domain in the MRIcron. Our findings are
consistent with previous studies with fMRI, fNIRS and optical imaging, where brain activations

were found at similar cortex locations.

Figure 5.9 Image reconstruction (Transverse view) for healthy subjects during 80% and 100% MT
TMS stimulation. Transverse section HbT images at selected time points for the 80% (a-i) and
100% (j-r) tMT stimulation.

5.1.6 Discussion and Conclusion

For the first time to our knowledge, three-dimensional hemodynamic changes in the brain
during rTMS have been successfully imaged with diffuse optical tomography. Our results in
healthy subjects show a robust increase in [HbT] or activation in the contralateral dorsolateral
prefrontal cortex (DLPFC) when comparing 100% intensity vs. 80%. This was coupled with real
time image acquisition of the selected areas that displayed these changes visually as well. Such

findings create a promising and novel approach of investigating functional connectivity within the
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brain and the mechanisms of action that allow rTMS to exert its effects upon various
neuropsychiatric disorders.

Previous studies which implemented fNIRS during rTMS with parameters near our
experiment’s reported the different frequencies and MT stimulation subject to different inhibitory
and excitatory results in the brain. Lower frequencies (1 Hz) seem to cause [HbT] decrease in the
motor center and prefrontal cortex which has provided a good effect on the treatment for
depression while high frequencies (10 Hz) shows [HbT] increasing. Our results presented a similar
hemoglobin changes captured in the bilateral cortices, lending support for the reliability of our
device [19]. However, in comparison, their spatial resolution and lack of visualization of what
areas of the brain were truly being stimulated limited their implication.

Based on our results, DOT is the only modality now that has demonstrated the capability
of imaging the brain during rTMS three-dimensionally without significant noise interference.
Parameter testing that has already been conducted with fNIRS and other imaging techniques can
now be done with DOT. With the additional benefits of volumetric analyses and three-dimensional
images, new insights into the neurophysiology of TMS itself can be explored more appropriately.
For clinical purposes, the pairing of DOT with TMS may open new paths of discovering how to
optimize its treatment of depression and potentially obsessive-compulsive disorder, which was
recently approved for treatment by TMS by the Food and Drug Administration in the United States
[20]. Very little functional neuroimaging data currently exists for this disorder, despite the
potential improvements that could be made to its treatment with TMS [21].

We realize that there were limitations in this study. The number of effective optical data
was reduced significantly for some cases due to strong light absorption by hairs. To resolve this

issue, we plan to construct improved optical interface that can better contact with the scalp. In
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addition, we will attempt to design and develop amplifiers that can improve the signal-to-noise
ration. Another limitation was the insufficient number of female participants which prevented us
from making any meaningful observation on the difference of brain activation during rTMS in
genders. By the way, due to “big interface” limitation, our setup was created to obtain images from
the contralateral DLPFC. Directly under the coil and bilateral data collection could have a better
understanding about brain activation, however, our results are still the same as previous functional
imaging data as fNIRS and fMRI did.

In summary, this is the first work to visualize the rTMS induced brain activation in 3D in
humans by DOT. This study suggests that DOT has the potential to provide brain functional
parameters during rTMS that may allow for the optimization of rTMS treatment of depression.
This study presented the hemoglobin response during different TMS stimulation. We can have a
peek into the mechanism of the TMS treatment study in the depression disease. In the future, the
DOT imaging system can be utilized for monitoring the hemoglobin response between the
depressed patients and healthy subjects.

5.2 Neuroimaging of Depression with Diffuse Optical Tomography During Repetitive
Transcranial Magnetic Stimulation 3
5.2.1 Abstract

Repetitive transcranial magnetic stimulation (rTMS) is a safe treatment method with a good
effective ratio for depression; however, the parameters for the treating the depression has likely

been hidden and unclear due to non-optimized targeting. Certain important reasons such as unclear

3 This section 5.2 was published in the Scientific Report that is affiliated with Springer Nature Journal. Jingyu Huang
and Shixie Jiang are co-first author with equal contribution. Jingyu Huang did the experiment and generated the figures
and results including wrote the initial manuscript. Shixie Jiang corrected the English and extend the analysis of final
results in clinical method. Shixie Jiang also wrote the protocol and IRB for the depression study. Hao Yang, Ryan
Wagoner, F Andrew Kozel, Gleen Currier are assistance and doctors to recruit the subjects in the clinical study. Huabei
Jiang is the telecommunication author. Permission is included in Appendix B.
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ideal stimulation parameters, lack of information regarding can stop the study about how the brain
is physiologically reacted during and after the repetitive transcranial magnetic stimulation. While
neuroimaging is ideal for obtaining such critical information, existing modalities have been limited
due to poor resolutions, along with significant noise interference from the electromagnetic
spectrum. In this study, we utilized diffuse optical tomography (DOT) device, a novel and non-
invasive technology, in order to improve our understanding for the neurophysiological effects of
rTMS in depression.

In this study, healthy and depressed subjects from the age of 18 to 70 were recruited. All
the treatment parameters were followed by FDA depression treatment with targeting the left
dorsolateral prefrontal cortex under a 100% magnetic field intensity of motor threshold. TMS pulse
frequency is 10 per second with a 4 second stimulation time and a 26 second rest time for each
trial. DOT imaging system was simultaneously capturing the brain activation from the contralateral
dorsolateral prefrontal cortex.

For the results, the final analysis consists of the results of six healthy and seven depressed
subjects. Hemoglobin response and volumetric three-dimensional activation patterns were
successfully captured. When comparing the results with the healthy subject group, depressed
subjects were found to exist a delayed and less robust response to rTMS.

In this first-in-human study, the results published in the paper proves the ability of DOT,
which demonstrates this technology can safely and reliably reach and capture cortical response
patterns to rTMS in depressed and healthy subjects. In the next section, we would gradually
introduce this non-invasive optical functional imaging modality to investigate the brain targeting,
and how to reach the more effective new treatment parameters in depression treatment. The results

would prove this is a novel approach in the neuropsychiatric disorder treatment.
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5.2.2 Introduction

Major depressive disorder is a chronic, recurrent, and debilitating mental health illness
linked to significant functional impairment, disability, and mortality [22]. It is the primary cause
of mental health-related disease burden globally, affecting approximately 300 million individuals
[23]. Although there have been numerous clinical trials and studies on existing pharmacological
and non-pharmacological options, its overall treatment is still challenging [24]. The largest and
most extensive trial, the Sequenced Treatment Alternatives to Relieve Depression (STAR*D),
revealed that antidepressants, even with augmentation, demonstrated suboptimal remission rates
[25]. In lieu of medications then, a concerted effort has been dedicated to studying other treatment
options, such as brain stimulation techniques. Transcranial magnetic stimulation (TMS) has now
been established over the past decades as a safe and effective treatment for depression [26].

Repetitive transcranial magnetic stimulation (TMS) was cleared by the Food and Drug
Administration (FDA) for the treatment of depression in 2008 [27]. When TMS is administered
repeatedly at a specific frequency, it is referred to as rTMS. It involves passing an electrical current
through an insulated coil, which creates an alternating magnetic field that penetrates the scalp and
skull to induce neuronal depolarization and modulation [28]. Several landmark trials were
conducted that reliably demonstrated its efficacy and safety in improving depressive symptoms
[29-32]. However, despite its increasing use, the typical effect sizes have been modest at best. A
previous meta-analysis of 29 studies and 1371 patients reported only a 29% average response rate
and 19% average remission rate in randomized trials [33]. The effectiveness of TMS is likely
reduced due to: (1) non-optimized targeting, (2) unclear ideal stimulation parameters (e.g.,
patterns, frequencies, dosage), and (3) a lack of understanding of how the brain is physiologically

responding, during and after, stimulation [34]. In this situation, neuroimaging with rTMS
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stimulation would become a particularly promising area because of those questions can probably
answered depends on the neuroimaging research results.

Theoretically, the ability for the brain imaging technology have been approved considering
of offering valuable information in order to solve the above unanswered questions during the
stimulation of TMS. However, due to the immediate brain response would happen occasionally,
few modalities can be utilized to possess the temporal resolution required to appropriately evaluate
such conditions. Previous studies for analysis the brain activation and connectivity during TMS
stimulation include the wusage of functional magnetic resonance imaging (fMRI),
magnetoencephalography (MEG), electroencephalography (EEG), and functional near-infrared
spectroscopy (fNIRS) [35-38]. As fMRI, MEG, and EEG use signals that involve the
electromagnetic spectrum, their overall resolution and quality are subject to significant
measurement artifacts given the fact that TMS produces very strong magnetic and electrical fields.
Due to this, fNIRS has been investigated for concurrent imaging as it measures an optical signal,
which has no electromagnetic interference. A portable, safe, cost-effective, and with less
restriction can benefits the TMS study considering with other unportable and complicated devices.
However, fNIRS has several technical limitations including scalp interference, shallow imaging
depth, low spatial resolution, and an inability to produce three-dimensional images [39].

Diffuse optical tomography (DOT) is a noninvasive imaging technology based on the
scattering and absorption properties of non-ionizing near-infrared light in biological tissue. It can
be treated as an extension and improvement to fNIRS. Diffuse optical tomography is using
multiple near-infrared wavelengths, it is able to accurately measure the relative deoxygenated
([HbY), oxygenated ([HbO]), and total hemoglobin ([HbT]) concentrations for the tissue study. As

for the method of image reconstruction, the sophisticated image reconstruction algorithms contains
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with inverse problem can generate quantitative three-dimensional images of changes in regional
blood volume and oxygenation at high temporal and spatial resolutions [40. This allows DOT to
distinguish between hemodynamic response with time [41]. Over the past decades, it has been
successfully used clinically for imaging of epilepsy, breast cancer, osteoarthritis, and cortical
activations [42-45]. Impressively, it has been demonstrated that DOT is able to detect
hemodynamic responses equivalent to fMRI in terms of spatial resolution (within a depth of 5 cm)
[46]. With the similar theory to fNIRS, DOT also presents the advantages of being portable, safe,
and cost-effective.

The basic aim and objective of this study were to demonstrate DOT technology is a safe,
effective, and feasible option for noninvasive, connectivity based functional imaging of the brain
during and after rTMS utilized for the healthy and depressed people. We hypothesized that rTMS
would produce cortical activation patterns that would be reliably captured by DOT. In addition,
we proposed that the with the hemodynamic changes, especially in terms of volume, between
healthy and depressed individuals would offer new knowledge and have an opportunity to peak
into how neuroimaging can be further used to improve TMS parameters and our understanding of
the physiologic effects of brain stimulation [70].

5.2.3 Methods and Materials
5.2.3.1 Study Sample

Recruited subjects were including individuals with no previous or current history of a
psychiatric disorder (healthy control group) and those with a current Diagnostic and Statistical
Manual of Mental Disorders, 5" Edition (DSM-5) diagnosis of major depressive disorder
(depressed group) from the age of 18 to 70. Exclusionary criteria for study participation included

a previous history of psychosis, bipolar disorder, posttraumatic stress disorder, eating disorder, or
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obsessive-compulsive disorder; pregnancy; personal or immediate family history of a seizure
disorder; presence of ferromagnetic material in the head, neurologic disorder, or medication
capable of altering the seizure threshold; vague nerve stimulation implant; or history of
electroconvulsive therapy failure [71].

The research protocol was approved by the University of South Florida Institutional
Review Board. All the methods with the involving human subjects, were conducted in accordance
to standard protocols mandated by the Institutional Review Board [71]. The information of the
written consent was appropriately obtained by each subject (depressed and healthy) prior to
enrollment in the study [70]. Additional informed written consent was also completed by one
subject for permission to publish their image in any hard-copy, online, and/or open-access journal
article (Figure 1b). A physician screened participants with a Structured Clinical Interview for
DSM-5 [47], Transcranial Magnetic Stimulation Adult Safety Screening Questionnaire [48], a
medical history review, and a physical exam. Routine laboratory studies including a complete
blood count, complete metabolic panel, thyroid stimulating hormone, urine toxicology screen,
urine pregnancy test (if the participant was a woman of child-bearing potential), and
electrocardiogram were obtained during the screening process. Subjects were required to be
medically stable before enrollment [71].
5.2.3.2 rTMS Procedure

All rTMS treatments were performed with a Neurostar TMS Therapy System (Neuronetics,
Inc., Malvern, PA, USA). Stimulation protocol was followed per the product documentation.
Subjects were placed in a recliner and ear plugs were inserted to minimize possible hearing
impairment from the TMS machine noise. The location of the motor strip was estimated by

stimulating the cortex at low frequency (1 Hz) and device output (45%), advancing the power and
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repositioning the coil to elicit a reliable (5 out of 10 trials) muscle twitch of the abductor pollicis
brevis in the appropriate contralateral hand [49]. Using the TMS Motor Threshold Assessment
Tool, the motor threshold (MT) was determined four times and averaged [50]. Treatment
parameters were standardized for each individual at the left dorsolateral prefrontal cortex (DLPFC)
(Neurostar standards) with a 100% magnetic field intensity of MT, with a pulse frequency of 10
per second which consists of a 4 second stimulation time and a 26 second stimulation rest time. In
total, the interval time and stimulation time have a total 3000 delivered pulses per experiment.
5.2.3.3 DOT Procedure

All imaging was captured by a custom built fast multispectral DOT imaging system
constructed from our laboratory’s previous studies [51]. The system involves a main computer
sending a signal to a light emitting diode (LED) controller which activates two groups of LEDs
(48 optodes per group; one group at 780nm and the other at 850nm) (High-power NIR LEDs,
Epitex, Inc.). Two core boards (CuteDigi Technologies), consisting of an Altera EP2C8 FPGA,
50-megahertz crystal oscillator, and 139 input/output pins, were used to control the time sequences
of each LED [71]. The light beams were sequentially delivered to the measuring interface through
fiber optical bundles. The subsequent diffusing light from the tissue was received by 48 highly
sensitive avalanche photodiode detectors (APD C5460-01, 12-bit resolution, maximum analog-
digital conversion rate of 1.25 mega-samples/second) and converted to electrical signals for further
processing. Continuous-wave measurements of three-dimensional data were captured through the
48 pairs of highly sensitive photo source-detectors. A full set of high density tomographic optical
data was acquired with a unit consisting of two PCI-DAS6071 boards at a 14.4 Hz collection rate

for both the wavelengths [70].
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Participants were positioned in the TMS device chair and adjusted to ensure comfort
throughout the experimental procedure. We utilized a two-layer interface coupled with a 256-
channel medium-sized EEG cap capable of fitting the head size of all of our subjects (Figure 1).
All external light was blocked from entering the clinical lab, and the ambient lighting was tested
to ensure that it did not contaminate the DOT signal. The DOT probe, consisting of the 48 pairs of
source-detectors, was then positioned over the right prefrontal cortex. The probe was fastened
using Velcro straps and attached against the scalp with the tips directly touching the skin for
maximum efficiency of light transmission. Any hair strands under the probes were manually
moved away using combs to facilitate optimal contact and avoid contamination by light absorption.
The subjects were then instructed to sit quietly, remain awake, not move, and keep their eyes open.
DOT data acquisition occurred 1 minute prior to stimulation, during the 24 stimulation/rest epochs
(30 s per epoch), and during a 2-minute post stimulation period, resulting in a total recording time
of 15 minutes.

In this study, the depressed patient can only capture one side of the brain activation. In the
future, with the development of the neuro-imaging modality in the future, although the theory and
the reason for the treatment of TMS is unclear, the researchers can establish a connectivity analysis

method to analyze the different region of brain to advance the TMS treatment in the clinical study.

69



(A) Outer Igyer (C)

O Source
(O Detector

Figure 5.10 Custom DOT brain interface. A) Two-layer design with an inner and outer layer
superimposed upon a modified electroencephalogram cap; B) Photographs of the interface
connected to a human subject; C) Top-down schematic depicting the location of the TMS coil
(light brown figure of eight symbol) over the left dorsolateral prefrontal cortex and the DOT cap
over the contralateral side. The probe comprised of 48 source-detector pairs in total.

5.2.3.4 Image Analysis and Processing
The DOT data were processed and analyzed channel-wise (one channel represents one

source-detector pair). The setup comprised of 48 channels in total. The raw data for each channel
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were inspected during the entire experiment time course in order to exclude epochs with significant
discontinuity. Several channels had epochs with inadequate measurements due to suspected
motion artifact, thus were removed accordingly. After ensuring the quality of the data, we used a

band pass filter (cut off frequencies fu =9 Hz, f.=0.02 Hz) to exclude instrumental noise and

saturated signals. Contamination of signal from peripheral co-stimulation during TMS is
inherently prevented by the DOT reconstruction algorithms which include boundary limits when
calculating the data from the high number of source-detector pairs. Data were averaged for all
participants and the resting time in the experiment was used as the baseline. The high-density
tomographic data acquired at each wavelength was used to reconstruct a three-dimensional image
of tissue absorption coefficient using a finite element-based algorithm previously developed and
optimized [52]. The physiological measurements in terms of oxygenated and deoxygenated
hemoglobin, [HbO] and [Hb], respectively, were calculated using the absorption coefficient
images at both wavelengths and a modified Beer-Lambert law coupled with a least-square fitting
procedure through pseudo-inverse matrix calculations [53]. Cerebral blood volume was estimated
by calculating the total hemoglobin concentration, [HbT], which was achieved by summing [HbO]
and [Hb].
5.2.3.5 Definition of Regions of Interest

The coordinate system used was based on a Cartesian three-dimensional configuration
combined with a 256 channel EEG system. The origin [0, 0, 0] was set at C18 on the EEG system.
The EEG cap has covered the full prefrontal cortex which is our main region of interest for the
depression study. The TMS coil was located at left DLPFC while our DOT interface cover at the
right DLFPC. The interest of area is the DLPFC in the TMS study. From this location, three-

dimensional images including coronal, sagittal, and transverse views were derived. The direction
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of the X, Y, and Z axes were defined as right to left, posterior to anterior, and inferior to superior.
The right prefrontal cortex was centered at coordinates [51, 35, 53] for the healthy subjects. For
the depressed group, this location was centered at coordinates [48, 39, 57].
5.2.3.6 DOT Statistical Analysis

Data analysis was conducted using MATLAB (version R 2018a) and SAS (9.4). Subject
means were allowed to vary around an individualized intercept across trials with stimulation type
as a within subject factor. Redundant analysis was conducted using repeated measures analysis of
variance (ANOVA) to allow simpler interpretation of the results. The alpha level was set at 0.05
for all calculations.
5.2.4 Results
5.2.4.1 Participants

Eight healthy individuals (7 men and 1 woman) with a mean age of 33.5 £15.9 years and
eleven depressed patients (2 men and 9 women) with a mean age of 51.8 +15.7 years were initially
recruited as paid volunteers. Two healthy subjects were excluded due to significant motion
artifacts that could not be rectified. Four depressed subjects were excluded due to weak signal
processing and volitionally leaving the experiment prior to completion of data collection. In total,
six healthy individuals (5 men and 1 woman) with a mean age of 36.3 +16.7 years and seven
depressed individuals (2 men and 5 women) with a mean age of 49.1 £17.8 years were included
for final analysis. All the participants were right-handed, as determined by the modified Edinburgh
Handedness Questionnaire [54], and had normal or corrected-to-normal vision. All subjects were
of Caucasian descent except for two Asian females (one from each study group). For the depressed

individuals, all of them had failed at least 3 antidepressants, been diagnosed by a psychiatrist for
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at least 3 years with Major Depressive Disorder, and remained on antidepressants while receiving
r'TMS treatment.
5.2.4.2 DOT Imaging Data

As hypothesized, there was an observable quantitative difference in the hemodynamic
response between healthy and depressed subjects within the right dorsolateral prefrontal cortex. In
healthy individuals, [HbO] and [HbT] began to increase sharply beginning at 2.62 seconds until a
peak observed at 10.40 seconds (95% CI [1.544, 9.609] and [1.734, 6.220] for [HbO] and [HbT],
respectively). The average absolute value of hemoglobin change was calculated to be 5.58 UM and
3.98 M for [HbO] and [HbT], respectively. [Hb] was found to decrease in a reciprocal manner at
first until 5.3 seconds, with a gradual decline thereafter for the rest of the epoch. Its average
absolute value was calculated at 3.04 UM (Figure 2). In the depressed subjects, [HbO] and [HbT]
increased more gradually and their values plateaued later in comparison to the healthy subjects at
14.55 seconds (95% CI [1.869, 4.169] and [1.108, 2.462] for [HbO] and [HbT], respectively)
(p=0.013 for [HbO] and p=0.011 for [HbT]). The average absolute values of hemoglobin change
in this group were noted to be decreased, at 3.98 M and 2.27 M for [HbO] and [HbT],
respectively. [Hb], in a similar fashion, decreased gradually though reached a nadir later at 18.43

seconds (Figure 3). The average value of change was calculated to be 2.71 M.
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Figure 5.11 Hemoglobin response for healthy subjects during TMS treatment stimulation.
Averaged time course of oxygenated [HbO], total [HbT], and deoxygenated [Hb] hemoglobin
signals in the healthy subjects for the contralateral or right dorsolateral prefrontal cortex. Ten hertz
stimulation was performed for 4 s followed by 26 s of rest for a total of 12 epochs.
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Figure 5.12 Hemoglobin response for depression patients during TMS treatment stimulation.
Averaged time course of oxygenated [HbO], total [HbT], and deoxygenated [Hb] hemoglobin
signals in the depressed subjects for the contralateral or right dorsolateral prefrontal cortex. Ten
hertz stimulation was performed for 4 s followed by 26 s of rest for a total of 12 epochs. The x-

axis represents the time from 0 to 30 s during the epoch and the y-axis represents the mean and
standard deviation for relative hemoglobin concentration in UM/L.
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When comparing the two groups, the difference in time to peak [HbO] and [HbT] was 4.15
seconds (p=0.032 for [HbO] and p=0.010 for [HbT]), with a later onset in the depressed subjects.
The average hemoglobin change in this group was also observed to be decreased by 1.60 M, 1.71
M, and 0.33 pM for [HbO], [HbT], and [Hb], respectively.

Three-dimensional functional imaging during and after rTMS stimulation was successfully
captured by our DOT system. In the provided transverse and sagittal images of the right DLFPC
(Figures 5.9 and 5.10), clear distinctions in activation patterns between a depressed and healthy
subject can be observed. Healthy subjects were observed to have a more robust area of activation
prior to a return to baseline. In comparison, depressed individuals had a smaller change in
hemodynamic response with a more restricted distribution pattern. By taking advantage of the
inherent ability of DOT to assess depth, a volumetric analysis of the change in [HbO] was also
calculated. During the 4 seconds of stimulation, alterations in the volume (in cm?) of activation
were observed to occur, which continued even after cessation of stimulation. Healthy subjects
reached a maximum average volume change of 6.99 cm?® whereas depressed subjects peaked at
2.95 cm?® (p=0.016). As can be seen in Figure 6, we were able to concurrently plot volume changes
with three dimensional images in our subjects. An increase in volume stimulated can clearly be
seen in both groups that peaks and then gradually trends towards baseline, with a smaller volume
of response in the depressed group.

For these results, we got the hemodynamic response for both healthy and depressed patient
groups under the same TMS stimulation. We captured the volume of brain activation for both
groups, that can have a clear comparison of the sensitivity for different groups. The hemodynamic
response change with time and the image reconstruction can validate the results about the brain

activation for both groups. Three-dimensional DOT image reconstruction can give us the depth

75



information for brain activity, that can help the doctor monitor the treatment of depression. The
prefrontal cortex stimulation for TMS was treated as the golden treatment for the depressed
patients who do not have good reaction about the medication treatment. In this case, our DOT

imaging system can offer a good evaluation system to help doctor treat the depressed patients.

Figure 5.13 Healthy subjects image reconstruction during TMS treatment stimulation. A)
Transverse view of the three-dimensional [HbT] images collected by DOT in a healthy subject
during a 30 s epoch. B) Sagittal view of the three-dimensional [HbT] images collected by DOT in
a healthy subject during a 30 s epoch. Data was only acquired from the right hemisphere of the
brain. The bronze colored coil symbol represents stimulation of the left side.
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Figure 5.14 Image reconstruction for depression patients during TMS treatment stimulation. A)
Transverse view of the three-dimensional [HbT] images collected by DOT in a depressed subject
during a 30 s epoch. B) Sagittal view of the three-dimensional [HbT] images collected by DOT in
a depressed subject during a 30 s epoch. Data was only acquired from the right hemisphere of the
brain. The bronze-colored coil symbol represents stimulation of the left side.
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Figure 5.15 Averaged volume changes between healthy and depressed groups. Averaged volume
change (in cm?®) with error bars of [HbO] signal compared between the healthy and depressed

groups.

5.2.5 Discussion

In this study, we have demonstrated for the first time the ability of a novel DOT system to

capture cerebral hemodynamic activity during and after rTMS in depressed and healthy
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individuals. Previous studies with fNIRS and other modalities have only been able to offer
incomplete insights due to the lack of adequate temporal and spatial resolution, and more
importantly, volumetric three-dimensional images. Many of those experiments focused on lower
frequency stimulation in healthy subjects as well. No prior study has directly compared depressed
individuals with healthy ones, especially using treatment parameters closer to those that are
approved by the FDA in the United States. As such, the implications of our findings potentially
create a new frontier in furthering our knowledge of the mechanism of TMS in depression and
how we can improve it to more effectively treat depression.

A plethora of past fNIRS studies have observed how different frequencies and motor
thresholds of TMS stimulation cause variable inhibitory or excitatory effects within the brain.
Lower frequencies (1, 2, 5 Hz) tend to cause decreases in [HbO] in the motor or prefrontal cortices,
and previous studies have demonstrated that 1 Hz stimulation on the right DLPFC has a clinical
effect on treating depression. 10 Hz stimulation has been shown to increase [HbO], which was
associated with continued therapeutic effects of TMS [55-57]. Our results show a clear difference
in the time to peak [HbO] and [HbT] and average hemoglobin value change between depressed
and healthy subjects. There is a noticeable delayed and decreased hemodynamic change that likely
reflects a less robust response to rTMS treatment. The reasoning underlying this finding is possibly
linked to what is occurring at the neuronal or cellular level. The neurobiology and pathophysiology
of depression is a much-debated topic without any definitive conclusions. There is suspected to be
a complex interplay within multiple realms including neurocircuitry, molecular signaling, genetics
and epigenetics, homeostatic adaptations, and immune responses [58]. An exact circuit has not
been identified, though several regions have been noted to be malfunctioning including the

orbitomedial prefrontal cortex, anterior cingulate cortex, amygdala, hippocampus, cerebellum, and
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basal ganglia [59]. Within these areas, one such hypothesis suggests that there are redundant and
dysfunctional firing of neurons which leads to overall decreased activity, and thus reduced
neurovascular coupling and blood flow, which is potentially what is being observed in our
depressed subjects [60].

In terms of our volumetric three-dimensional analyses, we also observed distinct
differences in the time to maximum volume change between depressed and healthy subjects. At
12 seconds (or 8 seconds after the stimulation window), depressed subjects only reached
approximately half the depth of hemodynamic change that healthy individuals experienced.
Although DOT is unable to reliably obtain data of the deepest structures within the brain, this
finding may further reinforce the rationale underlying theories about what TMS is truly stimulating
in depression. The left DLPFC is the most common target for treating depression not only
necessarily due to this specific region itself, but from studies demonstrating that it modulates the
blood flow response and activity of the anterior cingulate cortex as well [61]. The rates of perfusion
and metabolism in this region in particular may predict response to treatments [62]. Thus, our
depth analyses may demonstrate that either our treatment parameters were not adequate enough to
generate appropriate activation or again, that depressed individuals at baseline have reduced
hemodynamic responses.

The significance of our data then may potentially pave the way towards truly optimizing
TMS for depression at even the individual level. Ideal stimulation parameters have remained
unknown as there has previously been no reliable mechanism to measure neural connectivity and
responses in real time. Utilizing DOT simultaneously with TMS in testing variable frequencies,
intensities, number of pulses, and interval timings offers a new promising approach to allowing

such exploration in real time and with three dimensional images. Cortical activation/inhibition
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patterns and hemodynamic responses would be reliably captured in depressed and healthy
individuals. In addition, pairing DOT with newer protocols such as intermittent theta burst
stimulation (iTBS) may also lend further credence to such approaches. iTBS uses 50 Hz triplet
“bursts” every 200 ms to activate the brain and deliver an entire therapeutic dose equivalent of
stimulation in 3 to 10 minutes versus the standard 18 to 37 minutes. Recently Cole et. al published
the first trial demonstrating a high efficacy when delivering iTBS ten times daily for five days,
thus dramatically shortening the usual treatment time [63]. To the best of our knowledge, no
neuroimaging studies have been conducted which compare iTBS or other techniques with
traditional 10 Hz rTMS, which a direct comparison may offer even further insights into discovering
optimal parameters. Additionally, using a modality like DOT to study iTBS by itself may help us
understand this particular technique more as well.

Another unanswered question of how TMS can be improved involves developing more
precise stimulation site targeting. Traditionally, providers will identify the left DLPFC by the “5-
cm rule,” which involves finding the area over the motor cortex that produces a finger twitch, then
moving 5-6 cm anterior [64,65]. As there are inherent differences in neuroanatomy, this method
may lead to enormous treatment response heterogeneity among individuals [66]. It has been
recently speculated that structural magnetic resonance imaging-guided placement of the coil may
lead to improved outcomes; however, this has not been established [67]. Instead, targeting with
fMRI has preliminarily shown improved antidepressant response if stimulated at more anterior and
lateral locations within the DLFPC or at a site more negatively correlated to the subgenual
cingulate [68,69]. Unfortunately, it is very challenging to reliably use fMRI simultaneously with
TMS. Additionally, these machines are quite expensive, not portable, and not readily available in

many areas of the world. DOT on the other hand would be able to theoretically assist with targeting
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in a similar fashion as the area that requires identification is superficial enough to be within
standard DOT imaging depths.

Our study was certainly not without limitations. First, this was a pilot study with a
heterogeneous, small sample size at a single center, without randomization or a TMS sham group.
As such, the generalizability of our results is limited due to the inherent design. Additionally, due
to the small sample size, age and gender-related cortical atrophy may affect results given the coil
to cortex distance theoretically; though the average age of our groups was not within the range at
which atrophy rates increase significantly. We also did not conduct any regular standardized
symptom scales or assessments throughout that would allow us to comment on TMS treatment
efficacy differences within the depressed group. Next, the intensity of our TMS parameters was
set at 100% instead of 120% which could certainly affect the neural activation patterns captured
by imaging. Our parameters otherwise were within FDA approved limits for the treatment of
depression. For initial feasibility purposes, the DOT setup was created to obtain images from the
contralateral DLPFC. Directly under the coil and bilateral data acquisition would have been more
ideal, as fNIRS can be used in such a way. However, our results were still congruent with previous
functional imaging data and future directions include augmentation of the setup to obtain bilateral
information in subsequent studies.

In addition, further obstacles regarding the DOT setup itself should be mentioned. Due to
the physical limitations of the optical fibers and optodes used in the headgear design, meticulous
planning of the array must be considered. Movement artifacts, as with any other techniques, is still
a significant barrier that will inevitably be present. Proper construction of the optode headgear
with fixation may assist with reducing this phenomenon, along with further advancements in post-

processing and filtering methodologies. Physiological signal contamination is another technical
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limitation that is common to all optical methods especially. Although DOT suffers much less from
scalp interference (compared to fNIRS), the presence of hair itself or dark shades impairs signal
quality. As such, pinning or separation of hair is an unideal and imprecise method often employed.
Further development of analysis and filtering algorithms may assist with bypassing this issue.
Lastly, the maximum depth that can be reliably and accurately imaged is greater than fNIRS,
though is still limited compared to fMRI. It is estimated to be approximately 5 cm, which reduces
the ability to detect deeper brain structures, but more than capable of capturing cortical and some
subcortical structures.
5.2.6 Conclusion

In summary, this is the first study to our knowledge of using DOT to simultaneously measure
functional brain changes induced by rTMS in depressed and healthy subjects. Standard treatment
parameters were conducted along with concurrent neuroimaging that demonstrated a delayed and
less robust response in depressed individuals. Real time, three-dimensional images with high
spatial and resolution were collected, along with associated volumetric changes. This novel optical
neuroimaging device is a safe, noninvasive, portable, and effective modality that may pave the
path towards furthering our understanding of neural connectivity in depression and with further
studies may allow for optimization of treatment parameters and thus improved outcomes in
depression.
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Chapter 6: Conclusion

In this dissertation, we have demonstrated the structural and functional imaging capabilities
of diffuse optical tomography imaging and the possibility of using it for guided imaging in healthy
subjects and patients. Due to the thickness of the human skull, the effective depth for the human
brain detection goes around 4 cm. In the first generation of diffuse optical tomography imaging
system, it is only utilized in the clinical research environmental. That means the machine needs to
be adapted by human. In the hospital experiment, the requirement should let the machine adapt to
the patient.

In summary, for the TMS &DOT and delirium human study, we demonstrate the ability of
anovel DOT system to capture cerebral hemodynamic activity in delirious and healthy individuals.
As our study continues, we plan to further enroll subjects to increase our sample sizes, conduct a
functional connectivity analysis to study any dysregulation that may occur within the prefrontal

cortex or other regions of the brain, and conduct formal statistical analyses.
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