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1. INTRODUCTION

The fundamental goals of this Predoctoral Traineeship were three-fold: 1) to
provide me with an opportunity to continue to learn and apply the state of the art NMR
technology and radiotherapy techniques to cancer diagnosis and treatment; 2) to provide
me with a solid and extensive training, and valuable experience in a modern NMR
laboratory for a career as a clinical medical physicist and a breast cancer research
scientist; and 3) to develop and investigate a non-invasive technique of measuring oxygen
tension (pO,) in breast cancers in an animal model based on PF MRI of
hexafluorobenzene (HFB), now called the FREDOM (Fluorocarbon Relaxometry using
Echo planar imaging for Dynamic Oxygen Mapping). In this report, I will summarize the
highlights of my past three-year's training and research as originally proposed in my
Predoctoral Traineeship application.

2. TRAINING ACCOMPLISHMENTS

For the past three years, under the guidance of my mentor, Dr. Ralph P. Mason, I
have gone through a rigorous training in tumor biology, tumor histology, tumor
modeling, tumor implantation and transplantation, radiation biology, MRI physics, MRI
RF coil design, construction, and testing, MRI data acquisitions, computer programming,
digital signal and image processing, near-infrared spectroscopy (NIRS), experimental
design, and data analysis. I have learned how to use many advanced medical systems and
instruments. As an important part of my doctoral curriculum training and research, I
needed to use an Omega CSI 4.7 T MR system with actively shielded gradients
(AcustarTM , Bruker Instruments, Inc., Fremont, CA, USA). This system, based on a 40-
cm diameter bore horizontal magnet, is located in the Rogers Magnetic Resonance Center
of the University of Texas Southwestern Medical Center at Dallas, which is an NIH
Biotechnology Resource Facility. I had immediate access to the system and other
resources in the center, and, on average, I used the system three days per week in the past
for either experiments or data processing and programming. Now I can operate the
magnet independently for both imaging and spectroscopy experiments. To meet our
particular experimental needs, I modified and wrote several data acquisition and post-
processing programs. These include an NMR-shell script program for computing the
biological half-life of hexafluorobenzene (HFB) in rat breast tumors, an NMR-shell
script program for displaying the T1 relaxation curve of individual voxels of MR EPI
images, a C and NMR-shell script program for acquiring BOLD and Gd-DTPA data, a C
program for converting MRI image files among different platforms, a Visual Basic
program for processing MRI EPI data, and a LabView program for processing near-
infrared spectroscopy (NIRS) data. In addition, I have also learned how to use electronic




instruments commonly seen in modern RF labs, including a sophisticated HP Frequency
Analyzer, and how to operate center lathes and milling machines frequently encountered
in the machine shops of radiology and radiation oncology departments. These are the
necessary skills required for a professional medical physicist and biomedical engineer.
With these skills, I designed, constructed, and tested a double-tuned (19F-'H) birdcage
resonator and a switchable slotted tube resonator. Both phantom testing and in vivo
imaging experiments indicated that the two resonators worked well. In addition, I have
been working on a new type of RF coils, which combines a traditional RF coil with
NIRS. These coils will allow simultaneous measurement of tumor tissue pO, by '°F MRI,
tumor vascular oxyhemoglobin concentration [HbO,], and total hemoglobin
concentration [Hb]rem by NIRS. This is a challenging task and successful completion of
these RF coils would be significant in tumor oximetry. Another goal of this Predoctoral
Traineeship was to investigate breast tumor physiology in response to therapeutic
interventions. This required the use of rat mammary adenocarcinoma 13762NF.
Implanting this type of tumor in female Fisher 344 rats in a pedicle model was a
complicated and lengthy surgical procedure. Now I have learned the techniques and can
do the surgery without any difficulties. I have also learned the techniques of blood gas
analysis using fiber optic pulse oximeter and the operation of automated microelectrode
systems. Besides comprehensive hands-on training, I developed a mathematical model
for describing tumor hemodynamics following physiological perturbations, and a second
mathematical model for computing tumor oxygen consumption following KCl-induced
cardiac arrest using NIRS.

3. RESEARCH ACCOMPLISHMENTS

1) Background Information

Solid tumors develop regions of hypoxia during their growth due to an imbalance
between the rate of tumor cell proliferation and the proliferation and branching of the
blood vessels [1-3], leading to diffusion-limited or chronic hypoxia. However, tumor
hypoxia can also occur due to another important reason, the deficient oxygen-carrying
capacity of the blood, i.e., low blood hemoglobin concentration, as observed in the case
of anemic cancer patients [4-6]. Substantial clinical evidence has indicated that it is the
hypoxia that is responsible for the failure of radiotherapy [7-10], some forms of
chemotherapy [11, 12], and photodynamic therapy [13]. Moreover, considerable clinical
studies have also shown that tumor hypoxia plays a key role for increased expression of
many genes that relate to tumor angiogenesis and growth, including vascular endothelial
growth factor (VEGF), platelet-derived growth factor (PDGF), and p53 [14, 15], and low
oxygenation levels in tumors correlate with a higher metastatic rate [16-18]. Although the
mechanism for the latter effect has not been fully understood, some studies have
suggested that it could be caused by increased DNA mutation rate and overreplication




under the hypoxic condition [19-21]. In addition, a number of clinical trials have found
that patient survival, measured either as tumor regression or as local control, depends
largely on tumor oxygenation [10, 16, 22, 23].

Recently, the use of erythropoietin treatment and blood transfusion has gained
increasing attention and popularity in tumor therapy community [24, 25] because many
clinical studies have shown that there is a relationship between hemoglobin
concentrations and therapeutic outcome [26, 27]. Results of several other clinical trials
have indicated that higher hemoglobin concentrations correlate with improved local
tumor control and a higher overall survival rate [28, 29], suggesting that hemoglobin
concentration could be an independent prognostic factor in tumor therapy. However, the
exact mechanism how hemoglobin concentrations affect tumor therapy and radiotherapy
in particular is still being debated [30]. Available experimental and clinical data seem to
support the hypothesis that low hemoglobin concentrations impair oxygen-transporting
capacity of blood and eventually lead to tumor hypoxia. In view of the important role of
hemoglobin in tumor therapy, it is necessary to have a means to measure and manipulate
hemoglobin levels in tumor.

The critical effects of oxygenation on tumor therapy, angiogenesis, metastasis, and
prognosis have stimulated the development of novel tumor oximetry techniques. Over the
past several decades, substantial progress has been made in developing techniques for
measuring tumor tissue oxygen tension (pO,) and hypoxia. These include
microelectrodes [31, 32], ESR/EPR [33, 34], the comet assay [35], phosphorescence
quenching imaging [36], nitroimidazole binding assays [37], paired survival assay [37]
and NMR [38-40]. However, none of these has been recognized generally as a perfect
noninvasive method. Electrodes are highly invasive and only sample a limited region.
ESR has two major drawbacks compared with NMR: lack of tissue penetration at very
high frequencies (GHz) and the inability to obtain functional information at multiple
locations (mapping). *'P NMR is perhaps the most attractive indicator of tumor
oxygenation since it is entirely non-invasive with observation of endogenous metabolites.
However, it is relatively insensitive, sampling a large volume, and metabolic hypoxia
may occur at an oxygen tension that considerably exceeds radiobiological hypoxia [41].
Recent studies have indicated that tissue contrast changes in '"H MRI on the basis of the
blood oxygen level dependent (BOLD) method provide a qualitative approach to tissue
oxygenation. However, changes in blood flow affect the signal intensity and therefore,
complicate the interpretation of results [42, 43]. 'F NMR techniques can provide a direct
measurement of pO, based on the principle that the ’F NMR spin-lattice relaxation rates
R1 (=1/T1) of perfluorocarbon (PFC) emulsions are linearly proportional to oxygen
tension [44-46]. "°F has 100% natural isotopic abundance and an 83% sensitivity relative
to 'H. "’F occurs in exceedingly low concentrations in biological systems (as the fluoride
ion), thus, there is essentially no background noise to interfere with in vivo studies. In




addition, "’F NMR techniques have the potential advantages of being non-invasive,
repeatable, and able to produce local tumor pO, maps with high spatial resolution.

Tumor oxyhemoglobin concentration [HbO,] or sO, is another important indicator
of tumor oxygenation. However, for many years, very little progress has been made in
developing techniques to measure it. One promising technique is near-infrared
spectroscopy (NIRS). The NIRS tumor oximetry is based on the fact that there exists a
substantial absorption difference of light in NIR region (700 ~ 900 nm) between
deoxyhemoglobin [Hb] and oxyhemoglogin [HbO,], while absorption of light by other
macromolecules and water is insignificant. Based on light modulation mechanisms, NIRS
techniques can be classified as: continuous wave (CW) light spectroscopy in DC format,
amplitude-modulated laser light spectroscopy in frequency domain, and pulsed-laser light
spectroscopy in time domain. Using NIRS techniques, in vivo measurements of sO, have
been carried out in a wide variety of biological systems such as exercised muscles [47-
49] and brain [50-52]. However, so far, very limited studies have been done in in vivo
measurements of tumor sO,. Among the published studies, NIRS has been used to
evaluate the effects of anesthetics on vascular sO, in RIF-1 tumors [53] and in 9L
gliosarcoma [54], and to assess the effects of hypoxia, hyperoxia, and asphyxia on
BA1112 rhabdomyosarcoma [55]. Recently, Mariya et. al. [56] has published their data
on monitoring tumor oxygenation status during fractionated irradiation in two murine
tumor cell lines using NIR reflection spectroscopy. NIRS is completely non-invasive,
inexpensive, portable, and amenable to real-time measurements. It can be used to
measure tumor vascular hemoglobin oxygen saturation sO,, hemoglobin concentration
[Hb], and tumor blood flow, and to monitor tumor transient response to therapeutic
interventions. However, because of inhomogeneous nature and limited dimension of
tumors, classical diffusion theory does not hold. Absolute quantification of tumor
oxygenation based on photon diffusion approximation approach still remains a
challenging issue. An alternative approach is to modify Beer-Lambert's law and use the
measured transmitted light amplitude to compute the trends in the changing absorption
coefficients and, thus, changes in [HbO,] or sO, and [Hb] 1o

We have surveyed the relative sensitivity of several PFCs and found that
hexafluorobenzene (HFB) offers exceptional sensitivity to changes in pO, with relatively
little response to temperature. HFB has a single resonance, providing optimal signal-to-
noise ratio (SNR). I have applied the '’F MRI of HFB technique to investigate dynamic
changes in pO, in tumors in response to respiratory challenges and the feasibility of
mapping the clearance rate of HFB. In addition, I have also investigated hemodynamic
changes in [HbO,] and [Hb]r, in tumors in response to therapeutic interventions using a
newly developed NIRS system.

2) Tumor Transplantation and Handling, Tumor Volume Doubling Time
(VDT), and Tumor Histology




Tumor Model

Murine mammary adenocarcinomas 13762NF [57] were used in this study. The
13762NF is a subline of mammary adenocarcinoma 13762. This tumor model was chosen
because it demonstrates substantially different therapeutic sensitivity and metastatic
characteristics from other tumor types. The 13762NF is less differentiated. It is inhibited
by estrogen in young female rats and stimulated in adult female rats. It metastasizes to
regional lymph nodes, and lung, and occasionally to liver, but not to brain. It is highly
responsive to alkylating agents and platinum chemotherapeutic agents.

Tumor Transplantation and Handling

Our lab has successfully developed a tumor transplantation model, the pedicle
model [58]. Murine mammary adenocarcinomas 13762NF were implanted in skin
pedicles on the forebacks of adult female Fischer 344 rats (~250 g). To identify them,
each tumor was assigned a unique code. The surgical procedure for creating a pedicle
tumor model is as follows. A flap of depilated skin was raised from the body of the rat
and held in position with a non-traumatic curved bull-dog clip. A 3-cm incision was
made through the skin using the curved edge of the clip as a guide. Wound clips were
used to joint the edges of the skin, producing a tube resembling a suitcase handle.
Animals were housed separately after the surgery and during the entire course of
experiments. Two weeks later, the clips were removed and the distal end of the pedicle
severed. A piece of fresh tumor tissue (~ 2x 2 x 2 mm") from the fourth generation of
mammary adenocarcinomas 13762NF was implanted in the lumen and cut closed with a
wound clip.

One of the major advantages of the pedicle model is that it is basically isolated
from the body proper and perfectly suited for in vivo NIRS and MRI studies, therapy, and
manipulation. In addition, the pedicle model allows accurate measurement of tumor size.
It has been shown to have no significant difference from the traditional subcutaneous site
in the thigh in terms of growth [S8].

Tumor Growth and Mathematical Model for Computing VDT

After tumors were implanted, they first entered a two-week silent period of
undetected growth and then an accelerating period in which most tumors grew
exponentially. Some, though they may not appear to grow exponentially over their entire
life spans, did show exponential growth over short periods of time. The time for the
tumors to grow to a predetermined size spanned a wide range. In some cases, the silent
periods lasted more than three weeks. Once the implanted tumor tissue grew into a
detectable tumor, tumor's three orthogonal dimensions were measured at least once every
two days with a caliper. Depending on tumor growth rate, tumors were measured daily in
some cases to improve the goodness of curve fit when computing volume doubling time
(VDT). Prior to the measurements, the rats were anesthetized with 50ul ketamine
hydrochloride (100 mg/ml) and the tumors’ hair was cut with a pair of surgical scissors to




improve the accuracy of the measurements. Using an ellipsoidal approximation, tumor
volume was determined using formula

dr. a. b_ V4
V—(—3—)-(5)-(5)-(5)—(g)-a-b-c (D

where a, b, and ¢ were the diameters along the three major orthogonal axes of the tumor.
A very important proliferative feature of the solid tumors is their volume doubling time
(VDT) (day), a kinetic parameter closely related to the underlying mathematical growth
model.

Historically, a growing tumor is modeled as a deterministic dynamic system
mathematically described by ordinary differential equations. The central concept of a
dynamic system is the trajectory. In the case of tumor growth, the trajectory is the growth
curve that describes the change in tumor size as a function of time from the start of
proliferation of initial tumor cells. The tumor size can be expressed as dimensions or
volume or mass or cellularity, depending on personal choice. For tumor modeling, these
quantities are interchangeably used, because they are linearly proportional to each other
for solid tumors. Unfortunately, most of these tumor growth models have been seldom
validated against experimental tumor growth curves, either because of the relative
scarcity of high quality tumor growth data [59]. Limited accurately measured tumor data
revealed that growth curves for some human tumors are very close to exponential
function [60], yielding a constant volume doubling time. However, other studies
indicated that many human tumors also show irregular or decelerating growth, giving a
progressively longer volume doubling time [60]. Such curves can be fitted with a variety
of mathematical models, but the most prominent one is the Gompertz model [61].
However, the empirical Gompertz model lacks a truly fundamental biological
explanation.

In an attempt to obtain an analytical expression for computing the tumor volume
doubling time, I used a first order, autonomous differential equation to model the tumor
growth

av _

AV, A1>0 (2)
dt

where Ais the tumor growth rate constant. The model is based on the fundamental
biological argument that tumor growth results from exponential cell proliferation. If, for
example, each healthy tumor cell divides to produce two proliferative daughters, then the
growth of the tumor cell population is: 1, 2, 4, 8, .... 2", an exponential function, i.e., the
population size will increase exponentially with time. This model describes unrestricted
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tumor growth as the time goes to infinity, a phenomenon not supported by experimental
data. However, for a reasonable period of growth, it gives excellent description of tumor
growth curves. Most importantly, we can derive an analytical expression for computing
the tumor volume doubling time from this model.

The solution of Equation (2) is an exponential function: V =V, -exp(At) or
V =V, -exp(t/7), where V,(cm’) is the initial tumor volume at time ¢ = 0 (day) and

7 (day) is the time constant of the exponential growth curve. A very important property
of exponential tumor growth is that the tumor volume doubling time (VDT) is a constant.
Thus, when time increases by one VDT, the tumor volume will be doubled.
Mathematically, this is written as

t+VDT

2V =V, -exp( ) 3)

Dividing Equation (3) by V =V, -exp(t/ ) gives

t+VDT

Vo -exp( )
v _ z = 2= exp(VIzT) 4)

t
V, -exp(—)
T

Taking natural log on both sides of Equation (4) gives an equation for computing VDT
VDT =7ln2 (5)
where 7 is obtained by fitting the experimental tumor data to V =V,, -exp(¢/ 7).

Figure 1 shows the growth curve of a representative mammary adenocarcinoma
13762NF. This particular tumor had a “silent interval” of about 10 days. When its growth
was detected, the tumor volume increased exponentially with time (R = 0.954) over a
fairly long period of time as seen in Figure 1, indicating that the assumption for the
exponential growth model was correct. The volume doubling time (VDT) as determined
by Equation (5) was approximately 5.2 days. It is important to point out that, first of all,
the long silent phase of undetected growth was not included in the plot. If it were to be
included, the entire curve would shift 10 days to the right and the shape of the
exponential part of the growth curve would not changed at all. This would not, in any
way, affect the result of VDT computation as the volume doubling time is a kinetic
parameter used to describe the accelerating phase or, in most cases, the exponential phase
of a tumor growth. Secondly, in measuring the tumor dimensions, especially when
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tumors were small, the skin thickness was subtracted from the measured dimensions.
Last, the VDTs were computed solely based on the data obtained from intact tumors.
During their late growth stage, some tumors might bleed due to a variety of reasons.
When this happened, the data gathered after this point were not included in the final
computation of VDTSs.

Tumor Volume (cm’)
w
4
»

Time (Day)

Figure 1. Tumor volume of a representative 13762NF breast tumor as a
function of time after implantation. The tumor volume was computed using
an ellipsoidal model: V = (n/6)abc. An excellent curve fit (R=0.954) was
obtained using an exponential growth model.

Table 1. A summary of tumor volume doubling
time for a group of six 13762NF breast tumors.

Tumor No. VDT (Day)
1 3.2
2 4.0
3 33
4 3.6
5 5.2
6 4.4
Mean VDT (Day) 3.95 £0.76

Tumor Histology

Conventional tumor histology was performed to gather information regarding
tumor size, gross morphology, presence and extension of tumor necrosis, histological
type and grade. Randomly chosen tumors were sacrificed by tail injection of a lethal dose
of KCl. Immediately following the death of the rats, the tumors were excised and fixed in
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10% neutral buffered formalin. The tumors were subsequently processed through graded
ethanols and xylene, and embedded in paraffin. After embedding, sections were cut at
Spm thickness and routine hematoxylin and eosin (H&E) staining performed according to
established protocols. Selected central and peripheral regions of the stained histological
sections were photomicrographed using brightfield optics with a magnification of ten.
Figure 2 shows histological sections of a representative 13762NF breast tumor.

Figure 2. Histological sections of a representative 13762NF breast
tumor: central (top) and peripheral (bottom) regions of the tumor.

3) Design and Construction of MRI RF Resonators

This project involved “F and 'H MR imaging with living rats in a single
experiment, so it was highly desirable to be able to change the resonant frequency
without retuning the resonator and disturbing the animal. The desired imaging and
spectroscopy resonator for our purposes would be the one that provides the highest
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possible signal-to-noise ratio (SNR), a good filling factor, a high Q factor, minimum
resistance losses, and a highly homogeneous B, field. To address these issues, I designed,
constructed, and tested two RF resonators, one being a double-tuned birdcage resonator
("H/”F) and another one a swithable slotted tube resonator.

Double-Tuned (IH-19F) Birdcage Resonator

A birdcage resonator consists of a set of N (2, 4, 8, 16, etc.) copper wires or sheets
arranged axially on the surface of a plastic cylinder and connected by high quality RF
capacitors at each end. In this configuration, the effective current density in the wires or
sheets varies in proportion to cos(¢), where ¢ is the azimuthal angle in cylindrical
coordinates [62], and there exist several possible modes of resonance, two of which have
the desired sinusoidal dependence of current on ¢ [63].

e Design Theory

Assuming perfectly conducting copper sheets, Figure 3 shows part of the
simplified circuit model of a birdcage resonator with 16 identical legs (copper sheets),
where L; is the self inductance of the ith copper sheet and C;is the capacitor connected
between the ith and the (i+1)th copper sheet. The self inductance of the short copper sheet
used to connect the capacitors at the ends is neglected. This is based on the fact that the
electric current in the resonator is longitudinal (along the copper sheet) and maximal at
the ends of the resonator.

Cisy Ciy G Cin Cin
11 11 11 l11 11
11 11 N 11 11
—> —> —» |
Il-l Il Il+
Ji2 Jia i Y2 Jiva
L L L L

T
T
f

|1
11
Ciy Cit G Cin Cina

Figure 3. Part of the equivalent circuit for the high-pass
double-tuned whole body birdcage resonator.

By applying Kirchhoff’s Law to the ith loop made up of ith and (i+1)th copper
sheets and ith capacitor C; and using the complex number notation for AC current and
impedance, we can get a linear system of equations:
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where M, is the mutual inductance between the ith and kth copper sheets, J; is the

current in the ith capacitor, I, is the current in the kth copper sheet, i is the imaginary

number, and the summation is carried out over all possible values of index k from O to N
- 1.

There are many ways of solving Equation (6), either analytically or numerically.
The solution will represent the various resonant modes of operation of the resonator. This
circuit model is a simplified one and does not take into account the complications that
exist in any real implementation, such as the self-inductance of the capacitors and the
inductance of the end rings. Nevertheless, the general form of the model is not altered by
these factors, and the qualitative description is still valid.

e Computer Simulation

Instead of solving the above-described complex equation, I simulated this circuit
model on a PC computer using P-Spice [64]. The desired resonant frequencies are 188.22
MHz for "°F and 200.16 MHz for 'H in a 4.7 T magnet. The inductance produced by the
end rings was neglected in this simulation circuit, since it only accounts for ~ 5% of the
total inductance. However, the circuit model is adequate for analyzing the essential
frequency characteristics of the resonator. The first step in simulating this problem was to
estimate the inductance of the copper sheets, which is given by [63].

L=2h[1In (2h/b)+ 1/2 ] (7)

where L is the inductance in nanoHenries, / is the height in centimeters, and b is the
width in centimeters. The copper sheets have a height of 16.5 cm and a width of 1.0 cm,
with a thickness of ~ 0.2 mm. The calculated value of the inductance based on Equation
(7) was 113 nH.

The second step was to substitute this value into the simulation circuit, apply an
AC current source to the circuit, vary the value of each of the 32 capacitors, and observe
the amplitudes of output voltages and resonant frequencies of the circuit until two sharp
resonant peaks (188.22 MHz for '°F and 200.16 MHz for 'H in a 4.7 T magnet) with the
maximum output voltages were achieved. The capacitance values for the end ring
capacitors obtained from the P-Spice simulation are tabulated in Table 1. Theoretically
speaking, all the capacitance values should be equal for a single-tuned resonator and
close to each other for a double-tuned resonator in order to generate a homogeneous B,
field. The circuit model presented here is a simplified one. Therefore, the capacitance
values obtained are not quite close to each other. The simulation study indicates that C10,
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C26, C11, C27, C12, and C28 are relatively insensitive to "’F resonant frequency; thus,
they could be connected to the 'H tuning circuit. I chose to place the tuning circuit in
parallel to C10 since this placement provides both the best tuning for 'H mode and also
stabilizes the “F mode.

Table 1 Capacitance values determined by P-Spice simulation (unit: pF)

12 C3  C4
CO C1 cu c12

4 159 185 120 1
C17 C18 C19 C20

C25 C26 C27 C28
415 185 120

C6 €T 8
115108 115
Cl4 C15 Ci16

12 9% %0
€2 3 cu

e

115 108 106
C30 C31 C32
68 B

Fine tuning of "F mode is achieved by connecting another capacitor CF19T in
parallel with C6. When “F tuning capacitor CF19T varies from O pF to 2000 pF, “F
resonant peak varies from (188.224 MH,, 14.727 V) to (184.871 MH_, 16.606 V) while
'H resonant peak changes only from (200.435 MH, 13.905 V) to (200.535 MHz, 13.602
V), which is a clear indication that each mode is independently tuned.

¢ Construction

A 16-leg high-pass double-tuned birdcage resonator was constructed according to
the design principles and the simulation results described above. The resonator is tunable
to both 188.2 MH; and 200.1 MH, for operation at “F and 'H frequencies on a 4.7 T
magnet. The cylindrical resonator body is 24.60 cm in length and has an outer diameter
of 24.00 cm. The outer structure of the resonator is made of a 5 mm thick plexiglass
cylinder, which provides mechanical support and structural stability for the resonator. A
0.2 mm thick copper sheet shield, connected to the ground, is mounted on the inner wall
of the outer plexiglass cylinder.

The critical part of the resonator is its inner structure. The inner structure, made
from a 5 mm thick plexiglass cylinder, has an outer diameter of 10.50 cm. On the inner
wall of the plexiglass cylinder are mounted directly 16 copper sheets (legs) with 1.5 mm
gaps and 32 capacitors. The size of the uniform region of B, magnetic field generated by
the resonator is directly related to the number of legs. The more numerous the legs, the
more uniform the B, magnetic field in the radial direction. I chose to build a birdcage
resonator with sixteen legs because the B, magnetic field generated should, in principle,
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be uniform enough for my applications and should produce strong NMR signal. The legs
are made from 0.1 mm thick copper foil. Each of the sixteen legs is 16.5 cm in length, 1.0
cm in width in the central part and 1.5 cm in width at the two ends (Figure 4).

1.5cm

Figure 4. Geometry of the legs (copper sheets).

The structure of the two end rings, i.e., the two circular bands at the ends of the
resonator, consisted of capacitors and was made identical to achieve electrical balance so
that the loading effects of the sample could be reduced. The resonator is double-tuned,
and is driven between equivalent points on the two rings halfway between two adjacent
parallel legs. The resonator was tuned by individually adjusting the CF19T and CHIT at
each of the resonant frequencies. The capacitively coupled tuning loops were placed
between legs 11 and 13 and legs 19 and 21. These loops were connected by standard
coaxial cables to the external tuning capacitors CF19T and CHIT that allowed each
resonant mode to be independently tuned. Special care was taken to ensure that there was
little tuning interaction between the two resonant frequencies as possible. The resonator
was matched capacitively through a variable capacitor C,cn.

¢ Bench Testing

The laboratory bench testing was carried out using a frequency analyzer
(HP8752A). To test the resonator’s performance, it was essential to have a set of standard
samples that simulated the type of in vivo samples used in the magnet. Two NMR
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phantoms were prepared for this purpose, which roughly had the same loading effects
(lowering Q and shifting resonant frequencies) as a male adult rat (~ 250 g). A 444 ml
phantom was made of an NMR compatible plastic bottle filled with a solution of saline
and trifluoroacetic acid (TFA, 5% v/v). A smaller 250 ml phantom, also made of an NMR
compatible plastic bottle, was filled with a solution of TFA (5% V/V) and CuSO, (1
g/liter) in distilled water. The major chemical components and their concentrations of the
phantoms are listed in Table 2.

Table 2. Major chemical components and their
concentrations of the saline phantoms.

NaCl 690

KCl 0.375
MgSO, 0.145
CaCl, 0.185

Na,HCO; 2.10
Glucose 1.80

The resonator’s resonant frequencies, unloaded and loaded Q values (quality
factors) and Q damping for each of the resonant modes as measured by the frequency
analyzer are presented in Table 3. Q,is the unloaded Q value measured with the resonator
in air (without the phantom), while Q, is the Q value measured when the saline phantom
was placed centrally inside the resonator. The Q damping is defined as the ratio of Q,/Q, .
The results are the means of three measurements. The loaded Q values are affected by the
dimensions of the phantom and its position in the resonator. In general, the loaded Q
values are dominated by the effect of the RF lossy sample. The Q values decrease as the
dimensions of the sample increases.

Table 3. Results of the laboratory bench testing of the birdcage
resonator. (Jy and O were measured with the 444 ml phantom.

Resonant
Frequency
Resonant Unloaded Loaded
MOde (MHZ) QO QL QO /QL
PR 188.22 14 9 1.56
'H 200.16 13 8 1.63
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It can be seen from Table 3 that the unloaded Q,, loaded Q,, and the Q damping Q,
/Q. for both resonant modes are similar. The relatively low Q values may be attributed to
the relatively long coaxial cables used to connect the tuning and match circuits. Another
possible reason could be the large size of the resonator because the longer the legs, the
larger their resistance, causing increased resistance losses and significantly lowering Q
values. One of the consequences of the low Q values on the NMR experiments would be
to increase the 90° pulse width for a given RF power level. This can be verified by the
following equation [64]:

VA
PW = K(KQ@-j )

where PW is the 90° pulse width, Vj is the resonator volume, Q is the quality factor of
the resonator, and the factor K is roughly a constant for all resonator designs. This
equation indicates that the 90° pulse width is linearly proportional to the square root of
resonator’ volume and inversely proportional to the square root of resonator’s Q value.

e Phantom Imaging

The double-tuned birdcage resonator’s NMR performance was tested on the
Omega CSI 4.7 T magnet, which operates at a proton frequency of 200.106 MH; and a
fluorine frequency of 188.273 MH,. The phantom was centered in the resonator and the
resonator was positioned in the isocenter of the magnet, with its axis being aligned with
the direction of the magnet’s static magnetic field B,. The 90° pulse widths were
determined from a 180° null of the whole sample. Typical 90° pulse widths were 700 us
for proton and 350 ps for fluorine. Shimming was accomplished on the water proton FID
of the saline solution in the phantom, with the resonator tuned to the double resonant
modes. The goal was to obtain a B, of homogeneous strength over the entire imaging
sample volume. Fourteen shim currents were adjusted on the proton FID throught the
system automated shimming utility until a symmetrical and long FID was obtained. The
proton spectral linewidth at half height after shimming was 34 Hz, which was sufficient
for imaging experiments.

To minimize acquisition time, a driven equilibrium spin-echo pulse sequence with
a fairly short echo time (TE = 8ms) was employed so that the 7, dephasing effects were
not significant. Proton transaxial (transverse) images were acquired as a 3-D data set with
a repetition time TR = 150 ms, echo time TE = 8 ms, and a 128 x 64 x 8 matrix size over
100 mm x 100 mm field of view (FOV), providing 0.78 mm x 1.56 mm x 25 mm digital
resolution. To improve signal-to-noise ratio (SNR), two acquisitions were averaged for
each image, thus, giving a total acquisition time of 2 min 33 sec. Proton coronal and
sagittal images were also acquired with the same imaging parameters.
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SNRs for the images with 2 averages were measured using a standard routine. The
values for signal were measured from a randomly chosen portion of images by a square
crop and the values for noise were taken from the four corners of the image background.
For each measurement, the square crop covered a reasonably large area of the image or
background, so that the data obtained were unbiased. The results of SNR measurements
for the proton images are listed in Table 4. The resonator’s B, field homogeneity was
estimated by visual inspection of the images.

Table 4. Results of SNR measurements for the proton images.

UEE: tr- Upper- | Lower- | Lower | Mean
SNR Right Left -Right SD

SNR SNR SNR SNR
Transaxial Section 88.0 974 93.0 93.3 929 3.9
Sagittal Section 279.8 272.7 278.7 294.0 281.3 9.0
Coronal Section 287.5 114.3 267.7 125.8 198.8 914

The magnet frequency was then set on resonance for the CF; group of TFA,
without retuning the resonator. The 90° pulse was 360 ms. The “°F spin-echo images were
acquired as transaxial, saggital and coronal projections. The images were fluorine
density-weighted with TR = 150 ms and TE = 8 ms and were averaged 16 times to
achieve an acceptable SNR. Thus, each image was acquired in 2 min 33 sec. The image
matrix size was 128 x 64 with a field of view of 100 x 100 mm for the tranaxial
projection and 200 x 200 mm for the sagittal and coronal projections, respectively.

Table 5. Results of SNR measurements for the '°F images.

Upper- | Upper- | Lower | Lower | Mean
Left Right -Left | -Right SD

SNR SNR SNR SNR SNR
Transaxial Section 32 33 34 3.5 33 0.1
Sagittal Section 5.9 6.7 7.3 6.9 6.7 0.6
Coronal Section 43 4.5 3.8 3.7 4.1 0.4

The image SNRs were measured in the same way as the proton images and the
results are presented in Table 5. The spin-lattice relaxation time T1 of the CF; group was
estimated by applying a non-spatially selective inversion recovery (IR) RF pulse. Seven
different IR delays () increasing in the range between 800 ms to 20 sec were used (Table
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6). The T1 value was calculated based on the Levenberg-Marquardt three-parameter
fitting algorithm [65] on peak intensity values (Table 6).

Table 6. Results of T1 measurement for TFA solution and
delay list ( 7) of the inversion recovery pulse sequence.

Function: y = A*(1-(W+1)*exp(-t/T1)
A =1.92¢+06 126484
W =0.0261+0.042
T1=23+0.19

Standard Error = 41129.6
Y Standard Deviation = 31091.1

T Intensity Calculated Difference SD
20.000 1923050.524 | 1923610.434 559.911 0.018
16.000 1932423.278 | 1921888.260 | -10535.018 -0.339
8.000 1857983.273 | 1859578.430 1595.157 0.051
4.000 1534324.010 | 1567419.792 | 33095.782 1.064
2.000 1135584.863 | 1085041.321 | -50543.542 -1.626
1.000 587685.972 637132.244 | 49446.272 1.590
0.800 545796.816 522178.645 | -23618.170 -0.760
Slotted Tube Resonator

The slotted-tube resonator was originally developed to efficiently provide 'H
decoupling to samples in high-field magnets [66]. The common slotted tube resonator
consists of a conducting tube with two slots cut symmetrically along both sides of the
tube. The surface current distribution produced by the slotted tube resonator peaks near
the edges of the conducting tube adjacent to the slots. The conducting tube of the slotted
tube resonator is opaque to RF field and diverts all the B, field flux through the two slots.
Thus, the aperture angle of the slots must be optimized in order for the resonator to
generate a homogeneous field. The fundamental feature of the slotted tube resonator is
that the conducting component has a low inductance, and hence, large volume resonators
can be constructed. At the RF frequencies encountered in clinical MRI systems, this
means that the slotted tube resonators can be designed to contain samples of size
comparable to that of the human head. The major applications of the slotted tube
resonator are for imaging and for localized spectroscopy techniques demanding a uniform
flip angle over the entire sample.

¢ Design Theory
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The circuit model is illustrated in Figure 5. L and R, are sample inductance and
resistance, respectively. This circuit model can be further simplified in terms of
equivalent circuit (Figure 6) with

_ i(L,Cy0* -1)
o(Cy — Cy(L,Cy0° —1))

1

2

©)

where o is the resonant frequency of the circuit and i is the imaginary number. Thus, the
tuning impedance Z; is given by the following expression:

ZT:zpuz;:-C'—’wﬁLZ'2
1

_.G (L,C,0° — 1)~ 0(C; — C,(L,C0° —1))
wC,(C;5 — C,(L,C,C* 1))

(10)

R Ls
11 11
11 J_ 1T
C] C3 C2
— Cy R;
[o)eo)

Figure 5. The circuit model of the switchable slotted tube resonator.

R, is the sample resistance and L the sample inductance. Rj is the
equivalent resistance of the tuning loop.

When the resonator operates at the higher frequency @ = @,, the tuning impedance
Zr is a function of the total capacitance of the tuning circuit and is given by the
expression

_ . +C,)

= . 11
! w,C,C, (4

where
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G (L,Cyop )= Cy
L,C,o} -1

2

(12)

Thus, the tuning is achieved by adjusting all the capacitors. When the resonator
operates at the lower frequency @ = @, , the series L; C; circuit has a zero impedance and
the total tuning impedance is reduced to

i
Z,=~- (13)
Co,

Thus, tuning is obtained by adjusting C, only.

Z
| |
| J
Z,
CM :: Zl Z3
(ONO)

Figure 6. Equivalent circuit model of the slotted tube resonator.

e Construction

A switchable slotted tube resonator was constructed based on the above design
theory using two copper sheets, which cover an 80° arc [67] for optimal B, field
homogeneity. The cylindrical resonator body is 23.5 cm long with outer diameter 25.4
cm. The outer structure of the resonator is made of a Smm thick plexiglass cylinder. The
inner structure is made of a 3 mm thick plexiglass cylinder, having a small outer diameter
of 7.6 cm to increase the filling factor and reduce the pulse width. The two ends of the
resonator are covered by two 6 mm thick plexiglass boards stabilized by 6 nonmagnetic
screws on each end, respectively. The two boards, along with the outer structure, provide
very stable mechanical support for the resonator. Three capacitors of 20.0 pF were
positioned symmetrically between the guard rings and the copper sheets to obtain
uniform surface current distribution.

The resonator has a usable length of 15.5 cm, sufficient for in vivo adult rat NMR
experiments. The two guard rings and two copper sheets are made from 0.3 mm thick
copper foil. The width of each of the guard rings is 1.0 cm and there is a spacing of
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approximately 0.5 cm between the guard ring and the vertical copper sheets, which are
joined with capacitors. The copper sheets have a length of 12.5 cm and their width covers
about 80°. The resonator is tunable to “F (188.22 MHz) and 'H (200.16 MHz), and is
driven between one copper sheet and one guard ring. The tuning of the resonator was
achieved by three variable capacitors C;, C,, and C;, which are V2145H family high O
RF capacitors (Voltronics Corporation, Denville, New Jersey). C, and C, (NMTM38GE)
have a capacitance range of 1.0 ~ 38.0 pF, C; (NMTM120CE) has a capacitance range of
2.0 ~ 120.0 pF, and Cy (NMQM22GE) has a capacitance range of 1.0 ~ 22.0 pF. “F
resonance was obtained by adjusting C, and 'H resonance was achieved by adjusting C,,
C,, and C;, respectively. The resonator was matched capacitively through Cy.

e Bench Testing

The resonator was tuned and matched on the laboratory bench with the help of a
frequency analyzer (HP8752A). The resonant frequencies, unloaded Q, and loaded Q.
values and Q damping for each of the resonant modes are presented in Table 7. Q, is the
unloaded Q value measured with the resonator in air, while O, is the Q value measured
when the phantom was placed centrally inside the resonator. The Q damping is defined as
the ratio of Q, /Q. . The results are the means of three measurements.

Table 7. Results of the laboratory bench testing of the slotted tube
resonator. Qg and Q; were measured with the 250 ml phantom. '

Resonant
Resonant | Frequency Unloaded Loaded Qo/Qy,
Mode (MHz) Qo Q.
YR 188.22 97.5 54.2 1.80
'H 200.16 63.8 53.6 1.19

As can be seen from Table 7, the unloaded Q, for "°F is much higher than that for
'H, and the loaded Q, for both resonant frequencies is essentially same. The Q damping,
0, /0., for “Fis 1.5 times higher than that for 'H. This means that the RF lossy phantom
has a much stronger effect on the "F resonance than on the 'H resonance. The high Q
values could be the result of several factors, including a relatively small usable volume,
minimized length of connecting wires, and a structure without a copper shield. The high
Q values guarantee that the resonator has a higher excitation efficiency, i.e., the 90° pulse
width for a given RF power level is short or the magnitude of the B, field generated with
a given RF power level is high. The results of the laboratory bench testing also indicated
that the resonator was easy to tune and match and both resonant frequencies were stable
and immune to external electromagnetic interference.
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¢ Phantom Imaging

Once again, the NMR performance of the slotted tube resonator was tested on the
Omega CSI 4.7 T magnet. The in vitro resonator sensitivity for proton and fluorine was
determined using the 250 ml phantom, which was filled with a solution of TFA (5%v/v)
and CuSO, (1g/liter) in distilled water. Measurements of 90° pulse width were performed
from a 180° null of the whole sample. Typical 90° pulse widths were around 170 ps for
proton and 110 us for fluorine. Shimming was performed on the water proton FID of the
saline solution with resonator tuned to the "H resonance, to a typical spectral linewidth of
32 Hz. The driven equilibrium spin-echo pulse sequence was used for the imaging
experiment. Imaging parameters were: TR= 150ms, TE = 8ms, and matrix size =128 x 64
x 8. The field of view (FOV) was 80 mm x 80 mm for transaxial images, 100 mm x 100
mm for coronal, and 200 mm x 200 mm for sagittal images. The images were acquired
with one excitation, thus giving a total acquisition time of 1.16 min. The image signal-to-
noise ratios (SNRs) were measured as described before. The results of SNR
measurements for the proton images are listed in Table 8.

Table 8. Results of SNR measurements for the proton images.

Upper- | Upper- | Lower- | Lower- | Mean
Left Right Left Right SD
SNR SNR SNR SNR SNR
Transaxial Section | 389.3 199.5 897.8 666.3 538.2 | 177.1
Sagittal Section 494.2 517.5 478.8 450.5 4853 | 28.1
Coronal Section 190.3 30.2 164.6 22.8 102.0 87.9

Following the 'H imaging experiment, the resonator was retuned in place to
188.27 MHz and corresponding "°F imaging experiment was carried out. The 90° pulse
was 108 ps and the spectral linewidth after shimming was 46 Hz. The spin-echo (SE)
images were acquired with the imaging parameters: TR = 150 ms, TE = 8 ms, FOV =100
x 100 mm, NA = 16, and matrix size = 64 x 32. The image SNR measurements were
performed in the same way as the proton images and the results are given in Table 9.

Table 9. Results of SNR measurements for the fluorine images.

Upper- | Upper- | Lower | Lower | Mean
Left Right -Left | -Right SD

SNR SNR SNR SNR SNR
Transaxial Section 3.1 2.9 2.6 3.0 2.9 0.2
Sagittal Section 4.2 5.1 4.0 4.2 44 0.5
Coronal Section 4.2 4.3 4.7 4.6 4.5 0.2
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4) Assessment of Hexafluorobenzene (HFB) Distribution
Animal Preparation

Once the tumors reached ~1 cm diameter (~ 0.5 cm’), corresponding to a typical
lower limit of tumor detected in patients, the rats were anesthetized with 200 pl ketamine
hydrochloride i.p. (100 mg/ml; Aveco, Fort Dodge, IA) and were maintained under
general gaseous anesthesia using a small animal anesthesia unit with air (1.0 dm*/min)
and 1.0% isoflurane (Ohmeda PPD Inc., Fort Dodge, IA). Tumor hair was cut with a pair
of surgical scissors for reduction of the NIR light scattering and ease of HFB injection.
The rats were placed on their sides in a specially designed NMR bed. The body
temperature was maintained at about 37°C by a warm water blanket with a feedback
system (K-MOD 100, Baxter Healthcare Co., Deerfield, IL). A fiber optic pulse oximeter
(Nonin Medical, Inc., Plymouth, MN) was placed on the hind foot to monitor arterial
hemoglobin saturation (s,0,) and heart rate (HR), and a thermocouple (Cole-Parmer
Instrument Co., Vernon Hills, IL) was inserted rectally to monitor core temperature. 40 ul
HFB (99.9%, Aldrich Chemical Co., St. Louis, MO) was injected directly into selected
areas of tumor central and peripheral regions at the same plane using a Hamilton syringe
with a 32 G needle. The needle was inserted manually to penetrate across the whole
tumor and withdrawn ~ 1 mm to reduce the tissue pressure and 2~5 ul HFB injected. The
needle was repeatedly withdrawn at a step size 1~2 mm and further HFB injected. A total
of 2 ~ 3 tracks of HFB was injected in the form of a fan.

90° 180° 180° 90°

...... y PD ‘ |—| |__]
RF Pulses I—I |__I

Slice Select /_ —\ /— _\ /_ _\
Gradient \ /
Phase / \ / \
Encoding Gradient
Frequency /_ _\
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¢ TE/2 ........... P \&N
P I — i S — i
< TR >

Figure 7. Pulse diagram of the driven equilibrium spin-echo pulse sequence
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"H Magnetic Resonance Imaging

For each tumor, high resolution 3-D 'H MR imaging was first performed for
anatomical reference. A frequency switchable ('H/"’F) RF coil was placed around the
tumor with the tumor centered in the coil. The rat was then be placed on its side in the
bed and positioned in the isocenter of the magnet, with the coil axis being aligned
perpendicular to the direction of the magnet's static magnetic field B,. The 90° pulse
width was determined from a 180° null of the whole tumor. Shimming was performed on
the tumor tissue water proton FID to a typical linewidth of 70 Hz. This was accomplished
by adjusting fourteen shim currents on the FID through the system automated shimming
utility until a symmetrical and long FID was obtained. The goal was to obtain a By of
homogeneous strength over the entire tumor.

Table 10. 'H imaging parameters

Repetition Time (TR) 1500 ms

Echo Time (TE) 80 ms

Matrix Size 128x64x8

Field of View (FOYV) 20x20x20 mm
Digital Resolution 156 wm x 312 pm x 2.5 mm
Number of Acquisitions (NA) 2

Total Acquisition Time 25 min 36 sec

To minimize acquisition time, the driven-equilibrium spin-echo pulse sequence
with a short echo time (TE = 80 ms) (Figure 7) was used so that the T, dephasing effects
was not significant. 'H images were acquired as a 3-D date set. Imaging parameters used
are shown in Table 10. These T2-weighted images showed the tumor anatomy and its
position relative to the back of the rat. Following the 'H imaging, the corresponding °F
imaging was then performed to show the distribution of HFB in the tumor.

F MRI and Assessment of HFB Distribution

The magnet frequency was then set on resonance for the CF group of HFB and the
coil was retuned in place to 188.273 MHz. Corresponding fluorine density-weighted
images was acquired as a 3-D data set using the driven-equilibrium spin-echo pulse
sequence. The imaging parameters are shown in Table 11. Gradients were compensated
to account for the difference in gyromagnetic ratios. Data were processed using sine-bell
apodization to improve SNR and zero-filling in the first phase encoding direction for the
execution of fast Fourier transform (FFT). Images were transferred to a PC and further
processed off line using a SCION imaging software.
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Table 11. "°F imaging parameters

Repetition Time (TR) 150 ms

Echo Time (TE) 8 ms

Matrix Size 128x64x8

Field of View (FOYV) 20x20x20 mm
Digital Resolution 156 ym x 312 pm x 2.5 mm
Number of Acquisitions (NA) 8

Total Acquisition Time 10 min 15 sec

Determination of HFB Redistribution and Clearance

HFB clears from tissue relatively rapidly as compared to traditional PFCs, which
exhibit excessive tissue retention. To verify that HFB clearance was not so rapid as to
interfere with relaxometry, an NMR shell script program was written to compute the
elimination rate constant of HFB using '°’F MR EPI images with the longest delay time
(90 sec). The program was based on a plasma clearance model commonly used in
pharmacokinetic analysis. Plasma clearance is the term used to represent the sum of all
the drug elimination processes of the body. These include two primary processes, i.e.,
metabolism and the function of the kidneys, and other secondary processes such as
sweating, bile production, respiration, and feces generation. Each of these elimination
processes has its own characteristic elimination constant. The plasma clearance model,
taking into account all the elimination processes, describes the change in drug
concentration with time. Mathematically, it is written as

C(t)=C0)exp(-4-t) or (14)

C(1)=C(0) exp(—%) , (15)

where C(0) represents the initial drug concentration, C(f) the drug concentration at time ¢,
A the total elimination rate constant (1/min), and T the total elimination time constant
(min). The biological half-life of a drug is defined as the time needed for the drug
concentration in the plasma to be reduced by half. By using the plasma clearance model,
this time can be shown to be
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Since, for a given set of imaging parameters, the NMR signal intensity of HFB
was linearly proportional to its concentration in the tumor, analysis of the changes in
signal intensity of '°’F MR EPI images with time gave the values for the elimination rate
constant or the elimination time constant of HFB. This was accomplished by rewriting
Equation (15) as a discrete form

n-At

Cl;(nAn) = C} ; (0)exp(-——), (17

i,j

where n was the image index in the time series, Ar was the time interval between two
successive images, C;' j(nAr) was the signal intensity of voxel (i, j) in the nth image at

time nAt, C ll ;7(0) was the signal intensity of voxel (i, j) in the first image (at time zero),
and T, ; was the elimination time constant of voxel (i, j). T; ; was obtained by fitting the

signal intensity of '’F MR EPI images to Equation (17). In practice, however, Equation
(17) was transformed into a logarithmic form so that the curve fit of the time series data
yielded a straight line and the slope gave the value of T; ;.

In(C}'; (nAt)) =In(C} ;(0)) - ”];.A’ , (18)
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Figure 8. HFB clearance curve of a typical voxel
from a 13762NF breast tumor. T = 160 min.
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Figure 8 shows the HFB clearance curve of a representative voxel from a
13762NF breast tumor during the 3 hours period of a typical experiment. For many
regions, the HFB signal intensity was found to decay exponentially with a typical
biological half-life ranging from T,,, = 700 to 1200 min. Since our '’F MR EPI oximetry
experiments lasted about three hours, this means the global and regional clearance and
redistribution of HFB within the tumors did not interfere with '’F MR EPI oximetry. By
analyzing the clearance of individual voxels, it was found that as a whole ®F signal
intensity decreased with time, some voxels, however, showed increases in signal intensity
as shown in Figure 9. This could be due to the inflow of HFB from the surrounding
voxels. Since HEB concentration only affects the SNR of '°F signal intensity and does
not have a direct impact on relaxation rate R1, this local redistribution of HFB will not
compromise the quality of our tumor oxygenation studies.
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Figure 9. HFB clearance curve of a voxel from a 13762NF breast
tumor that showed an increase in signal intensity with time

5) Software Development
A Comguter Program to Assess the Goodness of T1 Relaxation Curve Fit

F EPI was used as a basic building block for '°’F MR EPI oximetry. To measure
spin-lattice relaxation time (T1) and hence pO, maps, a pulse burst saturating (PBSR)
pulse train was applied immediately prior to the EPI sequence. This led to some loss of
dynamic range in the results, but substantially shortened the time required for a Tl
experiment and thus, improved the temporal resolution. Fourteen data sets were acquired
with delay time in a geometric progression ranging from 200 ms to 90 sec. Since the
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longest and shortest delays were alternated during data acquisitions to reduce systematic
bias, it was necessary to restore the images to the correct order, i.e., from the shortest to
the longest delay (200 ms ------ — 90 sec) prior to the curve fit

In order to obtain the spatial distribution (map) of pO,in breast tumors, we needed
to solve for the R1 map of injected HFB first. This was done by fitting the signal intensity
in each of the voxels of the fourteen images to a three-parameter exponential relaxation
model:

Yo (s J) = AG, j)-[1- 1+ W) -exp(=R1(G, j) - 7,)]
(n=1,2,+--14) (19)

by the Levenberg-Marquardt least-squares algorithm, where y, (i, j) was the measured
signal intensity corresponding to delay time 7, (the nth image) of voxel (i,j), A(,j)
was the fully relaxed signal intensity amplitude of voxel (i, j), W was a dimensionless
scaling factor allowing for imperfect signal conversion, and R1 (i, j) was the relaxation

rate of voxel (i, ) in unit of sec ™.
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Figure 10. T1 relaxation curves of a well-oxygenated
voxel (left) and a hypoxic voxel (right).

Good T1 relaxation curve fit was crucial in "F PBSR-EPI oximetry. It was
relatively easy to obtain excellent curve fits, provided SNR > 10 for most intense signals.
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To assess the goodness of curve fit, [ wrote a Unix based NMR-shell script program to
display the T1 relaxation curve of individual voxels of PBSR-EPI images. The graphical
representation of the data, relaxation model, and goodness of fit provided a quick and
convenient way of assessing the quality of the data. Based on the rms error of fit, the
goodness of curve fit could be classified into three categories: good, intermediate, and
poor.

For typical good relaxation data, the global least squares minimization was
achieved with a very small rms error. These data, related to strong "°F signal, represented
those voxels within the region of interest (ROI). For typical intermediate data, the global
least squares minimization was achieved with a relatively large rms error due to a single
bad data point, which led to a big T1 error. To improve the relaxation curve fit, a
threshold was applied to the raw data, which eliminated those data points > 3o from the
curve. The remaining data, thus, provided a better curve fit. In applying the threshold,
only one data point was eliminated from the raw data per curve. These relaxation data
represented those voxels within the ROI, but had relatively strong "°F signals. In general,
they gave good T1 values. For poor relaxation data, the global least squares minimization
either failed or converged slowly with a very large rms error. These relaxation data,
associated with those voxels outside the ROI, represented either very week '°F signals or
background noise. They gave unreliable T1 values. Figure 10 shows T1 relaxation curves
of a well-oxygenated voxel (left) and a hypoxic voxel (right).

A Computer Program to Compute HFB Clearance Rate
A C-program was written to compute the clearance rate 7; ; of individual voxels

by fitting the signal intensity of PBSR-EPI images to Equation (18). A clearance rate
map was then produced by displaying 7, ; as a color-coded image. This program is

capable of computing the global and regional clearance rates of HFB.

A Computer Program to Process pO, Data
A windows-based Visual Basic program was written to process pO, data. The
program can display and process images in the following formats:

BMP  Bitmap

GIP Graphics Interchange Format
JPG  Joint Photographic Experts Group
DIB Device Independent Bitmap
WMF Windows MetaFile

EMF  Enhanced MetaFile

ICO  Icons

More functions are being added to the program.
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A Computer Program to Process NIRS Data

NIRS signal and biomedical signals in general are commonly contaminated by a
number of sources. To reduce the contamination (noise), I employed digital signal
processing techniques: averaging and filtering. Averaging was to improve the SNR of the
signal and filtering was to remove the unwanted frequency components contained in the
signal. Digital filters are mathematical algorithms implemented in hardware and/or
software that operate on a digital signal to produce a desired digital output signal. I wrote
a LabView™ program to implement these techniques. LabView™ is a graphical
programming development environment based on the G-programming language for data
acquisition and control, data analysis, and data presentation. It is more powerful and, at
the same time, easier to learn and implement than the traditional text-based programming
languages, such as C.

e Averaging
The first step in processing the NIRS data was averaging. Four adjacent data
points were averaged to produce a new data point according to:

_ x(n)+x(n+D)+x(n+2)+x(n+3)

y(n) 2

(20)

where x(n) represented the nth input data point and y(n) the nth output data point. Since
the NIRS data were acquired at relatively high sampling frequency, this averaging
operation improved the SNR of the signal but not at the expense of losing detailed
information in the data.

e Digital Filtering

Following averaging, the data were fed into a high order Butterworth low-pass
filter with a cut-off frequency of 1.0 Hz. Butterworth filters are one of the infinite
impulse response (IIR) filters. The main characteristics of the IIR filters is that the output
depends not only on the current and past input data, but also on the past output data as
shown in the following recursive equation [68]:

N M
y(n)=Y ax(n—k)=> by(n—k) 1)
k=0 k=1

where g, are called the forward coefficients, b, the reverse coefficients, x(n) and y(n)

are the input and output to the filter, and N and M are the number of forward and reverse
coefficients, respectively. Given the filter specifications (Table 12), a,, b,, N and M

were computed using either a standard procedure.
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The rationale for me to use a high order low-pass Butterworth filter was two-fold.
Firstly, a Butterworth filter requires fewer coefficients. Thus, it executes faster and does
not require extra memory. Secondly, a Butterworth filter has no ripple in either the
passband or the stopband, and has a smooth, monotonically decreasing frequency
response in the transition band.

Table 12. Specifications for the low-pass Butterworth filter

Parameters Specifications
Passband 0-1.0Hz
Stopband >2.0Hz

Stoppband attenuation >20dB
Filter Order 15

6) Investigation of Tumor Oyxgenation during Untreated Growth
Investigation of Tumor Tissue pO,
F MR EPI Oximetry

EPI is a high-speed imaging technique first developed by Mansfield [69]. EPI can
be divided into single-shot EPI and multiple-shot EPI. For this project, I used a variation
of the original single-shot EPI, pulse burst saturation recovery echo-planar imaging
(PBSR-EPI). It has been shown to be very effective and efficient in oxygen dynamic
studies [70-72]. A typical PBSR-EPI pulse sequence diagram is shown in Figure 11.

X

...... > PBSR 4 7 W MBEST

wevases  [[[[[] oy ih
i W

G, (Slice) / \

Gy (Read) : [\ l_\ [\ l_\ /_\
G, (Phase) a (\—q \_{\ M M H\ o)

N

MR Signal UVUUUUU

Figure 11. A typical PBSR-EPI pulse sequence diagram.
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The PBSR-EPI consists of three basic building blocks: a preparation pulse
sequence (PBSR), a variable delay time 7, and a single shot spin-echo EPI with “blipped”
phase encoding gradient. The PBSR is a pulse train of 20 non-spatially selective 90°
pulses with 50 ms spacing to saturate F nuclei. Fourteen different T values, ranging
from 200 ms to 90 s, are used to modulate image intensities so that good T1 relaxation
curves can be obtained. The function of the brief “blipped” phase encoding gradient
between each echo is to increment phase in the k, direction to form a blipped echo image.
Fourteen EPI images are acquired with 32x32 in-plane resolution. PBSR-EPI may result
in some loss of dynamic range in signal intensity, but substantially shortens the data
acquisition time for a T1 experiment. By incorporating a PBSR preparation pulse
sequence into EPI, each R1 (1/T1) map can be produced with a temporal resolution of ~ 6
min, facilitating measurements of dynamic changes in pO, accompanying therapeutic
interventions and allowing the fate of individual voxels to be traced.
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Figure 12. A schematic representation of the ARDVARC protocol.

To enhance SNR of the '°F EPI images, and thus, improve the precision of Rl
measurements, I used a novel data acquisition protocol developed in our lab: ARDVARC
(Alternated R1 Delays with Variable Acquisitions to Reduce Clearance effects) (Figure
12). The ARDVARC has two new features in comparison with the traditional approach.
Firstly, the number of acquisitions (NA) varies with tvalues. This innovation
significantly improves the SNR for short delays and provides a better curve fit by
additional acquisitions. Data are amplitude-corrected, i.e., divided by the number of
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acquisitions to maintain correct signal amplitude. Secondly, longest and shortest delays
are alternated to reduce bias resulting from HFB clearance or fluctuations in R1 (Table
13). In order to determine R1, and hence pO,, signal intensity in each voxel was fitted to
a three-parameter exponential relaxation model:

Y., )= A0, ))-I-A+W(, j))-exp(=RI(, j)-7,)]
n=1,2,..... ,14) (22)
G, j=1,2,... ... 32)

by the Levenberg-Marquardt least-squares algorithm, where y,(i, j) was the measured
signal intensity of voxel (i, j) at delay time t, (the nth image), A(i, j) was the fully relaxed
signal intensity of voxel (i, j), W(i, j) was a dimensionless scaling factor used for
impf:rfect signal conversion, and R1(i, j) is the relaxation rate of voxel (i, j) in unit of
sec .

Table 13. ARDVARC parameters

Order of Order in Delay Time Number of
Acquisition Curve Fit (n) 1 (sec) Acquisitions
(NA)
1 14 90 ]
2 1 0.2 12
3 13 60 1
4 2 0.4 12
5 12 40 1
6 3 0.6 12
7 11 20 )
8 4 0.8 12
9 10 16 2
10 5 1 8
12 6 1.5 4

Regional tumor pO, maps were produced by applying the calibration curve to R1
maps. It was found that at 37C° and 4.7 T:

(23)

. [RIG, j)—0.0835
0,G, j)= t
PO, (i.)) [ 0.001876 }(OH)

using PBSR-EPI for HFB.
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¢ Respiratory Challenge Paradigms

One of the important issues in radiotherapy is how to manipulate oxygenation in
tumors and monitor its dynamic response to various therapeutic interventions
noninvasively. Many protocols and techniques have been proposed. A simple
intervention is respiratory challenge, i.e., attempting to elevate tumor oxygenation with
inhaled gas. For this project, two respiratory challenge paradigms were used to
manipulate oxygenation in tumors. 'F MR EPI and NIRS were used to monitor oxygen
dynamic response and assess its temporal characteristics and changes in the extent of
hypoxia.

(D Air — Carbogen — Air — Carbogen — Air
21% Oy)  (95% O+ 5% O,)

(2) Air — Carbogen — Air —> 100%0, — Air

Most experiments were performed using paradigm (1). However, in some cases,
repeated carbogen interventions were performed sequentially to evaluate the
reproducibility of the time course profiles of the tumors.

e Investigation of Tumor Tissue Oxygen Dynamics by ’F MR EPI

Following 'H and "°F MRI to determine the tumor anatomy and the distribution of
HFB, a series of ’F MR EPI oximetry experiments were performed according to the
respiratory challenge paradigms described above. During the imaging sessions, initially,
rats inhaled medical grade compressed air (21% O,) and three measurements were taken
for the first phase. Subsequently, five measurements were taken for each gas switch,
giving a total of twenty-three measurements. The complete five-phase imaging session
took about 2.5 hours. Figure 13 shows four contiguous slices of conventional spin echo
(SE) 'H MR images (upper panel) of breast tumor No. 1 (2.4 cm®). Corresponding °F
MR images (lower panel) reveal the discrete distribution of HFB in the tumor. 40 pl HFB
was directly injected into the tumor and about ~ 7% of the total tumor volume was
labeled in the central regions. Figure 14 shows representative pO, maps of a selected
subregion obtained from breast tumor No.1 with respect to respiratory challenge. The pO,
maps were acquired using '’F EPI with a temporal resolution of 6.5 min. Gray
background represents all possible voxels that fitted to the three-parameter exponential
relaxation model. Because of random electronic noise, not all fitted voxels provided
meaningful data. To select only those reliable and consistent voxels, thresholds were
~applied to the raw pO, maps. As seen in the pO, maps, not all voxels met the thresholds.
The colored voxels represent valid pO, data. In this particular subregion, 52 voxels
provided good pO, data. Figure 15 shows the time course profile of pO, in response to
respiratory challenge for tumor No.1. Each data point represents mean + SD of all voxels
for one measurement or one pO, map.
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Figure 13 Four contiguous 'H and '°F MR coronal images from respective 3D
data sets of breast tumor No.1 (2.4 cm®). Slice thickness = 4 mm, bar = 1 cm.

Figure 14 Representative pO, maps (expanded) obtained from breast tumor
No.1 (2.4 cm’) using "F EPL (A) Rat breathing 33% O,, (B) 100% O, and
(C) carbogen (95% O, + 5% COy).

Three baseline measurements (33% O,) gave mean pO, of 19.4 + 2.6, 19.6 £+ 2.8,
and 15.6 + 2.1 (torr), respectively, indicating that tumor baseline pO, was consistent and
stable. Breathing 100% oxygen induced rapid and significant changes in pO, compared
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with baseline values. Following the onset of pure oxygen breathing, tumor oxygen
tension increased to 68.8 + 11.8, and 72 + 16.1 (torr) for the fourth and fifth
measurements, respectively (p < 0.01). Oxygen tension continued to increase further for
the last three measurements, yielding 100.2 £ 22.1, 132.1 £ 28.6, and 167.2 + 40.3 (torr)
(p < 0.008 and p < 0.004). As seen in the plot, pO, did not reach the steady state. After
the gas was switched back to baseline 33% O,, pO, dropped quickly and significantly
initially (p < 0.008) and then slowly afterwards for the next four measurements.
However, the final pO, remained elevated above the initial baseline value, a phenomenon
also observed in some other breast tumors. This was consistent with my tumor vascular
oxygenation study using NIRS, in which many tumors showed an elevated A[HbO,]
following a gas switch from carbogen to air. Altering inhaled gas to carbogen produced a
similar time course response pattern in pQO, in terms of the rate of response and
magnitude. The pO, values for the last three measurements during carbogen breathing
were 136.4 + 35.3, 142.2 £ 3.9, and 166.2 + 50.6 (torr), respectively (p < 0.008 and p <
0.004). No statistically significant difference was observed between pure oxygen
breathing and carbogen breathing in this case (Figure 15). Upon return to baseline 33%
O, breathing for the last phase of the experiment, pO, returned to the baseline level, as
expected. Figure 16 shows the mean pO, for each gas switch for breast tumor No. 1.
Error bars in the figure represent standard error (SE). The mean pO, was 108.1 + 41.8
(torr) when the rat was breathing pure oxygen (p < 0.0036). Following a gas switch to
33% O,, pO, decreased to 75 £ 8.5 (torr) (p < 0.049). pO, increased to 110.9 £ 24 (torr)
during carbogen breathing (p < 0.0029).
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Figure 15 Time course profile of pO, in response to respiratory challenge for breast

tumor No.1 (2.4 cm®). Each data point representing mean + SD. Statistical significance
with respect to baseline: (*** p < 0.004, ** p <0.008, * p < 0.01).
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Figure 16 Mean pO, for each gas switch obtained from
breast tumor No.1 (2.4 cm’). Error bars representing SE.

The rate of pO, response to gas intervention is an important dynamic parameter
because it was related to the status of tumor perfusion. To estimate this parameter
quantitatively, the data corresponding to pure oxygen breathing was fitted a mono-
exponential model: pO, = A - exp[(t - #,) /7], where 7 is the time constant of the response.
Since there were only six data points available for the curve fit in each case, sometimes,
the data may not provide a good fit. For this particular example, the mono-exponential
curve fit gave 1= 18 = 15 (min). As a comparison, typical fast time constant for tumor
vascular hemoglobin oxygen saturation A[HbO;] ranged from 10 to 80 sec and typical
slow time constant ranged from 5 to 12 min. This strongly indicated that the tumor tissue
pO, had a much slower response than tumor vascular A{HbO,].

Figure 17 shows three representative pO, histograms obtained by FREDOM of
HFB for breast tumor No.l with respect to inhaled gas. The histograms show the
heterogeneity of pO, values within the tumor as well as the mean pO, values. The data
are presented as relative frequency, defined as the number of voxels falling within a
particular pO, range divided by the total number of voxels. As is demonstrated in Figure
17 (A), pO, distribution concentrated on the low pO, range with a mean pO, of 20 £+ 2
(torr) and a median pO, of 10 (torr) while the rat was breathing baseline 33% O,. 100%
O, breathing caused a significant shift of the histogram towards the higher pO, value (p <
0.001), yielding a mean pO, of 80 £ § (torr) and a median pO, of 68.3 (torr). Carbogen
breathing also caused a significant shift of the histogram towards the higher pO, value (p
< 0.0008), giving a mean pO, of 121 + 14 (torr) and a median pO, of 116 (torr).
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Presenting pO, distribution by histograms is similar to the data presentation used by
clinical Eppendorf Histograph. However, 'F EPI technique is non-invasive and
repeatable. The data presented in Figure 17 were further illustrated in Figure 18, which
shows the cumulative fractions as function of inhaled gas. If, for simplicity, the threshold
for tumor hypoxia was 10 (torr), then there was a significant drop in tumor hypoxic
fraction, from 0.27 to 0.082 when compared with 100% O, breathing (p < 0.03) (Figure
18 (B)). Carbogen breathing reduced the hypoxic fraction to 0.077 (p < 0.03), thus more
hypoxic regions became better oxygenated (Figure 18 (C)).

The "F EPI oximetry has the distinct advantage over other techniques that
subsequent measurements are completely non-invasive. The greatest strength of this
method is the ability to trace the fate of individual voxels (regions) with respect to
therapeutic interventions. Figure 19 shows dynamic changes in pO, of six specific voxels
of breast tumor No. 2 (3.5 cm®) with respect to different inhaled gases. It is noteworthy
that voxels with high baseline pO, had significantly different response characteristics
from those with initially low pO,, which showed small changes. Figure 20 shows
dynamic changes in pO, of 44 specific voxels in tumor No. 3 in response to carbogen
breathing. Once again, the local response both in terms of rate and magnitude depended
strongly on initial baseline pO,. A strong linear correlation was observed in most of the
13762NF breast tumors between initial mean baseline pO, and the maximum pQO, for a
given group of voxels with respect to carbogen or oxygen breathing. An ROI of 83 voxels
was selected from breast tumor No. 1 (Figure 21). In this example, the linear coefficient
R was found to be 0.95. This finding is of potential clinical significance and could help
predict tumor response to elevated oxygen breathing based on the initial baseline value.
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Figure 17 Representative pO, histograms obtained by FREDOM of HFB for breast
tumor No. 1 with respect to inhaled gas. (A) 33% O, (B) 100% O, (C) carbogen.
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Figure 18 Cumulative fractions as function of inhaled gas

for tumor No.1. (A) 33% O, (B) 100% O,, and (C) carbogen.

43




pO2 (Tor)

pO2 (torr)

450
400 4 33% O Carbogen 100% O, 33% O,

350 A
300 -
250 -
200 -
150 1
100 -

50 A

0_‘.

% 02 Inhaled Gas

Figure 19 Dynamic changes in pO, of six specific voxels in tumor
No.2. The local response both in terms of rate and magnitude depended
strongly on initial baseline pO,.
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Figure 20 Dynamic changes in pO, of 44 specific voxels in tumor
No.3 in response to carbogen breathing.
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Figure 21 Maximum pQO; vs. initial mean baseline pO, for
a group of voxels selected from breast tumor No.1 (R = 0.95).

Figure 22 shows representative pO, maps of a selected subregion obtained from
breast tumor No. 4 (1.7 cm”). Figure 23 shows the time course profile of pO, in response
to respiratory challenge in the same subregion for tumor No. 4. Figure 24 shows the
mean pO, for each gas switch for breast tumor No. 4. In this case, the initial mean
baseline pO, was 62.3 + 4.6 (torr). Following a gas switch from 33% O, to 100% O,, the
mean pQO, increased to 197.5 £ 23.8 (torr) (p < 0.0004). After the gas was switched to
33% 0O, again, the mean pO, remained significantly higher than the initial mean baseline
p0O, (118.7 £ 10.5 (torr), p < 0.08). pO, increased even more significantly (270.4 £ 21.5
(torr)) when the gas was switched to carbogen (p < 0.0001). Figure 25 shows the mean
hypoxic fraction as a function of inhaled gas for breast tumor No. 4. The mean baseline
hypoxic fraction was 0.147 + 0.062, which decreased to 0.06 £ 0.03 during 100% O,
breathing (p < 0.066) and 0.049 + 0.02 during carbogen breathing (p < 0.058). Figure 26
shows the pO, histograms corresponding to Figure 22 for breast tumor No.4 with respect
to inhaled gas. Once again, both 100% O, and carbogen breathing caused a significant
shift of the histogram towards the higher pO, value. A fairly strong linear relationship
was also observed between the initial mean baseline pO, and the maximum pO, for a
group of voxels selected from breast tumor No.4 (R = 0.68), as seen in Figure 27.
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Figure 22 Representative pO, maps (expanded) obtained from breast tumor
No.4 (1.7 cm®) using "°F EPL (A) Rat breathing 33% O,, (C) 100% O, and

(B) carbogen.
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Figure 23 Time course profile of pO, in response to respiratory challenge
for breast tumor No.4 (1.7 cm®). Each data point representing mean + SD.
Statistical significance with respect to baseline: (* p < 0.0001).
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Figure 24 Mean pO, in response to respiratory challenge
for breast tumor No. 4 (1.7 cm?). Error bars representing SE.
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Figure 25 Mean hypoxic fraction as a function of inhaled gas
for breast tumor No. 4 (1.7 cm®). Error bars representing SE.
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Figure 26 pO, histograms corresponding to Figure 22 for breast tumor
No. 4 with respect to inhaled gas. (A) 33% O, (B) 100% O, (C) carbogen.
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Figure 27 Maximum pO, vs. initial mean baseline pO, for
a group of voxels selected from breast tumor No.4 (R= 0.68).

In this study, all tumors showed a significant increase in pO, when the rats inhaled
either 100% O, or carbogen. As expected, the level of increase was tumor dependent. The
results for a group of seven tumors are summarized in Figure 28. Generally, tumors with
lower baseline pO, tended to respond poorly to either 100% O, or carbogen breathing
compared to those with higher baseline pO,. The baseline hypoxic fraction for each
individual tumor was also determined using the threshold pO, < 10 torr. It was found that
there was a fairly strong linear relationship between baseline hypoxic fraction and
baseline pO,, as shown in Figure 29. It was also found that baseline hypoxic fraction
correlated well with tumor volume (Figure 30). In addition, there was a fairly strong
linear relationship between mean baseline pO, and tumor volume, as shown in Figure 31.
Table 7.6 summarizes the results of tumor tissue pO,.

49




Mean pO: (torr)

Baseline Hypoxic Fraction

300

250 4

200 4

150 +

100 -

50 -

0.6

33% O, 100% O, 33% O, carbogen 33% O,

Inhaled Gas

Figure 28 Impact of inhaled gas on tumor
oxygenation for a group of seven tumors.
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Figure 29 Relationship between baseline pO, and
baseline hypoxic fraction for a group of nine breast tumors.
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Figure 30 Relationship between baseline hypoxic fraction
and tumor volume for a group of nine breast tumors.
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tumor volume for a group of nine breast tumors.
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Table 14 Summary of tumor tissue pO, (Mean + SE).

Mean
Mean Mean 100% Mean Baseline
Tumor Volume Mean 1 . .
(em) (min) Baseline pO, O, pO, CarbogenpO, Hypoxic
min (torr) (torr) (torr) Fraction
(< 10 torr)

Small Tumors
(Vol. < 2.0)

Large Tumors
(Vol. > 2.5)

21.5+83 633+68 1385+194 156.6+15.7 0.21+0.08

274+7.38 24.1£55 80.6+55 723+£103 0.42+0.04

o Discussion

Since poorly oxygenated tumors tend to resist conventional therapy, there have
been many efforts to re-oxygenate tumors prior to therapy. A simple intervention is
respiratory challenge, i.e., attempting to elevate the oxygen concentration of the inhaled
gas. Past clinical trials were often disappointing, but it is now thought that results were
significantly influenced by the inability to identify hypoxic tumors (i.e., those that would
benefit from manipulation). As techniques become available to measure tumor
oxygenation, it is appropriate to reevaluate approaches to manipulating tumor
oxygenation. By increasing the oxygen tension of the inspired gas, the arterial s,0,
should increase, leading to increased hemoglobin saturation of the tumor vasculature
A[HbO,], and hence, increased tumor tissue pO,. The data presented in this report
indicate that breathing elevated O, does indeed have a significant effect on tumor arterial
5,0,, vascular A[HbO,], and tissue pO,. Significant changes were found in tumor
vascular A[HbO,] and in tissue pO, by ANOVA in both carbogen inhalation and 100%
oxygen inhalation. There has been a debate as to whether carbogen is more effective at
modulating tumor oxygenation than 100% oxygen since CO, is a peripheral
vasoconstrictor. Indeed, recent work in a human glioma xenografts suggests that oxygen
alone has no influence on tumor vascular oxygenation, whereas carbogen produces a
pronounced effect. My results obtained with PF-EPI seem to suggest that carbogen
breathing is more effective than 100% O, breathing.

It is important to point out that some voxels gave negative pO, values even under
the condition of breathing carbogen or 100% O,. Several factors may contribute to this
phenomenon; firstly, the temperature variations during the course of experiments;
secondly, the uncertainty in the R1 estimate due to low SNR for certain voxels; and
thirdly, uncertainty in the calibration constants. The second factor could be the dominant
one. However, application of the proper thresholds based on R1 error rejects most
unreliable data.

52




In this study, the rat rectal temperature was closely monitored during the course of
experiments. Typically, the temperature variation was within 2 °C, i.e., AT < + 2 °C over
a period of 4 ~ 5 hours. Since R1 of HFB is relatively insensitive to changes in
temperature, the error in pO, introduced by temperature variation was insignificant. The
order of the error can be estimated in the following way. From the general calibration
equation , R1 can be expressed as

Rl=a+bT+cP+dTP (24)

where P is oxygen tension (torr), a (sec'l), b (sec'l/OC), c (sec"l/torr), and d (seCIIOC-torr)
are four calibration constants, and T is temperature (°C). Assuming a constant oxygen
tension P, differentiating Equation (24) with respect to T gives

AR1 = b-AT + d-P-AT or (25)

ARl = (b + d-P)-AT (26)

Equation (26) describes the relationship between the change in temperature, A7,
and the error in R1 caused by AT, AR. Using the calibration constants given in reference
[72] and assuming P = 5 (torr), we obtain

AR1 =+ 0.00008888-AT (27)

Considering the worst case in which temperature changes by AT = + 2 °C, the
corresponding change in R1, according to Equation (27), is

AR1 =+ 0.00017776 (sec™)

which gives an error in pO, of + 0.095 (torr) ~ £ 0.1 (torr) using Equation (23). Clearly,
the error in pO, caused by temperature variation was insignificant.

Investigation of Tumor Vascular A[HbO,] or sO, and A [Hblpa
¢ Oximetry Based on Near-Infrared Spectroscopy (NIRS)

Near-Infrared Spectroscopy (NIRS) can be used to measure total hemoglobin
concentration [Hb]r,y,, oxyhemoglobin concentration [HbO,], and oxygen saturation
(5O,) based on observed phenomena: firstly, the absorption of light by deoxyhemoglobin
(Hb) and oxyhemoglobin (HbO,) predominates over water and other macromolecules at
the selected wavelengths; secondly, the absorption coefficient of deoxyhemoglobin (Hb)
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differs substantially from that of oxyhemoglobin (HbO,) in the NIR region (700 — 900
nm). The traditional continuous wave spectroscopy (CWS) uses the classical Beer-
Lambert’s law to determine the absorption coefficient of the sample over a known optical
path length and thus the concentration of the sample. Current available CWS techniques
include dual-wavelength and multi-wavelength light spectroscopy, pulse oximetry, and
CW brain functional imaging systems. The essence of Beer-Lambert’s law states that
equal thickness of an absorbing material will absorb a constant fraction of the energy
incident upon it. Mathematically, it can be written as:

1 1
My = ‘Z'ln(T)
° (28)
c=ta

&

where g, is the absorption coefficient of the sample (cm™), L is the optical path length of

the light (cm), I and 7 are the incident and transmitted light intensity, respectively, ¢ is
the extinction coefficient of the sample (cm'mM™), and C is the concentration of the
sample (mM).

Theoretically speaking, however, Beer-Lambert’s law is valid only for
homogenous translucent solutions that do not scatter light. In a continuous medium, light
photons travel at the speed of light that is dependent only on the refractive index of the
medium. If this is a scattering medium, photons travel with the constant speed and
direction until they collide elastically with a scatterer, resulting in a change in traveling
direction. Depending on the scattering properties of the medium, the scattered photons
may travel in a random direction, or in a preferential forward or backward direction. The
total distance or optical path length traveled by photons between the source and detector
is much longer than the geometric distance between the source and detector. In this case,
Beer-Lambert’s law 1s not valid since exact L is not known. In the absence of scatterers,
the total optical path length traveled by photons before detection is simply the geometric
distance between the source and detector. Thus, L is known and Beer-Lambert’s law is
valid. Since biological tissues are highly inhomogeneous and optically turbid, it is
obvious that we cannot directly apply Beer-Lambert’s law to biological tissues. Light
attenuation results not only from tissue absorption, but also from tissue scattering. Light
absorption results mainly from absorption of oxyhemoglobin and deoxyhemoglobin,
myoglobin, and cytochrome oxidase. The amount of light absorption depends on the
concentrations of these molecules. Light scattering results from mitochondrion, protein,
and various ions. Scattering gives rise to distributed path lengths that are significantly
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longer than the geometric distance between the source and detector used in Beer-
Lambert’s law, leading to a distorted absorption spectrum of the sample. To take
scattering into account, we need to use the photon diffusion approximation theory [73]
based on a general mass transfer diffusion equation. This equation allows us to describe
photon migration in scattering media and compute both absorption and scattering
coefficients. For this study, I used a new dual wavelength, homodyne frequency-domain
near-infrared spectroscopy (NIRS) system to measure changes in tumor vascular
oxyhemoglobin concentration [HbO,] and total hemoglobin concentration [Hb]gea. The
theoretical formulation of the system is based on a modified Beer-Lambert's law.

¢ In-Phase and Quadrature Phase Detection System

The dual wavelength, homodyne NIRS system (wavelengths 758 nm and 782 nm)
is based on an In-phase and Quadrature-phase chip (I&Q chip). These wavelengths were
chosen because they not only allow the calculation of [HbO,] and [Hb]t,;, but also fall
into the range of wavelengths compatible with the low cost photo multiplier tube (PMT).
The system uses only one RF source to modulate the light emitted by two laser diodes
and lets the I&Q chip to determine amplitude and phase changes of light attenuated by
the sample [74].

ReferenceSignal

LD1 | 758 nm

\

Time 10
RF — — PMT BP R

sh, ] bi
140MHz ot | ShAre Filter Chip

10 Hz

LD2

ADC LPFs

Figure 32. A schematic diagram of the NIRS 1&Q system.

Figure 32 shows a schematic diagram of the NIRS system. An RF source
modulates the light from two laser diodes (LD1 and LD2) at 140 MHz through a time-
sharing system. The light passes through fiber optic cables, is transmitted through the
tumor tissue, and collected by a second fiber bundle. The light is then amplified by a
photo multiplier tube (PMT) and filtered by a bandpass (BP) filter to pick up only the
signal being modulated at 140 MHz. The signal is demodulated into I and Q components
by the 1&Q chip and filtered again by two lowpass filters (LPFs) to select the DC
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components. These final DC signals are digitized by a 12-bit analog to digital converter
(ADC) and stored in a computer. Light amplitude and phase changes caused by the tumor
attenuation are used to compute changes in tumor vascular oxyhemoglobin concentration
[HbO,] and total hemoglobin concentration [Hb]rq,. The NIRS system is interfaced to a
laptop via a National Instruments data acquisition card (DAQCard-1200) that is fully
software-configurable. A National Instruments DAQ driver, NI-DAQ, is used to control
the operations of the card. The graphical programming language LabView™ is used to
create a graphical user interface (GUI) for controlling data acquisition, processing, and
display [75]. The raw data are saved in a text format and can be further processed using a
variety of digital signal processing (DSP) techniques.

e Algorithms for Computing Tumor Vascular [HbO;] and [Hb]rotal

In principle, it is possible to obtain absolute values of [Hb]ry,, [HbO,], and the
percent oxyhemoglobin saturation sO, (defined as [HbO,])/[Hb]rea), given both
amplitude and phase information [76]. However, because of tumors' inhomogeneous
nature and limited dimensions, classical photon diffusion approximation does not hold
and such an absolute quantification would be erroneous using traditional methods. An
alternative approach is to modify Beer-Lambert's law and use the measured transmitted
light amplitude to compute the trends in the changing absorption coefficients, and thus,
changes in [Hb]ry and [HbO,], i.e., A[Hblro and A[HbO,] [77]. The modified Beer-
Lambert's law can be written as:

1 A
Ap, = Hp — Mg = zlog(f) ; (29)
P

where letters P and B stand for perturbation and baseline, respectively, Agis the
transmitted baseline light amplitude, Ap is the transmitted light amplitude under the

physiological perturbation, and L is the optical path length between the source and
detector. The quantity (A /Ap) can be obtained by direct measurement and L can be

estimated from an empirical formula [76, 78]:
L=DPF xd, (30)

where DPF is a dimensionless factor, called the differential path length factor and d is the
direct source to detector separation (cm). Since DPF is not a very well defined quantity
for solid rat tumors, it is assumed to be 1 for simplicity in this study.

To obtain the absorption coefficients of deoxyhemoglobin and oxyhemoglobin, it
is also assumed that in the NIR region background absorbance is negligible and
deoxyhemoglobin and oxyhemoglobin are the predominant light absorbing molecules in
the tumor tissue. Therefore, the absorption coefficient of the tumor can be approximated
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as the product of the extinction coefficients for deoxyhemoglobin and oxyhemoglobin
and their respective concentrations:

1 = ey, [Hb]+ £ff0 [HDO, 1, (31)

Equation (31) has two unknowns: [Hb] and [HbO,] and we can not solve for them
with only one equation. If we use NIR light at two different wavelengths, then we have
two equations and [Hb] and [HbO,] can be obtained by solving following linear system
of equations

#2 = el -[Hb]+ i, [HDO, ], 2
pa = ey <[Hb]+ &k, -[HDO,], (3)

758 . . . ' . .
where 1,”°® and p,’*” are the absorption coefficients, &/° and &y are the extinction

coefficients for deoxyhemoglobin, 8&@%2 and gzlizoz are the extinction coefficients for

oxyhemoglobin at the wavelengths 758 nm and 782 nm, respectively, and [Hb] and

[HbO,] are the deoxyhemoglobin and oxyhemoglobin concentrations, respectively. Since

8}7[%8,8;?)2,8[7{%%2 , and 8}75)%)2 are physical constants, changes in [HbO,] and [Hb] in tumor

tissue vasculature cause changes in 1, ® and y,"** according to Equations (32) and (33).
Thus, by measuring changes in z,"° and 4, >, we can determine changes in [HbO,] and
[Hb]. Combining Equations (29), (32), and (33) yields equations for computing changes
in [Hb] and [HbO,] [77].

eiab, log ()™ i, log 4™
A[Hb] =[Hb]p — [Hb]p = P L, (34)
O T L e, — S,

A A
e log(—AB )7 — el log(=2)™®
A[HbO,]1=[HbO, ], —[HbO, ] = P P (35)

where A[] represents a change in concentration. At room temperature (20 ~ 24 °C) and a
pH of 7.172, gly =0.359 em™'mM, £lig, =0.1496 cm'mM™, £ =0.265 cm 'mM’,

and 8;%2 =0.178 cm'mM, which were obtained by linear interpolation based on the

data published by Zijlstra et al. [79]. Thus, the final expressions for computing changes in
[Hb] (mM), [HbO,] (mM), and [Hb]re (mM) are:
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1] A A
A[Hb] =—=| 7.34 -1og(=2)"® —6.17 - log(=2)7%* |, 36
[]L og(A) og(A) (36)

P P

A[HbO,]= % ~10.92- log(%)m +14.80- log(%)m} : (37)

P P

A[Hb] 7 = A{[HbO, 1+ [Hb]}
: 38
_ L _3ss. log(A—B)758 +8.63- log(A—B)782 8
L Ap Ap

where Equation (38) represents a change in total hemoglobin concentration in the tumor,
a physiological parameter that is linearly proportional to a change in total blood volume
in the tumor, assuming a constant hematocrit.

Figure 33 Stability of the 1&Q system was evaluated
using a 4-cm thick tissue equivalent phantom.

o [&Q System Drift Test

Good stability and reproducibility of the [&Q system was crucial in tumor
oxygenation measurements. Poor stability and reproducibility gave unreliable, even
incorrect measurements. Thus, it was necessary to systematically evaluate and validate
the performance of the 1&Q system using established protocols. The first evaluation
performed was the drift test. Prior to the tests, the 1&Q system was warmed up for about
20 - 30 minutes. Then, the stability of the I&Q system was evaluated using a 4-cm thick
tissue equivalent phantom with stable optical properties [80] in transmittance mode
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(Figure 33). The data were acquired with a sampling frequency of 2.22 Hz for about 30
minutes, giving a total of 4000 data points. The same test procedure was repeated several
times to assess the reproducibility of the I&Q system. In addition, the stability and
reproducibility of of the 1&Q system was further evaluated using a chunk of fresh red
pork meat 3 x 3 x 4 cm3), also configured in transmittance mode. However, in this case,
the source-to-detector separation was 3.0 cm. Figure 34 shows the results of a
representative system drift test for A[HbO,] and A[Hb]rq, over a period of 33 minutes.
The test was performed using a tissue equivalent phantom with a source-to-detector
separation of 4.0 cm. For this particular drift test, the standard deviations (SD) for
A[HbO,] and A[Hb]tya were 0.0056 (mM) and 0.0034 (mM), respectively, indicating that
the 1&Q system had an excellent stability. Since SD is the most commonly used statistic
for describing variability or stability, mean A[HbO,] and mean A[Hb]y,, were not
computed.
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Figure 34 Results of a representative system drift test for
A[HbO;] and A[Hblrouw.
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Table 15 is a summary of five system drift tests obtained under the similar
experimental conditions. As can be seen from Table 15, the standard deviations for all
drift tests were of the same order, suggesting the [&Q system was very stable in terms of
variability. The standard error (SE) fell in the range of 3.0 x 107 ~ 7.45 x 107,

Table 15 Summary of five system drift tests obtained
using a tissue phantom (SD = Standard Deviation).
The range of standard error (SE): 3.0 x 10° ~7.45x 107

No SD of A[HbO,] SD of A[Hb]rotar
1 0.0053 0.0037
2 0.0043 0.0025
3 0.0056 0.0034
4 0.0066 0.0032
5 0.0046 0.0023

Figure 35 The 1&Q system was validated using 250 ml of a 0.5%
intralipid solution and repeated addition of 2 ml fresh rabbit blood.

e Blood Test

In general, two factors have direct impact on the accuracy and sensitivity of a
medical instrument: the precision of the instrument itself and the mathematical algorithm
used to compute the desired physiological parameters from the measured electrical signal,
voltage or current. To validate the sensitivity of the 1&Q system, two different kinds of
experiments were performed using intralipid, a milk-like product used to treat patients
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with malnutrition, and fresh rabbit blood. The first was to validate sensitivity of the 1&Q
system in response to a change in [Hb]r,,. The second was aimed at validating
sensitivity of the I&Q system in response to a change in [HbO,]. In the first case, a vessel
with a squared cross section was filled with 250 ml of a 0.5% intralipid solution
“(intralipid + physiological saline) and then sealed with parafilm. The vessel was placed
on a magnetic stirrer/heater. A plastic tube connected to different gases was inserted into
the solution in the vessel. In some cases, a pO, electrode was also inserted into the
solution to monitor oxygen tension of the solution. The temperature of the solution was
maintained at 37 °C by the heater. The light source and the detector were attached to the
side of the vessel at 90° relative to each other and maintained in place by a mechanical
holder (Figure 35). Initially, air was bubbled through the solution until a steady state was
obtained. 2-ml fresh rabbit blood, collected on heparin to prevent blood from clotting,
was then added to the intralipid solution. In the meantime, air, N,, and O, were
continuously bubbled through the solution alternatively. In the second case, in order to
validate A[HbO,] measurement, 3-ml fresh rabbit blood was added to the intralipid
solution first. Air was then bubbled through the solution until a steady state was reached.
Next, the blood was deoxygenated by bubbling pure nitrogen through the solution. Once
A[HbO,] reached a steady state, the blood was reoxygenated by bubbling air through the
solution. This oxy-deoxy cycle was repeated three times to evaluate the reproducibility of
the 1&Q system.

Figure 36 shows the results of a representative blood test. 2 ml fresh rat blood was
added to an intralipid solution twice, followed by 2 ml fresh rabbit blood once to test any
possible significant difference in terms of NIR absorptivity. As is seen in Figure 36,
A[HbO,] and A[Hb]y. increased linearly with the repeated addition of blood, while air
was bubbling through the intralipid solution. With the sensitivity of our current NIRS
system, no significant differences in increases in A{lHbO,] and A[Hb]y., were detected
with respect to different hemoglobin species. Results of the blood test are summarized in
Table 16.

Table 16 Summary of the blood test.

Blood Volume Change in A[HbO,] Change in A[Hblyotal

(ml) (mM) (mM)
2 (rat) 0.543 £ 0.006 0.355 £0.003
2 (rat) 0.558 £ 0.006 0.366 £ 0.003
2 (rabbit) 0.523 + 0.006 0.343 £ 0.003
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Figure 37 Repeated oxygenation-deoxygenation cycles of

3-ml fresh rabbit blood by continuously bubbling air and N,

alternately through the intralipid solution.
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Figure 37 shows the repeated oxygenation-deoxygenation cycles of 3-ml fresh rabbit
blood mixed with 250-ml intralipid solution by continuously bubbling air and N,
alternately through the intralipid solution. The slight fluctuation in A[Hb]r, was related
to air bubbling. The temperature of the intralipid solution was maintained at 23 °C. The
1&Q system demonstrated a good reproducibility with respect to repeated oxygenation-
deoxygenation interventions.

e Arm Ischemia Test

The accuracy and sensitivity of the I&Q system were also evaluated by in vivo arm
ischemia tests on human subjects. Four physically healthy fellow BME students were
recruited in this study after giving their informed consent. The source and detector were
placed on the anterior (flexor) compartment of the forearm in reflectance mode with a
separation of 3 cm and secured by a circular brace. A blood pressure cuff was then placed
around the biceps brachii muscle in the upper arm. The subjects were asked to sit still and
not to move the arm during the course of the experiments. The experiments were initiated
after the subjects' A[HbO,] and A[Hb]yy. had reached a steady state. Two different
experimental protocols were used. In the first case, baseline A[HbO,] and A[Hb]1., were
measured for 8§ minutes. Then, the blood pressure cuff was inflated to 100 mmHg to
occlude the venous blood outflow and A[HbO,] and A[Hb]tya were measured for 8
minutes again. Following the cuff deflation, A[HbO,] and A[Hb]ry were measured for
another 8 minutes. In the second case, both arterial inflow and venous outflow were
occluded by inflating the blood pressure cuff to 230 mmHg.

Representative A[HbO,] and A[Hb]1., during a forearm venous occlusion test are
shown in Figure 38. Prior to venous occlusion, the mean baseline A[HbO,] and A[Hb]
values were 0.015 = 0.02 (mM) and 0.016 + 0.01 (mM), respectively. Immediately
following venous occlusion, A{lHbO,] and A[Hb].. increased gradually and significantly
(p < 0.0001), yielding final mean values of 0.84 + 0.02 (mM) and 0.81 = 0.04 (mM),
respectively. After the blood pressure cuff was deflated, AlHbO,] and A[Hb]r returned
to the initial baseline values very rapidly. Figure 39 shows the results of a second
forearm occlusion test. However, in this example, both arterial blood inflow and venous
blood outflow were occluded by inflating the blood pressure cuff to 230 mmHg. Thus,
the time course profiles of A[HbO,] and A[Hb]rty, Were very different from those shown
in Figure 38. The noise in the data was caused by accidental arm movements. Prior to the
cuff inflation, A[HbO,] and A[Hb]ry, were basically constant. After the blood pressure
cuff was inflated to 230 mmHg, A[HbO,] dropped slowly, but significantly (p < 0.0001)
as the oxygen was being consumed in aerobic respiration by the forearm. As expected,
A[Hb]ro did not change because both arterial blood inflow and venous blood outflow
were occluded and the total blood volume in the forearm was constant. Immediately
following the deflation of the blood pressure cuff, both A[HbO,] and A[Hb]1q. showed
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significant momentary overshoot (p < 0.0001) as the oxygenated blood flushed into the
forearm, followed by a fast drop and a slow return to initial baseline values as the venous
outflow returned the blood to the heart.
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Figure 38 Representative A[HbO,] and A{Hb] o
during a forearm venous occlusion experiment.
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Figure 39 Results of a second forearm occlusion test. In
this case, the blood pressure cuff was inflated to 230 mmHg.
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¢ Investigation of Tumor Vascular ATHbO;) and A[Hb]te by NIRS

Once the mammary tumors reached ~1 cm diameter (~ 0.5 cm’), corresponding to
a typical lower limit of tumor detected in patients, experiments were initiated. I chose to
use relatively large tumors in order to ensure that the NIRS interrogated only the tumor
tissue rather than the surrounding normal skin tissue. The rats were anesthetized with 200
ul ketamine hydrochloride i.p. (100 mg/ml; Aveco, Fort Dodge, IA) and were maintained
under general gaseous anesthesia using a small animal anesthesia unit with air (1.0 I/min)
and 1.0% isoflurane (Ohmeda PPD Inc., Fort Dodge, IA). Prior to experiments, tumor
hair was cut with a pair of surgical scissors to reduce NIR light scattering and tumor's
three orthogonal diameters were measured with a caliper for estimating tumor volume.
The rats were placed on their sides in an animal bed and stabilized using tape to reduce
motion artifacts caused by rats' breathing movements. The body temperature was
maintained at about 37 °C by a warm water blanket connected a water pump (K-MOD
100, Baxter Healthcare Co., Deerfield, IL). A fiber optic pulse oximeter (Nonin Medical,
Inc., Plymouth, MN) was placed on the hind foot to monitor arterial hemoglobin
saturation (5,0,) and heart rate (HR), and a thermocouple (Cole-Parmer Instrument Co.,
Vernon Hills, IL) was inserted rectally to monitor core temperature (Figure 40).

Figure 40 A photo of the NIRS system experimental setup.

The experiments were performed in transmittance optical mode. In this
configuration, the light source and detector were positioned on opposite sides of the
tumor and stabilized by a mechanical mechanism. The light passed through and was
attenuated by the tumor. The transmitted light was then collected by the detector. In this
way, the NIRS measured A[HbO,] and A[Hb]r,, in both peripheral and central regions of
the tumor, yielding an average A[HbO,] and A[Hb]y, (Figure 41). It was important to
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position the light source and detector in such a way that they made very good optical
contact with the tumor, but did not exert excessive force on it. This was because
excessive pressure on the tumor could hinder the tumor blood flow and thus, affect
A[HbO,] and A[Hb]ty. measurements. In this study, the following respiratory challenge
paradigm was employed:

Air — Carbogen — Air — Carbogen — Air

(21% O,)  (95% O, + 5% CO,)

Well-oxygenated
region

g 1 ; ™. Poorly-oxygenated
7 region

Photon migration ~ } || | -
pattern in tumor Detector

Figure 41 A schematic diagram of transmittance optical mode.

Prior to the in vivo NIRS experiments, the [&Q system was warmed up for about
30 minutes. Then, 5 ~ 10 minute test data were acquired to check the stability of the
system using a tissue equivalent phantom [80]. Once the system reached a steady state, a
series of NIRS experiments was performed to determine tumor vascular A[HbO,] and
A[Hb]roa according to the respiratory challenge paradigm described above. Rats breathed
medical grade air (1 1/min) as a baseline for about 10 ~ 15 minutes for the first phase and
then breathed each gas for about 20 ~ 25 mimutes for each of the subsequent phases. The
five-phase experiment took about 90 ~ 115 minutes, acquiring a total of 12,000 ~ 16,000
data points at a sampling frequency of 2.22 Hz. During the course of the experiment, rat
core temperature was closely monitored as a change in temperature would cause a change
in the affinity of hemoglobin for oxygen, thus, a change in A[HbO,], and also purturb
extinction coefficient €. To investigate the relationship between tumor vascular A[HbO;]
and tumor growth, each tumor was examined three times at different sizes during its
growth (<2, 5, and 10 cm3, respectively).
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Figure 42 Time course profiles of A{[HbO,] and A[Hb] 1 in response to respiratory
challenge for breast tumor No. 1 (A) and corresponding postprocessed curves (B)

Figure 42(A) shows the time course impacts of inhaled gases on changes in tumor
vascular hemoglobin oxygen saturation A[HbO,] and total hemoglobin concentration
AlHb]ty for a representative 13762NF breast tumor (14.8 cm3) (tumor No. 1). The data
were acquired in transmittance mode with a source-to-detector distance of 2.0 cm using
the respiratory challenge paradigm described earlier. To show the quality of the raw data,
averaging and filtering were not applied to the curve. The vertical dotted lines mark the
beginning of each gas switch. The raw data were also smoothed using a seven-point
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moving average routine. Figure 42(B) shows the corresponding post-processed data. The
measurement uncertainties in A[HbO,] and A[Hb]r.. Were estimated using baseline data
and were only labeled at representative locations.

For tumor No.1, the initial mean baseline A[HbO,] value was 0.0 £ 0.004 (mM)
when the rat was breathing air over a period of 10 minutes. Immediately following a gas
switch from air to carbogen, A{[HbO,] rose rapidly and significantly (p < 0.0001) to about
0.223 (mM) within the first 70 seconds and then increased further at a slower rate, but
still significant (p < 0.0001) for the next 20 minutes until an apparent saturation of 0.273
(mM) was reached. After the gas was switched back to air, A[HbO,] did not decrease
until about 30 — 40 seconds later, when a sudden and significant drop occurred (p <
0.0001), followed by a gradual return to the baseline. Note that there was a small
overshoot in A[HbO,] (~ 0.025 mM) as it was returning to the baseline and this overshoot
also appeared in the second carbogen intervention. The second baseline A[HbO,] value
was a little higher than the initial baseline value (p < 0.01). This phenomenon was
observed in several breast tumors. A very similar time course response pattern was
observed for the next cycle of carbogen intervention, illustrating an excellent
reproducibility of the dynamic changes in A[HbO,;] in response to respiratory challenge.
A[Hb] o showed a similar time course profile in response to carbogen intervention, but
at a less significant level in terms of amplitude (p < 0.001). A[