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ABSTRACT

CEREBRAL HEMODYNAMICS IN HIGH-RISK NEONATES PROBED BY

DIFFUSE OPTICAL SPECTROSCOPIES

Erin McGuire Buckley

Supervisor: Arjun G. Yodh

Advances in medical and surgical care of the critically ill neonates have decreased
mortality, yet a significant number of these neonates suffer from neurodevelopmental
delays and failure in school. Thus, clinicians are now focusing on prevention of
neurologic injury and improvement of neurocognitive outcome in these high-risk infants.
Assessment of cerebral oxygenation, cerebral blood volume, and the regulation of
cerebral blood flow (CBF) during the neonatal period is vital for evaluating brain health.
Traditional CBF imaging methods fail, however, for both ethical and logistical reasons.
In this dissertation, | demonstrate the use of non-invasive optical modalities, i.e., diffuse
optical spectroscopy and diffuse correlation spectroscopy, to study cerebral oxygenation
and cerebral blood flow in the critically ill neonatal population. The optical techniques
utilize near-infrared (NIR) light to probe the static and dynamic physiological properties
of deep tissues. Diffuse correlation spectroscopy (DCS) employs the transport of
temporal correlation functions of diffusing light to extract relative changes in blood flow in

biological tissues. Diffuse optical spectroscopy (DOS) employs the wavelength-

Vv



dependent attenuation of NIR light to assess the concentrations of the primary
chromophores in the tissue, namely oxy- and deoxy-hemoglobin. This dissertation
presents both validation and clinical applications of novel diffuse optical spectroscopies
in two specific critically ill neonatal populations: very-low birth weight preterm infants,

and infants born with complex congenital heart defects.

For validation of DCS in neonates, the blood flow index quantified by DCS is
shown to correlate well with velocity measurements in the middle cerebral artery
acquired by transcranial Doppler ultrasound. In patients with congenital heart defects
DCS-measured relative changes in CBF due to hypercapnia agree strongly with relative
changes in blood flow in the jugular veins as measured by phase-encoded velocity
mapping magnetic resonance. For applications in the clinic, CO, reactivity in patients
with congenital heart defects prior to various stages of reconstructive surgery was
quantified; our initial results suggest that CO; reactivity is not systematically related to
brain injury in this population. Additionally, the cerebral effects of various interventions,
such as blood transfusion and sodium bicarbonate infusion, were investigated. In
preterm infants, monitoring with DCS reveals a resilience of these patients to maintain

constant CBF during a small postural manipulation.

Vi



Table of Contents

1 INtroduction ....cceeeuiiiiiiiiiiniiiiiiiiiiiiiie s 1
1.1  Critically-Ill NEONALES ....ccoiciesinmsnsmsssmsmssssssssnssesmsassssss s s sssssssssssssssssssssssssssssssnsassssens sssess 1
1.1.1 Motivation Studies of Preterm INants ... sssssesssessssesseesseens 1
1.1.2 Motivation for Studies of Neonates with Congenital Heart Defects.......ccccouenreerneunen. 2

1.2 Current Neuromonitoring Techniques for Critically-Ill Neonates ........cccouecrurenenes 3
1.2.1 Magnetic Resonance Imaging (MRI) ..o seeseessseseissesse s sssssessssssssssssssssens 4
1.2.2 Transcranial Doppler Ultrasound (TCD) ...coumeneneeneeseesseessesseesesssessssssesssssssessssssseens 6
1.2.3  Electroencephalography (EEG) ....ccoeeneeneensissesseessesssesssssssesssssssesssssssssssssasssssssssseses 7
1.2.4 Positron Emission Tomography (PET).....ccuneneseeseesessseseseesssessesssssssssssessseens 8
1.2.5  RAAIOACHIVE TTACETS ..euueereeuseesreraseesreessessessessssssesssessssssssssssssesssssssessss s s s st s sssssnssssssasssases 8
1.2.6 Near-Infrared SpectroSCOPY (INIRS ). eneenseereereessecssessseessesssessssse s ssessessssssssssssssssens 9

1.3 Diffuse Optical and Diffuse Correlation Spectroscopies .........ouumsmsmsmsisssnsnns 10
1.4 SUINIMIATY tiiiiiersersesssnsssssssssssssssssssssssssssssssssnss sessssssssssssssssssssssssssssssssssssssssssssssssssssssssssens sennsansens 12

2 Diffuse Optical SPECtrOSCOPY .cuuurrenririenirinniirenniirennirenserennserenseerensessnns 15
2.1 Photon Diffusion EQUation ... s 16



0 0 R 0100 ol I 174 01T 20

2.1.2  INFINILE GEOIMEITY cooeueeieeeeereenrereeeseseetseessesse et sessss s bbbt bbb sa s b bbb 23
2.1.3  Semi-INfiNIte GEOMELTY ..cvieuirerieererareeseieeeseesesssesess e s sse bt e s s sess s s s bbb 24
2.1.4 Semi-Infinite Geometry in Experimental Practice........neneneenseeeneenseenseeneeennes 30
2.1.5 Differential Pathlength Method ... ssesess 32
2.2 Frequency Domain InStrumentation ... 34
2.3 Measured Parameters ... s 36
2.3.1  Chromophore CONCENTIATION ..o eeereereieeeseeseeassseessesssesssesss st sesssesssesssesssssssesssssssssssness 36
B2 TN o~ L 1 ) o | 0V 3 PP 36
2.4 DOS SUIMIMATY wiiuritrsnnsssssssssessssssssssssssmsssssssssssssss sasssssssssssssssssssssssssssssssssssssssssssassasssssssassnsss sesses 37
2.5 APPENDIX: Calibration for Absolute Optical Properties .........ccouunnsssssnsnsesnsnns 37
2.6 APPENDIX: Modified Beer-Lambert Law Derivation........ccummmmn, 40
3 Diffuse Correlation SPectroSCOPY.....cccceeireeirinnirenniircerenenerennserenseennns 45
3.1 Correlation Diffusion EQUAtiON ... ssssmsssssssnsssssssssssssssssssssssssssssssnns 47
3.2 Previous validation Studies ... sssssss———————— 51
B3 JS TE1 11 10D 10T 1 52



4 Hybrid DOS/DCS INnStrumentation..........cceeeeeeeeeeeeeeeeenneceeeeeennnneeceseeeens 55

4.1 Homodyne HyDbrid DeVICe ... s sssssssssssssssssssssssssssnss 55
4.2 Heterodyne Hybrid DevViCe......isssnssssssssssssssssssssssssssssssssssssssssssssssssens 63
4.3  ISS HYDIid DEVICE ..cccouiuicinismsnssssisissssssssssss sssssssssss s sssssssssssssssssssss s s sssssasssssassssass sesns 67
4.3. 1 ISS TMAGENE™ ...ttt es et sesss s esse s s bbb S aEaneb e s e ne b ees 68
4.3.2 Standard Operation of ISS Hybrid INStrument........coeneenneenseensenssessessesssessseens 69
4.4 Instrument Performance. ... s 69
5 Validation of DCS in Critically Ill Neonates .......cccceveeeirniiiencirencenennnnns 77
5.1 rCBF correlations with Velocity Mapping MRI ... 77
5.1.1 Materials and MethOdS .....encenineiseeseisesssesssesssssss s ssssssssesssssssessssssss s sssssssesanes 78
512 RESUILS ettt ettt s et bbb bR SR 86
5.1.3  DISCUSSION weeucereuseeeeesseesseessesseeeseesseessessse s ssessse bbb s sss s bbb s e 90
5.104  CONCIUSIONS. couuteuiteetreieectseesseesseesse s esssessse bbb s sas s s bbb s s e a bbb 96
5.1.5 APPENDIX: Results with All Patients Included.........ooouomnmeenmeeneeneceneeseeseeseeseenseenees 97
5.2 BFI correlations with Doppler ultrasound velocities ..........ccunnnmnmnssssnsnsssnsninens 99



5.2.1 Methods and MaterialS . s sss s sssssssssssssssssessssssssssssssssssssssassas 102

5.2.2  RESULLS ottt seese st sessse s e sb e s s sss s bbb bR b 106
5.2.3  DISCUSSION woeueeueereteetseesseesseessesssesssesssssssesss sesss s sessssesse s s bbbt s bbb s a bbb anes 109
5.2.4  COMCIUSTON couteuieeriereeneteeeeeetseeseessesssessseesse b ssessesss s bbb s b s R bR aes 111

6 Applications of DOS/DCS in Patients with Heart Defects.................. 112
6.1  INTrOdUCHION ... e — 112

6.1.1 Neurological Injury Accompanying CHD: Periventricular Leukomalacia &

Structural Brain IMmMatUrity ... sseesssssessessssssssessssssssessesssssssssesssssssssessssssssssssssnes 112
6.1.2 Physiology of a Healthy Heart ...t sssssssseees 115
6.1.3 Hypoplastic Left Heart Syndrome (HLHS) ... seesessseeseeseesesseessseseees 115
6.1.4 Transposition of the Great Arteries (TGA) .o sseessssseees 117
6.2 STUAY ProtoCol ...t s sssss s sssss s s sssassssssssssasass sessss 118
6.2.1  DOS/DCS INSTrUMENTATION ..ccuucerieereeeseesreeaeessesssessesssesssesssesssessssssseessssssssssssssssesssssssesssesassssness 119
6.2.2  MRI MEASUIEIMENLS ....oitisiititsssciit st bbb bbb bbb 121
6.2.3 Pre-Operative MEaSUIEMENTS ........oeereererrernesresseensesss s sssssessesesssssssssssssessessens 122
6.2.4 Post-operative Continuous MONItOTING ... sessessessessens 124



6.3 Patient POPUlation ... s sssssssassssses os 126

6.4 Initial ReSUlts.....coiiiin s ————————— 127
6.4.1 Pre/Post-operative Cerebral Oxygenation & Cerebral Blood Flow .........cccccouveuuce. 127
(ST 0720 § 7 1= (7= o) D - U TP 137
6.4.3  SOAIiUM BiCATDONALE ...ceueereereeeeeesreeeeseessesseesesssseseessessessssssessessssssessessssssessesssssssssessessssssesssssnes 149
6.4.4  BlOOd tran S USIONS. coovuueeeucereeeeesseesseesseesse et st sesssesssessse bbb a s 158

7 CoNCIUSIONS/FULUIE ...ceuuriiiireniirereeiereeneeeeeeeensserensseseesnsssssesnnsssssennes 170
8 Bibliography .......ccccceeeeiiiiiiiiiiiiiiiin 173

Xi



List of Abbreviations

ASL-pMRI
APD

ADC
ADHD

BFI
BF

CBF
CHD
CBFV
Chib
Chiboz
CBV
cw
CMRO;
CO,
CHOP
CVR
CSF
CCC
Cl
CiCuU
CE US

DWI
DSC
DOS
DCS
DPDW

Arterial spin labeled perfusion MRI
Avalanche photodiode
Analog to digital converter

Attention deficit/hyperactivity disorder

Blood flow index

Blood flow

Cerebral blood flow

Congenital heart defect

Cerebral blood flow velocity
Concentration of deoxy-hemoglobin
Concentration of oxy-hemoglobin
Cerebral blood volume

Continuous wave

Cerebral metabolic rate of oxygen extraction
Carbon dioxide

Children’s Hospital of Philadelphia
Cerebrovascular resistance
Cerebrospinal fluid

Concordance correlation coefficient
Confidence interval

Cardiac intensive care unit

Contrast enhanced ultrasound

Diffusion weighted imaging
Dynamic susceptibility contrast
Diffuse optical spectroscopy
Diffuse correlation spectroscopy

Diffuse photon density wave

Xii



DWS

EEG
EDV

FiO,
FiCO,

Hb
HbO,
HOB
HLHS

IVH
1/Q
IQR

LPF

MRI
MV
MBL law

NIRS
NIM bin
NIR

oD

PVL

PET
PSV

Diffusing wave spectroscopy

Electroencephalography

End diastolic velocity

Fraction of inspired oxygen

Fraction of inspired carbon dioxide

Deoxy-hemoglobin
Oxy-hemoglobin

Head of bed

Hypoplastic left heart syndrome

Intraventricular hemorrhage
In phase/In quadrature

Interquartile range

Low pass filter

Magnetic resonance imaging
Mean velocity

Modified Beer-Lambert law

Near infrared spectroscopy
Nuclear instrumentation bin

Near infrared

Optical density

Periventricular leukomalacia
Positron emission tomography

Peak systolic velocity

Xiii



PMT
PSD
pCO,

RI

RTE

RF

rBF
rCBF
rCBV
rCMRO;

SNR
SpO.
Sa0,
StO,
ScO,

TCD
THC

us

VENC MRI

Photomultiplier tube
Phase sensitive detector

Partial pressure of carbon dioxide

Resistance index

Radiative transport equation

Radio frequency

Relative change in blood flow

Relative change in cerebral blood flow
Relative change in cerebral blood volume

Relative change in cerebral metabolic rate of oxygen extraction
Signal to noise ration

Transcutaneous oxygen saturation

Arterial oxygen saturation

Tissue oxygen saturation

Cerebral oxygen saturation

Transcranial Doppler ultrasound

Total hemoglobin concentration

Ultrasound

Phase encoded velocity mapping MRI

Xiv



List of Tables

Table 1.

Table 2.

Table 3.

Table 4.

Current neonatal neuromonitoring techniques

Summary of DCS validation studies

Offset and stability data for DOS instruments

Dynamic range for DOS instruments

Table 5. Patient demographics for DCS/VENC-MRI comparison

Table 6.

Table 7.

Table 8.

Table 9.

Table 10.

Table 11.

Table 12.

Table 13.

Table 14.

Table 15.

CHD patients median response to hypercapnia

Relationship between DCS and VENC MRI parameters

54

71

72

87

89

90

Relationship between DCS and VENC MRI parameters for all N = 39 patients97

Hemodynamic response to postural elevation

CHD patient characteristics

Summary of CHD patients measured for each portion of study

Characteristics of patients with cerebral oxygenation measurements

Pre- and post-operative brain injury

Pre-operative absorption and reduced scattering coefficients

Hemodynamic response to hypercapnia

XV

108

126

128

129

131

131

143



Table 16.

Table 17.

Table 18.

Table 19.

Table 20.

Table 21.

Characteristics of patients who received sodium bicarbonate

Arterial blood gas data prior to sodium bicarbonate administration

Hemodynamic response to sodium bicarbonate administration

Characteristics of patients who received blood transfusion

Relationship between transfusion volume and hemodynamic response

Hemodynamic response to blood transfusion

XVi

153

153

155

163

165

165



List of lllustrations

Figure 1. Absorption spectrum of tissue chromophores in the NIR

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9.

Figure 10.

Figure 11.

Figure 12.

Figure 13.

Figure 14.

Figure 15.

DOS source types

Semi-infinite geometry

Extrapolated-zero boundary condition

Experimental amplitude and phase data from semi-infinite geometry

Relationship between phase shift and modulation frequency

Calibrated amplitude and phase data from a solid phantom.

Sample DCS intensity autocorrelation curves

g1(t) dependence on aDg, g, i, and r

Homodyne detection illustration

Homodyne instrument setup

In-phase/In-quadrature demodulator

100 Hz low pass filter

DCS module

Interior of the DCS flow box

XVii

15

21

25

27

32

35

39

47

52

55

56

60

61

61

62



Figure 16.

Figure 17.

Figure 18.

Figure 19.

Figure 20.

Figure 21.

Figure 22.

Figure 23.

Figure 24.

Figure 25.

Figure 26.

Figure 27.

Figure 28.

Figure 29.

Figure 30.

Figure 31.

Heterodyne instrument setup

Heterodyne detection illustration

Heterodyne detection electronics and single sideband system

Lock-in amplifier

ISS instrument

Flow chart of standard operation of ISS instrument

Amplitude and phase stability over time

Linearity of the homodyne instrument

Ink titration results for ISS instrument

Hemodynamic response to arm cuff occlusion

Hypercapnia study protocol

Sample intensity autocorrelation functions

DCS data inclusion criteria

Sample VENC MRI data and DCS data during hypercapnia study

Relationship between rCBF and rBF in the aorta, jugulars, and SVC

Relationship between rCBF and rBF in the aorta, jugulars, and SVC

XViii

63

65

66

67

68

69

70

73

74

75

79

84

85

88

91

98



Figure 32.

Figure 33.

Figure 34.

Figure 35.

Figure 36.

Figure 37.

Figure 38.

Figure 39.

Figure 40.

Figure 41.

Figure 42.

Figure 43.

Figure 44.

Figure 45.

Figure 46.

Figure 47.

Optical probe for preterm infants

Protocol for DCS and TCD head-of-bed manipulations

Sample intensity and electric field autocorrelation fields

Correlations between DCS BFI and TCD blood flow velocities

Diagram of healthy circulation

Timeline of pre- and post-operative CHD monitoring

Optical probes used for neonatal monitoring

Sample pre-operative ScOz, Cyp, Chpo,, and THC data

Timeline of the hypercapnia monitoring protocol

Progression of ScO,, ug, BFI, and THC after cardiac surgery

103

104

107

108

116

119

120

123

124

132

Comparison of ScO; values between patients with and without brain injury133

Sample hypercapnia time series data

Population averaged cerebral hemodynamic responses to hypercapnia

Grubb’s relationship during hypercapnia

Differences in CO; reactivity between populations

Sodium bicarbonate study protocol

Xix

140

142

143

144

150



Figure 48.

Figure 49.

Figure 50.

Figure 51.

Figure 52.

Figure 53.

Data analysis for sodium bicarbonate time series

Cerebral hemodynamic response to sodium bicarbonate

Relationship between sodium bicarbonate dosage and hemodynamics

Hemodynamic changes due to blood transfusion

Distribution of hemodynamic changes due to blood transfusion

Diagnosis specific response to blood transfusion

XX

152

154

156

161

163

164



1 Introduction

This introductory chapter summarizes current neuromonitoring techniques available for
use with critically ill neonates. The chapter also highlights the need for a non-invasive
bedside monitor of cerebral hemodynamics in high-risk neonates. Of course, | am
proposing (and demonstrating) that diffuse optical spectroscopies offer unique tools to fill

important niches for monitoring newborn infants.

1.1 Critically-lll Neonates

Two populations of neonates are investigated in this dissertation. This section briefly
summarizes the reasons these infants should be studied and it motivates the need for
bedside monitoring of cerebral hemodynamics in these populations. An in-depth

discussion of these patients can be found in Chapters 5 and 6.

1.1.1 Motivation Studies of Preterm Infants

Between 1990 and 2005 the percentage of preterm births in the United States rose by
20% [1]. Preterm births now account for almost half of children with cerebral palsy, as
well as a significant portion of children with cognitive, visual, and hearing impairments.
Three forms of acquired brain injury affect the likelihood of mortality and
neurodevelopmental deficits in very low birth weight (< 1500 g), very preterm (< 32
weeks gestation age) neonates: hypoxic-ischemic insult, periventricular leukomalacia

(PVL), and intraventricular hemorrhage (IVH) [2, 3]. PVL is a specific form of necrosis of

1



the cerebral white matter adjacent to the lateral ventricles that is often associated with
impaired motor development and is a major cause of cerebral palsy. During the early
stages of brain development, this region of white matter is highly susceptible to injury
from lack of blood flow and oxygen delivery, due to the maturation stage of the
supporting cells (oligodendrocytes) [4]. IVH refers to hemorrhaging from the germinal
matrix, an immature bed of vascular tissue along the ventricular wall that is typically
present only in preterm infants less than 32 weeks gestation age. Such hemorrhages
are caused by fluctuations in cerebral blood flow (CBF) and may induce profound
cognitive and physical handicaps. A continuous monitor of cerebral hemodynamics
(both cerebral blood flow and cerebral oxygenation) at the bedside could therefore be a
valuable supplement for gathering information about a patient’s condition [5] and for

guiding treatment.

1.1.2 Motivation for Studies of Neonates with Congenital Heart Defects

Approximately 35,000 infants are diagnosed yearly with congenital heart defects (CHD)
[6]. A third of these infants will have severe, complex cardiac lesions that will require
surgical repair in the first few months of life. Importantly, cardiac surgery for serious
forms of CHD in the neonatal period has progressed to the point wherein mortality is
minimal. However, these patients have a high risk of stroke, seizure, hemorrhages, and
periventricular leukomalacia. At school age, these patients are at higher risk for
impaired cognitive and fine motor skills, learning and speech problems, attention
deficit/hyperactivity disorder (ADHD), and potentially lower 1Q than the general
population [7-10]. Thus, clinicians are now focusing on prevention of neurologic injury

and improvement of neurocognitive outcome in these high-risk infants. Therefore, as



was the case for preterm infants, a continuous monitor of cerebral blood flow and
cerebral oxygenation at the bedside could be a valuable supplement for gathering
information about a patient’s condition [5] and for predicting and possibly preventing

brain injury.

1.2 Current Neuromonitoring Techniques for Critically-lll Neonates

Herein | highlight neuromonitoring techniques used most frequently in neonates:
magnetic resonance imaging (MRI), transcranial Doppler ultrasound (TCD), positron
emission tomography (PET), electroencephalography (EEG), radioactive tracers such as
Xenon-133, and near-infrared spectroscopy (NIRS). A brief overview of each technique
is presented, and a discussion of the advantages and disadvantages of each method for
use in neonates is given. Table 1 summarizes the pertinent characteristics of each of

these techniques. For further review/reference, Wintermark et al [11] published an

MRI TCD PET EEG Xe-133 NIRS
Spatial |5 N/A 4-6 mm N/A Whole 1 _10 mm
Resolution brain
Brain Whole Oneper | \yioe Whole Whole Few per
Coverage hemisphere hemisphere
Cost High Low High Low Low Low
Bedside
(Portable) No Yes No Yes Yes Yes
Iom_zn_mg No No Yes No Yes No
Radiation
ACqTLi‘r'ﬁg'O” 1-10min | 10-20min | 5-10min | <1ms | 10-20min | 1ms-1s
Continuous No No No Yes No Yes
Anatomy,
Parameters water CBF, CBV, | Electrical
Measured | diffusion, | CBrV CMRO, | Activity CBF | Sc0O,, CBV
CBF
Contrast No No Yes No Yes No
Agent

Table 1, Summary of the current neuromonitoring techniques employed in neonates: CBF =
Cerebral blood flow, CBFV = cerebral blood flow velocity, CMRO, = cerebral metabolic rate of
oxygen extraction, ScO, = cerebral oxygen saturation, CBV = cerebral blood volume.
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excellent overview of the majority of these techniques as they are used in man. The

majority of this section is derived from this review.

1.2.1 Magnetic Resonance Imaging (MRI)

MRI is an invaluable tool for studying the brain. It provides high-resolution images of
both cerebral anatomy and perfusion. However, MRI only reflects physiology at a
discrete time point and cannot be used at the bedside or in the operating room for longer

periods of assessment.

Structural/Dynamical Neuroimaging

MRI provides many pulse sequences capable of rendering structural images of the brain.
Three-dimensional volumetric MRI quantifies volumes of grey matter, white matter, and
cerebrospinal fluid, as well as total brain volume [12-14]. Extensive MRI research has
demonstrated post-natal progression of these parameters in neonates [12, 15] (i.e.,
increases in myelination, increases in total brain volume, grey matter volume, etc.).
Thus, volumetric MRI may be used to assess brain development of the critically ill

neonate as compared to a cohort of healthy “normal” neonates.

A complimentary technique to structural scans, which reveal brain anatomy and
volume, is MR diffusion-weighted imaging (DWI) which quantifies water diffusion in the
neonatal brain [16]. The natural progression of the average water diffusion coefficient as
well as the relative anisotropy of water diffusion (caused by both changes in water
content of the brain, as well as changes in tissue microstructure) is well known in healthy
brain development. Thus, DWI can be used as a tool to assess brain maturation, as well

as to diagnosis brain injuries such as stroke and periventricular leukomalacia (PVL) [17].
4



In addition to water diffusion, cerebral perfusion may be assessed using dynamic
susceptibility contrast (DSC) (see review in [18] for a detailed description of the
technique). In DSC, an exogenous MRI tracer such as gadolinium is used to qualify
regional cerebral blood volume based on the theory of tracer kinetics, i.e., the indicator
dilution method [19]. DSC requires a relatively short imaging duration and the image
processing tools are widely available. Although the technique is not quantitative, it can
evaluate regional differences in cerebral blood volume, which is helpful in the
identification and classification of brain tumors. However, its use in pediatrics has been
limited by the need to use gadolinium contrast boluses, by the inability to make repeated
measurements during a single session (secondary to cumulative effects), and by the

lack of absolute quantification of blood volume [18].

A novel technique, arterial spin labeled perfusion MRI (ASL-pMRI), permits
noninvasive evaluation of quantitative CBF images using electromagnetically labeled
arterial blood water as an endogenous contrast agent [20-23]. One of the most
significant advantages of ASL-pMRI over previous techniques is the ability to assess
cerebral blood flow (CBF) without using intravascular contrast agents or radioactive
labeled tracers. Measuring CBF with ASL in neonates and infants, however, poses
technical challenges related to their cerebrovascular physiology. First, CBF in infants is
lower than that of older children and adults. Second, the longitudinal relaxation time of
blood (i.e., the time it takes for magnetically labeled blood to realign with the external
magnetic field) is relatively long [21]. This combination of factors produces
contaminated control images, culminating in a concentration of “negative voxels” on the
final CBF map. The percentage of negative “voxels” increases as CBF decreases, and is
the leading contributor to noise in ASL-MRI.
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High-risk neonates have inherently low CBF [24-26]. Imaging at high field (3.0 vs.
1.5 Tesla), reducing the labeling volume, and improving tagging efficiency provides more
reliable CBF maps by reducing the percentage negative voxels (SNR). Studies in normal
neonates using ASL-pMRI have catalogued normal CBF in preterm- and term-infants
[27], as well as age related changes throughout childhood [28]. Other studies have
demonstrated expected physiological responses; for example, CBF increases with lower
hemoglobin and increases predictably with hypercarbia [26]. ASL-pMRI has also been
useful in assessing CBF in neonates who have suffered hypoxia-ischemia [29] and in

infants and children after stroke [30].

1.2.2 Transcranial Doppler Ultrasound (TCD)

Other than NIRS (discussed below), ultrasound is the most convenient form of cerebral
hemodynamic monitoring in critically ill neonates due to its portability. TCD measures
cerebral blood flow velocity (CBFV) in the large cerebral arteries by monitoring the
frequency shift of acoustic waves that scatter from moving red blood cells [31].
Traditionally, perfusion in the middle cerebral, anterior cerebral, and/or internal carotid
arteries is monitored to assess global brain perfusion. The parameters measured with
TCD include peak systolic, mean, and end diastolic velocities (i.e., PSV, MV, and EDV,
respectively). The angle of isonation used to measure velocities with TCD may affect
the values of PSV and EDV; thus, a resistance index (RI) is often employed as a way to

eliminate the effects of the angle of probe placement [32]:

R] = PSV—EDV- [1]
PSV

Rl is a unitless parameter that reflects cerebrovascular resistance. The natural
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progression of changes in PSV, EDV, MV, and RI after birth in healthy infants has been

well documented [33-35].

With additional information about the cross-sectional area (4) of the insonated
vessel, CBFV permits calculations of arterial CBF using the formula CBF = CBFV X A.
However, cerebral vessels are small in size, making their diameter difficult to measure
[36]. To avoid this source of error, one could focus on relative changes in flow. However,
these blood vessels can change caliber over time, leading to large errors in calculations
of relative change, which in turn cause errors in estimates of the amount of oxygen and
nutrients delivered to the surrounding tissue [37-39]. Additionally, TCD measures
cerebral blood flow/blood flow velocity in the large vessels that supply perfusion to the

brain; however, regional variations in cerebral blood flow are not accessible with TCD.

1.2.3 Electroencephalography (EEG)

EEG is a non-invasive technique for monitoring electrical activity (not hemodynamics) in
brain, generated by neuronal activity. Electrodes are secured to the scalp and the
resultant electrical signal is monitored over time. Although the technique requires skilled
clinicians/technicians for interpretation of electrical activity, EEG is a relatively
inexpensive modality capable of continuous bedside neurological monitoring. It is
currently the gold standard for diagnosing seizures in neonates, which may be linked to
poor neurodevelopmental outcome [40]. Additionally, the normal progression with age of
spontaneous EEG recorded activity is well known for healthy neonates and for infants
born prematurely [41]. This evolution of EEG activity changes dramatically over the first
weeks of life. Thus, abnormalities in the electroencephalogram readings as compared to

those of age-matched healthy infants may be indicative of acute or chronic brain injury
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and/or poor neurodevelopment [42].

1.2.4 Positron Emission Tomography (PET)

PET provides quantitative tomographic images of regional cerebral blood flow, regional
cerebral blood volume, regional oxygen extraction fraction, and regional cerebral
metabolic rate of oxygen extraction [43, 44]. The technique is quantitative (with a
resolution of approximately 5 mm) and reproducible; however, PET requires either the
intravenous administration or the inhalation of positron emitting radioisotopes, it exposes
the patient to radiation, and it works only under steady-state hemodynamic conditions.
Very little work has been done with PET in neonates [45-48], presumably due to ethical

considerations, need for patient transport, need for anesthesia, etc.

1.2.5 Radioactive Tracers

A great deal of what we know about cerebral blood flow in babies comes from research
conducted using inert gas radiopharmaceutical tracers, such as 33Xe; however, the
technique is not typically employed in neonates in the present day due to exposure to
ionizing radiation. In practice, 133X e dissolved in saline is injected into a peripheral artery
or vein, and scintillation detector(s) are placed over the brain to monitor gamma radiation
during "**Xe uptake and clearance. The time trace of the count rate of gamma radiation

can be related to cerebral blood flow via the Fick principle [32, 49-52].

This technique, while providing absolute measures of cerebral blood flow in a
reliable fashion, exposes the patient to small amounts of ionizing radiation and thus
cannot be repeated too frequently. Additionally, the Fick principle assumes constant and

homogeneous cerebral blood flow during the entire course of data acquisition
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(approximately 10-15 minutes). Thus, measurements using '**Xe may be subject to
error if the patient’s cerebral blood flow is not in a steady-state or if the patient has

regions of extremely heterogeneous flow [50].

1.2.6 Near-Infrared Spectroscopy (NIRS)

Commercially available NIRS instruments from companies, such as Hamamatsu,
Somanetics, and NIRx Medical Technologies, are becoming prevalent as standard of
care for cerebral monitoring in neonatal intensive care units and operating rooms across
the country [53]. NIRS continuously monitors attenuation of continuous wave NIR light
incident on the tissue surface. This attenuation enables experimenters to extract
changes in the light absorption properties of the tissue via the modified Beer-Lambert
law (see Section 2.1.5). Changes in the absorption coefficient of tissue (4u,) relative to
a presumed baseline period of measurement are related to changes in chromophore

concentrations. These concentrations are obtained using the following formula:

A (D) = X €; (DAC, (2]

where ¢; [uM ¢ cm™] is the known wavelength dependent extinction coefficient of the i
chromophore, and AC; [uM] is the change in the it chromophore concentration. The two
main endogenous absorbers in tissue in the NIR spectral range are oxy- and deoxy-
hemoglobin (HbO, and Hb, respectively), thus Equation 2 is typically written as
Apg(A) = ACypenpp(A) + AChpo,€npo,(A), Where ACy, and ACyy, are the changes in
concentrations of tissue oxy- and deoxy-hemoglobin, respectively. After Au, is obtained
at multiple wavelengths, quantifying hemoglobin concentration changes only requires

solving a system of linear equations.



These commercially available instruments assume baseline values of oxy- and
deoxy-hemoglobin concentrations and compute changes in tissue oxygen saturation and
changes in cerebral blood volume. With the help of an exogenous tracer, such as
oxygen or indocyanine green dye, NIRS can also provide quantification of CBF
[mL/min/100 g]. This calculation of CBF again relies on the Fick principle, which states
that the total uptake of a tracer by tissue is proportional to the difference between the
rates of inflow and outflow of the tracer to and from the tissue. This measurement
provides a snapshot of regional tissue CBF in time; however, it does not provide
continuous CBF data. Furthermore, a few assumptions must be true for this method to
be valid: CBV, CBF, and cerebral oxygen extraction must remain constant during the
measurement. This technique has been validated with limited success [54, 55]. The use
of an exogenous tracer limits its use in the clinical setting, especially in high-risk

neonates.

Commercial NIRS devices used in the clinic are highly sensitive to stray room
light, to surface coupling between skin and/or hair and the optical probe, and lead to
crosstalk between calculated tissue absorption and scattering [56, 57]. In addition,
although reliable trends in hemodynamic changes may be obtained with these devices,
accurate calculations of relative changes in chromophore concentrations are often highly
influenced by the aforementioned factors. Commercial system availability is crucial for
wider use of NIRS in the clinic, and there now exist a handful of CW NIRS devices
approved by the Food and Drug Administration [53]. The clinical utility of these devices

is promising but remains to be determined by large clinical trials.

1.3 Diffuse Optical and Diffuse Correlation Spectroscopies
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As the previous section suggests, a handful of techniques are currently used to study
cerebral hemodynamics in neonates. However, all of these techniques have pitfalls.
MRI and PET are both expensive, require patient transport, and provide snapshots of
hemodynamics in time as opposed to continuous monitoring; TCD only looks at the
macrovasculature; EEG only provides information on electrical activity; and NIRS only
works as a trend monitor of cerebral oxygenation (e.g., as opposed to providing

quantitative absolute oxygenation levels or cerebral blood flow measurements).

| believe that NIRS holds promise as an extremely valuable measurement tool in
neonates. However, commercial systems lack the ability to provide truly quantitative
results, and they ignore the wealth of knowledge now available about the propagation of
light in tissue. In this dissertation, | distinguish NIRS from Diffuse Optical Spectroscopy
(DOS). Like NIRS, DOS aims to investigate tissue physiology millimeters to centimeters
below the tissue surface by using the spectral “window” of low absorption in the near-
infrared range (NIR, 700-900 nm). However, unlike NIRS, DOS utilizes photon diffusion
theory to extract more rigorous information about both optical absorption and scattering
within the tissue based on light attenuation at the tissue surface. DOS measures slow
variations in cerebral absorption and scattering and is sensitive to absolute chromophore
concentrations and therefore to absolute measures of cerebral oxygen saturation and

cerebral blood volume (CBV).

Furthermore, DOS (or NIRS) measurements can be greatly enhanced by the
addition of an independent monitor of cerebral blood flow. This dissertation focuses on
the combination of DOS with a novel optical method, diffuse correlation spectroscopy

(DCS), which measures changes in cerebral blood flow by monitoring the temporal
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intensity autocorrelation function of diffusing light at the tissue surface. DCS is ideal for
the critically ill neonate population; it can be used as a continuous, noninvasive, low-risk,
readily portable bedside monitor of relative changes in regional cortical CBF.
Additionally, DCS can easily be combined with other modalities, such as NIRS, Doppler
ultrasound, or electroencephalography, to enhance the information gathered by other
techniques about the patient’s physiology. Few studies have been conducted with DCS
on this population, largely because of the newness of the technology [58-60]. Ideally, a
study would use a hybrid DOS and/or DCS instrument [59, 61-64] to capture both tissue
oxygenation and blood flow changes. These two parameters combined enable
construction of indices for measuring cerebral metabolic rate of oxygen extraction

(CMRO,) [62, 63].

1.4 Summary

Critically ill neonates are a unique population that could benefit from continuous bedside
monitoring of cerebral hemodynamics to identify and potentially prevent detrimental
cerebral events such as hypoxic ischemia, hemorrhage, stroke, etc. It appears that
diffuse optical techniques may be well suited for monitoring this unique population. This
dissertation will describe the theory behind diffuse optical spectroscopies in depth, it will
discuss the instrumentation requirements for bedside monitoring, it will report on
numerous validation studies performed on both preterm infants and on infants with
congenital heart defects, and finally, it will highlight clinical applications of the technique
with the ultimate goal of improving patient care and further understanding the

complexities of the hemodynamics in the neonatal brain.

Chapters 2 and 3 review the diffuse optical techniques, namely diffuse optical

12



spectroscopy (DOS) and diffuse correlation spectroscopy (DCS), that are applied for
neonatal neuromonitoring in the remainder of this dissertation. An effort is made to gear
the theory towards that which is applicable only to these infants. Thus, the intricacies of
tomographic reconstructions, etc. are not included in these chapters. These chapters
highlight the relevant theory behind the spectroscopic measurements made on
neonates. Chapter 4 describes, in depth, the hybrid DOS/DCS instrumentation needed

to make DOS/DCS measurements.

Chapter 5 presents published validation studies of DCS in two separate pediatric
populations, namely patients with congenital heart defects and preterm infants. First,
during a hypercapnia intervention in children with congenital heart defects, changes in
cerebral blood flow measured with DCS are shown to agree well with relative changes in
blood flow in the jugular veins. Second, in preterm infants, | demonstrate a strong
correlation between the absolute blood flow index quantified by DCS and blood flow
velocity measurements. In patients with congenital heart defects DCS relative changes
in CBF occurring due to hypercapnia agree strongly with relative changes in blood flow
in the jugular veins as measured by phase-encoded velocity mapping magnetic

resonance.

The last chapter (Chapter 6) highlights the translation of the DOS/DCS techniques
to the intensive care unit for bedside monitoring. | focus on a collection of data obtained
from infants with congenital heart defects. The chapter quantifies the cerebral effects of
various interventions, namely hypercapnia, blood transfusion, and sodium bicarbonate
infusion, and it also studies the evolution of cerebral oxygen saturation, total hemoglobin

concentration, and reduced scattering coefficient before and after cardiac surgery.
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Finally, the majority of this dissertation focuses on my work monitoring pediatric
patients. | note here that | have spent a significant amount of time in collaborations with
other lab members that have led to published results. | am co-author on other
publications involving cerebral blood flow in adult patients with traumatic brain injury [65],
and hypercapnia in neonates with congenital heart defects [59]. Additionally, |
contributed heavily to the review of optical techniques in a recent review paper on

perfusion imaging in the high-risk neonate by Goff et al [20].
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2 Diffuse Optical Spectroscopy

The goal of diffuse optical spectroscopy (DOS) is to measure tissue chromophore
concentrations (oxy-hemoglobin, deoxy-hemoglobin, water, lipids, etc.) and scattering in
deep tissue, i.e., on depth scales on the order of centimeters below the tissue surface.
DOS measures chromophore concentrations by taking advantage of a spectral “window”
in the near-infrared (NIR) within which the absorption of light is quite low; in this spectral
regime, photons experience many multiple scattering events before absorption or re-
emission at the tissue surface. An example of the absorption spectra of the three main
chromophores in biological tissue is seen in Figure 1. The optical absorption coefficient,
u, defined as the inverse of the distance a photon travels before it is likely to experience
an absorption event (i.e., the 1/e distance), is shown on the vertical-axis and is plotted
versus the wavelength of light for oxy-hemoglobin, deoxy-hemoglobin, and water. It is

evident from this figure that, outside of the NIR range of approximately 680-900 nm, the
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Figure 1, Sample absorption spectrum of oxy-hemoglobin, deoxy-hemoglobin, and water in
tissue. A spectral “window” exists in the near-infrared range (highlighted in the gray box and
enlarged above), so that scattering, rather than absorption, dominates photon propagation.
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tissue absorption coefficient is high and light cannot penetrate deeply. Furthermore,
within the NIR range, shown in the inset of Figure 1, the absorption coefficient is not only
low, but one can also observe distinct spectral features due to each chromophore. Thus,
measurement of this absorption coefficient at multiple wavelengths can provide enough
information so that the concentrations of the various chromophores in the tissue can be

calculated.

The analysis, however, must account for the fact that light undergoes a large
number of scattering events before reaching the boundaries of the medium, and
therefore the input photons will travel along a distribution of pathlengths from source to
detector (as opposed to say x-ray computed tomography in which light travels straight
through the medium). This chapter will discuss in detail how one separates tissue
absorption from scattering in the NIR window. As the chapter title suggests, the focus
here will be on spectroscopy, which aims to measure the mean bulk chromophore
concentrations over a large tissue volume, as opposed to imaging, which attempts to
assign this information to many volume elements within the tissue sample. Additionally,
the instrumentation required to make physiological spectroscopic measurements will be

discussed.

2.1 Photon Diffusion Equation

NIR light propagation in a highly scattering medium such as biological tissue is well
modeled as a random walk process. Interference effects are usually negligible (except
for the famous backscattering cone [66]), and the light trajectories are fairly accurately
visualized using ray optics. It is not necessary to deal with Maxwell’s equations. Thus,

the starting point for most analyses of these problems is the radiation transport equation
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(RTE) that describes the conservation of light radiance, L(r, $,t) [67]:

1 dL(r,$,t)

===+ 3 VL35 0) = —pL(r,8,6) + S(r, 8, 6) + ps J L(r,8,6)f(5,87)ds" . [3]

Here the radiance [W/cm?/sr] is defined as the power of light per unit area traveling in a
given direction § within some infinitesimal volume element located around position r at
time t; v is the speed of light in the medium; y; is the sum of the absorption and
scattering coefficients (u, and ug, respectively) within the volume; S(r, 3, t) is the power
per volume emitted by sources into the direction §; and f($,3') is the normalized
differential scattering cross-section that gives the probability that light (radiance) incident
on a volume element will scatter from the §' direction into the $ direction. | also define
two additional quantities of interest: the photon fluence rate, ®(r,t) [W/cm?], and the

photon flux, J(r, t) [W/cm?].

o(r,t) = [[ L(r,3,6)d3; [4]

J(x,t) = [[ L(r,$,t)3ds. [5]

&(r,t) is the total power per area traveling radially out of an infinitesimal volume
element located around position r (at time t). J(r,t) is the vector sum of the radiance

emerging from this infinitesimal volume.

The RTE is quite difficult to solve analytically. Thus, in order to obtain an
approximate analytical solution, the radiance and source terms are typically expanded in

terms of spherical harmonics, Y,,,(3), i.e.,

L(r,5,8) = Yoo Xoe o Pom(T, )Y (3) [6]

17



S(r,8,t) = Xhoo Dime—r Qom (T OYem(3) | [7]

in what is known as the Py approximation. For this dissertation, we need only concern
ourselves with the P4 approximation, in which only the #=0 and £ =1 terms are
employed. Within this “nearly isotropic” approximation, the radiance is well
approximated as the sum of an isotropic photon fluence rate and a small directional

photon flux:
NN ! 3 A
L(r, $,t) = yo o(r,t) + yo J(r,t)-s. [8]

Here @(r,t) is proportional to @, ,(r,t), and J(r,t) is proportional to the sum of the
@, (1, t) components of L(r,$,t) [68, 69]. This approximation is valid when the

radiance is nearly isotropic (¢ > |]]).

Within the P, approximation (and under several other relatively innocuous
assumptions’), the RTE is readily simplified to the photon diffusion equation for the

fluence rate [68, 70-72]:

V- (DEVOr, D) — v (M, 1) +vS(r, 1) = 2200 [9]

Further, the fluence rate is related to the flux via Fick’s law of diffusion:

J(r,t) = —%Vcb(r, £). [10]

1
For this derivation, we assume 1. source isotropy, i.e., S(r,$,t) = S(r, t); 2. slow temporal fluctuations of the photon

flux, f(r, t), i.e., the photon flux varies slowly relative to the mean time between scattering events; 3. rotational symmetry,
i.e., the scattering cross-section, f($,8"), depends only on the angle between the incident and outgoing scattering
wavevectors, f(8,5) = f(5-38).
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Here S(r,t) is now an isotropic source of photons traveling outward from a volume
element located around position r at time t; v is the speed of light in the medium [cm/s];
uqa(r) and pug(r) are the position dependent absorption coefficient and reduced
scattering coefficients of the medium, respectively [cm™]. D(r) = v/3(ui(r) + g (r)) =
v/3ul(r) is the photon diffusion coefficient [cm?/s] [73, 74]. Note that u.(r) is different
than us, i.e., us(r) = us(1 — g). Here, g is the average of the cosine of the scattering
angle for a typical scattering event, which is generally quite high for tissue (i.e., greater
than 0.9); photons tend to scatter predominantly in the forward direction in tissue. Thus,
a photon undergoes many single-scattering events (characterized by the scattering
coefficient, ug ) in tissue before its initial direction is essentially randomized
(characterized by the reduced scattering coefficient, us(r)). The diffusion equation thus
describes a situation wherein individual photon trajectories are random walks through
the tissue. A photon, on average, travels a random walk step of length, ¢, = 1/us,
before its direction is randomized. Photons diffuse through tissue in much the same way

that ink diffuses through water.

In diffuse optical spectroscopy (DOS), tissue is usually modeled as a
homogeneous medium, i.e., D(r) = D, us(r) = pu; and u,(r) = u,. D, us, and u, are the
average bulk optical properties of the tissue. These optical properties, of course, will
change with light wavelength, but they are modeled as constants in space at each
wavelength. Within this approximation, the diffusion equation simplifies even further,

i.e.,

0D (r,t)
at

DV2®d(r,t) —vu,@(r,t) + vS(r,t) = ) [11]
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Like the radiative transport equation, the photon diffusion equation is a conservation
equation, in which the time rate of change in photon concentration in a given unit volume
(right hand side) is equal to the number of photons emitted from the source in the
volume (vS(r,t)) plus the photons scattered into the volume from the surroundings

(DV2®(r,t)) less the number of photons absorbed within the volume (v, @ (1, t)).

2.1.1 Source Types

As seen in Figure 2, there are three classes of sources employed for diffuse optical
spectroscopy. For all source types, data are collected at multiple wavelengths, equal to
or exceeding the number of chromophores measured [75]. Time-resolved DOS (Figure
2c¢) typically employs multiple NIR wavelength sources of sub-nanosecond pulsed light
and measures photon arrival times of the reflected/transmitted diffuse light. This
technique enables quantification of absolute optical properties using fits to the solution of
the photon diffusion equation in the time-domain [76]. However, with the high
information content of time-resolved measurements comes a high cost of
instrumentation components, and a low duty cycle because the maximum count rate is

on the order of 5 MHz.

Similar information, namely, absolute absorption and scattering coefficients at
multiple wavelengths can be obtained in the frequency domain (Figure 2b). In this
experimental configuration, NIR light sources are sinusoidally amplitude modulated in
the ~100 MHz range [72, 77-79]. FD systems gather similar information as the time
domain systems, as the techniques are Fourier analogs. Although the FD systems are
not sensitive to stray room light, it can be sensitive to unwanted light that has leaked

from the source around the sample of interest and to surface coupling between the skin
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Figure 2, Graphical depiction of the three types of near infrared spectroscopy measurements (a)
continuous wave, (b) frequency domain, (c) time resolved. The arrows on the right side of the
figure indicate increasing data and instrumentation complexity (increasing corresponds to
traveling “down” in the diagram) that accompany these techniques.

and optode [80].

Continuous wave (CW) systems measure the attenuation of constant intensity
source light after it has diffused through the tissue. The CW setup offers a fast and

inexpensive method for measuring relative changes in the optical properties of the
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tissue; however, absorption and scattering cannot be distinguished uniquely by a single

measurement.

In the studies conducted within this dissertation, the frequency domain is
employed. Thus, the remainder of this section will focus on solutions of the photon
diffusion equation assuming an isotropic point source at the origin whose intensity is
sinusoidally modulated at angular frequency w, i.e., S(r,t) = (Spc + Spe “H)6(r = 0).
Herein, we impose the restriction that w/2m is much smaller than the typical frequency of
the scattering events, vug. With a source of this form, the fluence rate in the sample is
also composed of an AC and DC component, ®(r,t) = ®pc (1) + @ (r)e~'“t. Examining

only the AC component, the diffuse equation becomes:
DV20(r) — v @ (1) + vSy6(0) = —iwd (). [12]
This equation can be re-written as:
V2 —k?)o(r) = —vS,/D 6(0), [13]

where k? = (—iw + vu,)/D and the right hand side of the equation equals 0 for all r # 0.

Isolating the DC component of @ yields
DV®pc(r) — virg@pc (1) + vSpc8(0) = 0,
which simplifies to:
(V2 —ko*)@(r) = —vS,/D 5(0), [14]

where ko2 = vu,/D = 3uqus. The remainder of this chapter will analytically solve these

22



equations to derive Helmholtz Equation-like solutions for two simple geometries relevant

to the experiments we carry out.
2.1.2 Infinite Geometry

For the case of a point source located at the origin surrounded by a homogeneous
infinite medium, the main boundary condition is that the fluence rate falls to zero as r
approaches infinity. The solution to Equation 14, given these boundary conditions, is the

well known spherical wave:

o@r) = Yo [15]

4D T

Actually, the solution is in the form of a damped traveling spherical wave. This wave,

dubbed a diffuse photon density wave (DPDW), travels with a coherent front and has

complex wave vector k =k, + ik; =/ (vig — iw)/D . The real and imaginary

components of the wave vector can be written as:

/
kr=\/%[/1+(v“’7a)2+1]12 [16]
1/2
= e /1+(ﬁ)2—1] [17]

The DPDW consists of two main parts, a phase-shift term, e”Xi* /r, and an attenuation
term, e”%7. It has position-dependent amplitude, A = vSye~Xr*/(4nDr), and phase,
6 = k;r. The DPDW can thus be characterized by a wavelength, 4, phase velocity, v,

and decay attenuation length, L;:
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1= [18]

vy =2 [19]

Note that all of these parameters depend on w, u,, us, and the speed of light in the
medium, v. For typical human brain, approximate optical properties are u, = 0.1,
us = 10 at 785nm; thus, with a frequency modulated source of 70 MHz, the DPDW
‘phase” wavelength is ~35 cm, which is almost 30 times greater than its attenuation
length of 1.1 cm; the wave has a phase velocity of 2.5x10” m/s. It has been shown that
DPDWs behave in many (but not all) [67] ways like traditional travelling waves, i.e., they
exhibit reflection, refraction, diffraction/scattering, dispersion, and interference

phenomenology [81-85].

2.1.3 Semi-Infinite Geometry

A remission geometry in which the source and detector fibers are placed on the z =0
plane at an air-tissue interface is a more suitable (and non-invasive) model for clinical
settings, albeit still quite simplistic. In this case, the medium is assumed to be optically
homogeneous and to extend infinitely in the x-y plane and the positive Z-direction (see
Figure 3); further we choose the incident beam to be located at the origin and directed in

the positive Z-direction.

If the boundary is perfectly transmitting (i.e., the index of refraction of both media

are matched), then the radiance must be zero when the §-direction points into the
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medium from outside (i.e., there is no reflection of diffuse light back into the medium),

i.e., the total incoming diffuse radiance, E;,(z = 0,t), is:
Ein(z=0,0) = [ [[/*L(z=0,51) (5-—R) sin0dBd¢ = 0. [21]

Substituting in the P1 approximation for L(z = 0, §,t) and integrating, we find:

Ein(z = 0,1) = 22208 4 20D _ o [22]

Then, employing Fick’s law for diffusion (Equation 10), we obtain what is known as the

partial-current (or partial-flux) boundary condition for a perfectly transmitting boundary:

200 [23]

3#; 0z z:0.

¢(z=0,t) =

In addition to the boundary condition, we need to characterize our source term in
order to solve the diffusion equation for this geometry. In a typical experiment, the
output of a fiber or a similarly “tight” collimated beam is placed on the air/tissue interface
(see Figure 3); a standard approach adopted by most researchers is to approximate the

real source with an “isotropic” source at a new position located a distance ¢,, inside the

n=-z
* Collimated Air, ng
Light Source .
z=0
N . .
J g Highly Scattering,
¢ Homogeneous p,, |, n
Z v
z-axis

Figure 3, Diagram of a semi-infinite geometry. The air/lhomogeneous turbid medium interface
spans the z = 0 plane. The positive Z-direction extends into the turbid medium. 6 is defined as
the azimuthal angle between the Z-direction and the direction the radiance travels along (S).
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tissue/air boundary, where ¢, = 1/u’ is the photon transport mean free path. The
validity of this assumption for most problems has been demonstrated by [86, 87]. Thus,

within this approximation the source term takes the following form:

S@r,t) = (Spc + SACe_iwt)5(x =0,y=0,z=4¥4). [24]

The exact solution to the photon diffusion given the partial-current boundary
condition (Equation 23) and an embedded isotropic source approximation (Equation 24)
is non-trivial and involves an improper integral. However, a good approximation of the
partial-current boundary condition is the so-called extrapolated-zero boundary condition,
which makes an estimation for where the fluence falls to zero using the partial-current
boundary condition (Equation 23). Let z = z, be the value of z for which the fluence rate
falls to zero; notice this position should be in the “air’ medium. To determine z;, a Taylor

series expansion near z = 0 of the fluence rate, ¢(z), is used:

d
$z=2)=9z=0+3 (-0 =0. [25]
z=0
Using 37";2—? = ¢(z = 0) from in Equation 23 at z = 0, we find that the fluence falls to
z=0
zero atz =z, = _—2, With this new condition for where ¢ is zero, we can apply the

3us

method of images.

As seen in Figure 4, when the fluence rate solution is a sum of the infinite
medium solution for a source at z = ¢, and an image source with the same magnitude
but opposite sign at z = —(2z, + ¥;,), this boundary “zero“ condition at z;, is satisfied.
Thus, the solution to the diffusion equation for a perfectly transmitting boundary given

the extrapolated-zero boundary condition is (to a good approximation):
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P(r,t) = Woe [ _ ) | Voac [T e i [26]
! 41D 7 Ty anD L r; Ty ’

where r; = /72 + (z — £;,)? is the distance to the source from the detector, r,

Jr2 + (z + €4 + 22,)% is the distance to the image source from the detector, k,

V3ugqus, and k? = (ugv — iw)/D. Here that the fluence rate is written as the sum of an

AC and DC component.

If the index of refraction of the turbid medium is significantly different from that of
air (ng = 1.0), as is the case with tissue (n = 1.4), Fresnel reflection of diffuse light
traveling out towards the interface from the turbid medium near the boundary provides a
mechanism for the radiance to return to the medium. We can write the inward irradiance
(Ein, or the inward radiance within the turbid medium) at the boundary, in this case, as

the integral of the radiance reflected back into the turbid medium [67]:
2T T A AN A A .
Ein = fO fn/z RFresnel(s)L(s) §-f sinf d9d¢- [27]
Here Rfresne,(§) is the Fresnel reflection coefficient for unpolarized light that is

Image

(D5 Giif
Sourceo (22, +£,)

Source ® /,

r 4

Figure 4, Diagram of the extrapolated-zero boundary condition for a semi-infinite geometry.
An approximate solution involves an extrapolated boundary located at z = z, (shown by dotted
line) wherein the fluence rate falls to 0. The solution for @(r,t) is arrived at via the method of
images where the image source is positioned at z = —(2z, + £,,).
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dependent on the angle of incidence, 6, the refracted angle, 8’ (where nsinf =

ng sin 8'), and the critical angle, 6. (where nsin 6, = ng):

2 l
1 (ncosf@ —ngcosb 1 (ncosf-ngcosé
(—") —(—") ;0<6 <6,
RFresnel(B) = ncosf’'+ngcosf 2 \ncosf+ngcosé [28]
1 ;0. <0 <m/2

After some manipulation we find [67]:

2 1z
ln f i fn/z RFresnel(s)L(s) §-fi sin@ d9d¢ R¢) 2 - R ] [29]

Here j, is the magnitude of the photon flux in the Z-direction, and Ry and R; are defined

as:

Ry = f ™2 sin 6 cos 0 Reresner(0)d6, [30]

R; = [7"*35in 0 cos? 8 Reresnet (6)d6. [31]

Values for Ry and R; for various index of refraction mismatches may be found in

Haskell’'s 1994 paper [67].

As discussed in the perfectly transmitting boundary case, the inward radiance at

the boundary can also be expressed as (see Equation 22):

¢(Z:0:t) + ]z(Z:Ort). [32]
4 2

Ein(z = 0, t) =

Thus, by setting the two equations for the irradiance at the boundary (Equations 32 and
27) equal to each other, we arrive at a “modified” partial-current boundary condition for

the more realistic case of a reflecting boundary:
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¢=-2""Js [33]
This boundary condition is often rewritten as:

_ 31+Reff a_(l)
0= (3re, )5t (34]

Here R.s; represents the fraction of outward radiance (i.e., emittance, Egp ) that is
reflected back into the medium, i.e., Ejyrqq = ReffEemire, and it is defined as R.¢r =

(Ry + Rj)/(2 =Ry + R;). For atissue/air boundary, R.;r = 0.493 [67].

As discussed for the perfectly transmitting boundary, the exact solution to the
photon diffusion given the partial-current boundary condition and embedded isotropic
source approximation is quite complex and involves an improper integral. However, a
good approximation of the partial-current boundary condition is the extrapolated-zero
boundary condition, where the fluence falls to zero at z = z,. To determine the location

of z;,,, a Taylor series expansion of the fluence rate ¢(z) at z = 0 is used:
¢
$lz=2)=pE=0+5| (@-0)=0. [35]

Plugging in Equation 23 for ¢(z = 0), we find that the fluence falls to zero at z, =

2 1+Reff
31-R Lor-
eff

Again, the principle of image sources, as in simple electrostatics, provides a
means to extract solutions in which the fluence rate will fall to zero outside the medium
atz = z,. To satisfy this extrapolated zero boundary condition, an image source of

equal magnitude but opposite sign is placed at a distance —(2z, + ¢;,-) from the origin.

Then the homogeneous semi-infinite medium solution within the extrapolated zero
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boundary approximation is the sum of the infinite medium point source and its image

source:

¢(T L’) _ vSy [e_k01‘1 _ e_korz] " vSac [eikrl _ eikrz] eiu)t [36]
! anpl ny Ty anD L ry 5 ’

where r; = /72 + (z — £,,)? is the distance to the source from the detector located at r,

r, =12+ (z + £, + 22,)? is the distance to the image source from the detector,

zp = 2(1 + Repf)/3us(1 — Repp), ko = +/3uqus, and k% = (ugv — iw)/D.

Finally, | would like to point out that the quantity we measure in experimental
practice is the integral of the radiance L(r,S$,t) over the numerical aperature of the

detection fiber:

Detected signal = [[ dxdy [[ Trresnet($)L(x,y,z = 0,3,t)($ - 7)dQ, [37]

= Jf dxdy [f Teresner(®) (o @ 0) + =) (r,8) - 8) (8 - R)d. [38]

Thus, the detected signal has contributions from both the photon fluence rate and
photon flux. However, since these two quantities, i.e., fluence rate and flux, are
proportional at the boundary (required by the boundary condition), the detected signal is
also proportional to either the fluence rate or the flux [67] with different proportionality

constants. Thus, determination of ¢(r,t) gives detected signals.
2.1.4 Semi-Infinite Geometry in Experimental Practice

Assuming the source and detector are placed in the same plane (see Figure 5), and the

source-detector separation, |r|, is large compared to the transport mean free path (i.e.,
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|r| » #:.), the distances to the source and image source can be approximated by
r(1+ /5 (£r/r)?) and (1 + 1/, (£, + 22,)?), respectively. Equation 36 can then be
simplified to the following after some algebraic rearrangement and after expanding

etk /2r = 1 4 ik, /2r and eKCer+220)° /27 = | 4 ik (8,, + 22,)% /27"

kor S, elkr i .
[2ko(birzp + 20)] + o [-2ik (Lerzp + 25)]!® [39]

vSy e
4D 712

®(r,t) =

The AC component of @(r) can be broken up into a rea