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2001-2002 ANNUAL PROGRESS REPORT

(YEAR 2)

This report presents the specific aims and accomplishments of our breast cancer research
project during the second year of fimding sponsored by the U.S. Department of the Army. It
covers our activities fi-om September 1,2001 to October 31,2002.
Introduction
The overall goal of this research project is to develop and evaluate a new approach to
monitoring of oxygenated hemoglobin concentration (HbOa) of breast tumors under respiratory
interventions using near infi-ared (NIR) spectroscopy and imaging techniques. Furthermore, we
wish to compare and validate the optical method with concurrent measurements of tumor oxygen
tension with the use of "F EPI relaxation of hexafluorobenzene (HFB). Once we have rigorously
established the integrated approach to tumor physiology, we will explore the influence of three
interventions expected to modify tumor physiology. A better understanding of the interplay of
these parameters in the natural history of a tumor could lead to enhanced therapeutic approaches
and provide a novel diagnostic/prognostic tool for breast cancer research and clinical practice.
The overall project has four specific aims:
Aim 1: To evaluate a single-channel, dual wavelength, NIR, fi-equency-domain oximeter and the
algorithms for obtaining tumor HbOa against tumor pOa measured by "F EPI relaxation of HFB.
Aim 2t To modify the single-channel system into a 3-channel NIR system.
Aim 3: To investigate heterogeneity of HbOa in breast tumors using the 3-channel NIR system.
Aim 4: To study the influence of three interventions on HbOa and pOa of the tumor
simultaneously.
Specifically, Task 2 was planned for months 12-18 to accomplish Aim 2, and Task 3 was
planned for months 18-24 to accomplish Aim 3:
Tasli 2: To modify the single-channel system into a 3-channel NIR system so that three
measurements in both transmittance and reflectance geometry can be taken simultaneously,
(months 12-18);
Task 3: To investigate heterogeneity of HbOa in the tumor vasculature of the rat breast tumore
using the 3-channel NIR system (months 18-24).

Body of the Report
The PI and her graduate students have made significant efforts to accompUsh the tasks.
We have obtained an 8-channel NIR DC (i.e., not amplitude-modulated) system, which allows
multi-channel simultaneous measurements in different locations. We have designed and
developed a breast tumor dynamic phantom in order to perform 3-channel experiments with the
multi-channel NIR system. We have conducted computer simulations to further support our
hemodynamic phantom measurement and to understand the effects of tumor heterogeneity on the
multi-channel NIR readings. Furthermore, we have implemented coupling components in
preparation for the simultaneous measurements of NIR and ''F EPI relaxation of HFB.

1. Tumor Hemodvnamic Phantoms
1.1 Motivation and the Phantom Development
Our previous in vivo animal study has clearly demonstrated that cabogen (95% O2 + 5%
CO2) inhalation can improve the vascular oxygen level of breast tumors monitored by NIR
spectroscopy (NIRS)'. The observed changes in tumor vascular oxygenation exhibited a rapid
increase, followed by a gradual but significant increase, in response to carbogren intervention.
We have earlier developed' a mathematical model to interpret this bi-phasic tumor hemodynamic
feature: namely, tumor vasculature is comprised with a well-perfased and poorly perfused region.
To provide actual support for this model and to further study heterogeneity of the breast tumor
vasculature, we designed and developed a breast tumor dynamic phantom in order to perform 3channel experiments with the multi-channel NIRS system.
Gel phantom was fabricated by adding 50 g of gelatin powder (Sigma, Gelatin Type A,
St. Louis, MO) into a boiling intraUpid solution, which consisted of 350 ml of water and 200 ml
of intralipid (Intralipid® 20%, Baxter Healthcare Corp., Deerfield, IL 20%). The use of intralipid
is to simulate light scattering in tumor tissues. The solution was stirred thoroughly until the
gelatin powder was dissolved in the intralipid solution completely, and then the solution was
cooled down at room temperature. Just before the solution started to be soMdified, it was poured
into a cylmdrical container (diameter = 4.5 cm and height = 3.5 cm), which contained two small
tubing networks used to simulate vascular networks. After completely being cooled down, the
solution became a soft gelatin phantom with the two networks imbedded inside.
The two imbedded tube networks were used to simulate two distinct perfusion regions in
a breast tumor. We wound a small-diameter (I.D,=0.52 mm) tube and an intermediate-diameter
tube (I.D.=0,86 mm) to simulate well-perfused and poorly perfused region, respectively, on a big
diameter core tube (O.D.=14 mm). An example of sueh a tubing network is shown in Figure 1.
A stream of ink solution was used to go through the network to simulate a blood flow through the
tumor vasculature. In this way, we could mimic a hemodynamic process of a breast tumor by
changing the size or length of the small tube or by controlling the flow rate of the ink solution.
Ink inflow
Figure 1. Schematic diagram for
one imbedded tubing-network: the
small tube-network wound outside
simulates blood vessels within a
breast tumor.

0.52 or 0.86 mm

Ink outflow

14 mm

1.2 Experimental Setup for the Phantom Study
Experimental setup for the tumor phantom study with the multi-channel NIR system is
shown m Figure 2, As shown here, three NIR optical detectors were placed on the side of the
cylindrical phantom: two were placed in reflectance geometry with respect to the light source,
whereas the other was in the transmission mode. With such a setup, the two detectors in the
reflectance mode (D2 and D4) would get the NIR signals from only one of the individual tubingnetworks, and the third detector (Dl) in the transmission mode would detect the signal passing
through both the networks.
During the measurement, the network tubes were filled with water, and a diluted black
ink solution was used to simulate the light absorption effect of blood and was injected into only
one tube, followed by a washout with water. Then, the experiment was conducted by injecting
the ink solution into the second tube, and also followed by a washout of water. Finally, the ink
solution was injected into both of the two tubes at the same time with the following washout
water. Various flow rates (from 2 ml/hr to 40 ml/hr) were used to simulate different perfusion
rates in tumors. Changes of light intensities were recorded with the computer through the entire
experiment, and the time constants for the dynamic changes in light absorption were calculated
by fitting the data using Kaleidagraph software (Syner^ Software, Reading, PA),
3 NIR Detectore

Light
Source

r^
Data
Processing
Computer

Multichannel
NIRS

Syringe
Pumps

hik

Phantom

solution

Figure 2, Experimental setup for the dynamic phantom study
As shown in Figure 2, detector 2 (D2) was placed on the side near the large diameter
tube, and detector 4 (D4) was put near the small diameter tube. Detector 1 (Dl) was placed just
across the source about at the center between the two hidden networks. Therefore, we expected
that D2 and D4 would get signals from only large diameter tube and small diameter tube,
respectively, and Dl would obtain signals from both of the networks since it had similar
distances to both of them.

1.3 Experimental Results of the Phantom Measurements
Figure 3 shows the absorption changes (A|ia, wavelength=730 nm) of tumor phantom at
three different positions when the ink solution was injected into the network tubes. The first step
for this experiment was to inject the ink solution into only the large diameter tube with a flow
rate of 20 ml/hr. As we can see firom figure 3, the reading fi-om D2 (pink trace) showed a largest
increase m change of absorption, and D4 (green trace) showed the smallest increase in Apa, The
A\m increase measured fi-om Dl (blue trace) was between those obtained from D2 and D4. A
similar pattern is also shown at step 2, where the ink solution was mjected only into the small
diameter tube with the same flow rate (20 ml/hr). In this case, Figure 3 demonstrates that the
signal from D4 had a largest increase in Ajia, and D2 detected the smallest A^ia increase. This
clearly demonstrates that signal firom heterogeneity can be detected stronger if it is near the
detector.
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Figure 3. 3-channel MRS results measured on a tumor dynamic phantom with
two-size tubing networks. Three traces represent the readings at Dl (in
transmission mode and located between the two tube networks), D2 (near the
large tube), and D4 (near the small tube).
The third step in the measurement was to inject the ink solution into both of the tubes
simultaneously with the same flow rate as before (20 ml/hr). At this step, we can observe two
features: 1) the time profile taken at D4 (green trace) has a faster transition time than that at D2
(pink trace), and 2) the time profile taken at Dl (blue trace) has a bi-exponential characteristic,
which is very similar to those we ofl:en observed in our breast tumor dynamic measurements'.

To understand these phantom measurements, let us consider the velocities at each tube.
Even though the flow rate was the same for both of the tubes, the velocities of the ink solutions
in the two tube networks were different due to the different diameters. The solution in the small
diameter tube had a velocity 2.74 times faster than that of the large diameter tube, based on the
following relationship:
V.small

0.43^
= 2.74
0.26^
large
small
where Vsmaii,sad Vjarge are velocities of the ink solution in the small and large tubes, respectively,
and rs„a/i,and riarge represent the radii of the small and large tubes, respectively. This velocity
difference may be the reason why the transition time is faster in the small tube than that in the
large tube. Furthermore, smce Dl was in the transmission geometry and was located near both of
the tube networks, the signal obtained at Dl should reflect the dynamic changes occurred in both
of the tubes. We expect that the bi-exponential feature recorded by Dl results from a
superposition between the two different dynamic fransitions at the two networks.
large

The phantom data presented here basically demonstrate that we can experimentally mimic
the bi-exponential behavior with two different velocities, or perfosion rates, from two different
diameter networks. This knowledge may help us understand the bi-phasic features observed in
the breast tumor vascular oxygenation measurements under carbogen inhalation. Furthermore,
the next example demonstrates that the bi-exponential dynamics may also result from different
flow rates, given the same diameters for the two tube networks.
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Figure 4. 3-channel NIRS results measured on a tumor dynamic phantom with twosize tubing networks. Three traces represent the readings at Dl (in transmission
mode and located between the two tube networks), D2 (near the large tube), and D4
(near the small tube).

Figure 4 shows the experimental resuhs from another phantom, where the two tubes have
the same diameter and length, but with different controlled flow rates. By alternating the flow
rate, we observed the results similar to those shown in Figure 3. The first step for this
experiment was to inject the ink solution only into the top tube (near D4, Fig.2) with a flow rate
of 20 ml/hr. As a result, D4 (green trace) showed the largest increase of A^ia, while D2 (pink
trace) showed the smallest increase of A|ia since D2 is quite away from the top network. For the
second step, the bottom network (near D2) was injected with the ink solution at the same flow
rate of 20 ml/hr. Here, D2 detected the largest increase of Apa, and D4 showed the smallest
increase of A\iz. In both of the above cases, the signals from Dl (blue trace) showed similar
profiles as the others, without clear bi-exponential patterns. Then, as the third step, the ink
solution was injected into both of the tube networks with the same flow rate (20 ml/hr).
Similarly, we do not observe any clear features of the two-exponential increase of A\m. For the
fourth step, we injected the solution into the tubes with two different flow rates: 20 ml/hr for the
top tube and 5 ml/hr for the bottom tube. Now the data clearly show a bi-exponential behavior
detected by Dl,
Further time constant analysis helps understand the meaning of the two-exponential
feature measured at Dl, Fig, 5a shows a one-exponential fitting of the fast increase of A^
obtained at D4, with a time constant, % of 20.9 ± 0,5 sec. Fig, 5b is a similar fltting for the signal
at D2, with i:=121 + 3 sec. Finally, Fig, 5c shows a two-exponential fitting for the signal at Dl
with tl=18.1± 0.9 sec and i2=134 ± 11 sec for both the fast and slow components, respectively.
The data clearly demonstrate that the time constant for the fast component, %l, from Dl (18.1
sec) matches well with % from D4 (20,9 sec), and %2 from Dl (134 sec) matches well with % from
D2 (121 sec). This suggests that the dynamic signals obtained from Dl with a fast and slow
component indeed result from the dynamic changes in both of the tubes.
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Figure 5 Temporal profiles of the NIRS measurements from D4 (a) and D2 (b) with
the one-exponential fitting parameters shown at the bottom of each figure,
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Figure 5c Temporal profile of the NIRS measurement from Dl
with the bi-exponential fitting parameters shown on the left.
As shown above, these dynamic fast- and slow-changes simulate very well the changes
observed in our breast tumor oxygenation measurements, supporting our hypothesis' that the biphasic tumor hemodynamic feature results from a well-perftised and poorly perfused region in
the tumor vasculature under carbogen interventions, hi this way, the multi-channel NIRS system
allows us to study the dynamic heterogeneity at different locations, showing that the tumor
vasculature in the poorly perfiised region (with a lower perfiision rate) can be eventually
oxygenated if the two dynamic components are observed. On the other hand, if only the fast
component exists, it suggests that the poorly perftised region in the tumor may not have much
chance to be improved for its vascular oxygenation under carbogen intervention,
2. Computer Simulations to Understand the Phantom Experiments
To ftirther support our tumor hemodynamic phantom study, we used FEMLAB software
to simulate the dynamic process of light distribution as well as the NIR measurement in tissues,
such as in breast tumors, hi this way, we can better understand the effects of tumor heterogeneity
on the multi-channel NIR measurements,
2.1 Introduction to FEMLAB
Based on the Finite Element Method (FEM), FEMLAB is interactive computer software
and developed by the COMSOL Group (COMSOL Inc, Burlington, MA). It uses numerical
approaches to solve Partial Differential Equations (PDE) in modeling and simulating various
engineering problems. The FEMLAB Graphical User Interface (GUI) is used for the modeling
process by using ready-to-use application modules or by using equation-based modeling. In
general, several of ready-to-use application modules are commercially available for engineering
problems: such as chemical engineering modules, electromagnetic module, and structural
mechanics module, FEMLAB solves different systems of equations simultaneously by using
multi-physics modeling, and FEMLAB models can also be used with various MATLAB
toolboxes.
10

2.2 Simulation of Light Propagation in Tumor Tissne
According to diffusion theory, the simulation problem starts with a PDE to describe the
light propagation in the tumor tissue as follows:

VV(r)-^rW = S„(r)
where y/fr) is the light distribution at position r inside the tumor tissue, H^= 0.1 cm'' is the
absorption coefficient, D = 0,033 cm is the diffusion coefficient, and So(r)is the light source
term. The boundary condition for light propagation in the simulated tumor tissue is given by
y/ir)-2ADn.Vyfir) = 0.
In Ihe simulation, the Neumann Boundary condition was used with the various parameters
specified as: Internal reflection A = 2.9193 and D = 0.033 cm. The simulation model was then
meshed in the mesh mode using 1147 elements and 609 nodes. Finally, it is solved using the
stationary nonlinear solver type.
Specifically, the geometry for the FEM tumor simulations is shown in Figure 6, and it
mimics a 2-dunensional horizontal cross section of our tumor phantom. El represents the body
of tumor phantom (diameter = 4 cm), and R5 shows location of the li^t source. Furthermore,
each tube used in the dynamic phantom is represented by two rectangles (0.1 x 2.4 cm rectangle)
as a blood vessel network: Rl and R2 are representing vessels with a fast flow rate, and R3 and
R4 denote vessels with a slow flow rate.
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Figure 6 Geometry for FEM simulations of a breast tumor.
The diffusion equation has been selected to predict photon distribution in the phantom as
the ink solution flows through the tubes. Absorption coefflcients for the background phantom
and tubes were 0.03 and 1.5 cm"', respectively. We also used 0,03 cm as the diffusion coefficient
of the phantom since it gives a reduced scattering coefficient of 10 cm''.
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2.3 Sinmiation Results of the Tumor Dynamics
Different flow rates used in the phantom study were simulated by changing the tube size
with different frame rates. In other words, a fast flow rate was simulated by increasing the tube
length with a large increment per frame (e.g., 0 to 2.4 cm with 0.6 cm increment per frame), and
a slow flow rate was simulated by increasing tube length with a small increment (0 to 2.4 cm
with 0.02 cm increment per frame). In this way, a flow rate difference between the two tubes can
be established.
Figure 7 shows an example of the FEM tumor phantom simulation. Figure 7a is the light
distribution of a dynamic phantom, where there was ink injection into only the left tube with a
fast flow rate. Figure 7b is the simulation when the ink solution flowed into only the right tube
with a slow flow rate. With the same frame rate. Figure 7a is the result of the simulation at the
6* frame, while Figure 7b is simulated for the 120* frame. This implies that the left tube has a
flow rate 20 times faster than the right tube.
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Figure 7 FEM simulations of light distribution inside of a dynamic phantom.(a): the
results with a fast simulated flow rate; (b): the results with a slow flow rate at a later time.

Figure 8 FEM simulations of light distribution inside of a dynamic phantom,
(a): the results with a fast simulated flow rate; (b): the results with a slow flow rate,
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We also changed the position of the Mght source to see the effect of vessel/tube geometry
on bi-phasic feature of the tumor hemodynamic measurements. We changed the position of the
light source to the right side of the phantom (Fig, 8a) and to the center of the phantom (Fig. 8b).
hi the geometry of Fig. 8a, the Hght penetrates the slow-flow object first and then the fast-flow
object. This simulation was done to find whether in this geometry, the light signal changes still
have the two-exponential behavior. In other words, we wish to investigate whether the bi-phasic
hemodynamic feature depends on the orientations of the vessels/tube networks. We are in the
continuation for this study. Furthermore, we are also in the process of comparing the simulation
results with those obtained in the phantom experiments, particularly to compare the time
constants.

3. Simultaneous Measurement using NIR and F EPI relaxation of HFB
To prepare ourcelves for Aim 4, which is to study the influence of three interventions on
HbOa and pOa of the tumor simultaneously, we have conducted the following work for
simultaneous measiu-ements using multi-channel NIRS and "F EPI relaxation of HFB
(Hexafluorobenzene),
3.1 Animal & tumor model:
NF13762 mammary adenocarcinomas were implanted in skin pedicles on the forebacks
of the female Fisher 344 rats (~150g) until tumors reach approximately 1 cm in diameter. The
measurements would be taken when the tumor had a diameter of 1 cm, 1.5 cm, and 2 cm. Rats
were anesthetized with 150 |xL Ketamine hydrochloride (100 mg/ml, i.p.) and maintained xmder
general gaseous anesthesia with 1.3% isoflurane in air (1 dm'/min),
20 |iL of Hexafluorobenzene (PCR Inc., Fainesville, FL) was injected directly into the
tumor, either centrally or peripherally in a single plane using a Hamilton syringe (Reno, NV)
with a sharp needle (32 gauge). The needle was inserted manually to penetrate across the whole
tumor and withdrawn ~1 mm to reduce the tissue pressure, and 2~5 (iL of HFB were injected.
The needle was repeatedly withdrawn at a step size of 1~2 mm and further HFB injected, A total
of 2~3 tracks of HFB were injected in the form of a fan shape.
The rat was placed on its side in a cradle with a thermal blanket to maintain body
temperature at 37'*C, A home-built tunable and matchable 2 cm cooper coil was made and placed
around the tumor with the tumor centered inside the coil, hi addition, a sealed capillary tube of
HFB doped with benzene (as a shift agent) was placed alongside the tumor. This provided a
quantitative standard with approximately 3 ppm offset from the intra-tumoral HFB, allowing
clearance from the tumor to be assessed. A home-built plastic NIR source-detector fixer was also
made to fix the two NIR fiber bundle tips around the receiver coil within the MRI facility, as
shown in Figure 9.
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Soxirce-detector
fixer to hold the
NIRS long fibers.

Breast
Tximor

1

Receiver coil used
within the MRI system

Fig 9. Home-built plastic NIR source-detector fixer with a receiver coil.
3.2 MRI scanner and RF coils
All in vivo MRI experiments were performed on an Omega CSI 4.7 T superconducting
magnet with actively shielded gradients. The magnet operated at a proton ('H) frequency of
200.106 MHz and a fluorine ("F) fi-equency of 188.273 MHz. It consisted of the Omega software
that can accomplish data acquisition and analysis with the UNIX operating system. Two singleturn solenoid coils (1.5 cm and 2.5 cm) were built for this study. Their sizes matched the tumor
sizes.
3.3 NIR gpectroscopv
NIR spectroscopy uses commercially available in-phase and quadrature (IQ) demodulator
chips to demodulate the detected, amplitude-modulated optical signals, 22-feet long fibers with a
diamagnetic material for the probe tips were used within the magnetic field to transmit the laser
light to the tumor and to detect the optical signal from the tumor. The reason to use 22-feet long
fibers is to keep the NIR oximeter away from the magnetic field. Three of home-built converters
have been made for the long fiber bundles to couple with the home-built connector,
3.4 Investigation of Tumor pO, with FREDOM and HbO, with NIR
Currently for this study, we are in the process of using the FREDOM approach
(Fluorocarbon Relaxometry using Echo planar imaging for Dynamic Oxygen Mapping) based on
hexafluorobenzene (HFB) to measure tumor pOa and the NIRS system to measure HbOi
simultaneously.
The respiratory challenge paradigm for the rats will be:
air ^ 100% O2 ^ air ^ 95% O2 +5% CO2 (carbogen) ^ air

14

Key Research Accomplishments
1) We have obtained and tested a multi-channel NIRS system for simultaneous dynamic
oxygenation measurements at different locations of breast tumors.
2) We have developed breast tumor hemodynamic phantoms and conducted multi-channel
NIRS measurements on the newly developed phantoms to simulate the dynamic HbOa
changes of rat breast tumors under hyperoxic inhalations. This study supports our eariier
dynamic model to explain the bi-phasic dynamic oxygenation process of breast tumore
under hyperoxic interventions.
3) We have fiirther implemented and utilized FEMLAB computer software to mimic
dynamic light distribution in a simulated tissue vasculature so as to understand the effects
of tumor heterogeneity on the multi-channel NIR measurements.
4) We have implemented home-built tunable 2 cm cooper coil, which will be placed around
the rat breast tumor within the MRI facility during the simultaneous measurements
between FREDOM and NIRS. Also, a home-built plastic NIR source-detector coupler
(fixer) was made to hold the two NIR fiber bundle tips around the receiver coil within the
MRI. This work is done to prepare for experiments needed for Aim 4.

Reportable Outcomes
Peer-reviewed Journals:
1. Jae G. Kim, Yulin Song, Dawen Zhao, Anca Constantinescu, Ralph P. Mason, and Hanli
Liu, "Interplay of Tumor Vascular Oxygenation and Tumor pOa Observed Using NIRS,
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Conclusions
From the work that we have conducted in Year 2, we can draw the following conclusions:
1) With a multi-channel NIRS system and the newly developed tumor hemodynamic
phantoms, we have experimentally demonstrated that the previously observed, bi-phasic
temporal changes in HbOa of breast tumors under carbogen intervention can be associated
with two perfusion rates or two blood flow rates.
2) The newly developed hemodynamic phantoms are helpful to simulate the hemodynamic
processes undertaken within the tumor tissues, and the phantoms will be further used in Year
3 study.
3) FEMLAB has proven to be valuable in simulating the light propagation in the breast
tumor tissue and the corresponding NIRS measurements, and we plan to use FEMLAB for
further experimental validations in both laboratory and animal measurements.
4) After the implementation of the home-built, tunable 2-cm cooper coil and a home-built
plastic NIR source-detector coupler, it is feasible and ready to conduct the simultaneous
measxirements between FREDOM and NIRS.
References:
' H. Liu, Y. Song, K. L. Worden, X. Jiang, A. Constantinescu and R. P. Mason, "Noninvasive
investigation of blood oxygenation dynamics of tumors by near-infrared spectroscopy," Appl.
Opt, 39, pp. 5231-5243 (2000).
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Abstract. This study investigates the correlation of tumor blood oxygenation and tumor p02 with respect to carbogen inhalation. After
having refined and validated the algorithms for calculating hemoglobin concentrations, we used near-infrared spectroscopy (NIRS) to
measure changes of oxygenated hemoglobin concentration
(A[Hb02]) and used an oxygen needle electrode and ''F MR! for
p02 measurements in tumors. The measurements were taken from
Dunning prostate R3327 tumors implanted in rats, while the anesthetized rats breathed air or carbogen. The NIRS results from tumor measurements showed significant changes in tumor vascular oxygenation
in response to carbogen inhalation, while the p02 electrode results
showed an apparent heterogeneity for tumor p02 response to carbogen inhalation, which was also confirmed by ^'F MR p02 mapping.
Furthermore, we developed algorithms to estimate hemoglobin oxygen saturation, SO2, during gas intervention based on the measured
values of A[Hb02] and PO2. The algorithms have been validated
through a tissue-simulating phantom and used to estimate the values
of SO2 in the animal tumor measurement based on the NIRS and
global mean p02 values. This study demonstrates that the NIRS technology can provide an efficient, real-time, noninvasive approach to
monitoring tumor physiology and is complementary to other techniques, while it also demonstrates the need for an NIR imaging technique to study spatial heterogeneity of tumor vasculature under therapeutic interventions. © 2003 Society of Photo-Optkal Instrumentation Engineers.
IDOI: 10.1117/1.1S270491
Keywords: frequency-domain spectroscopy; NIR spectroscopy; "F MRI; tumor vascular oxygenation; pOa electrode; oxygen; oximetry.
Paper 01078 received Nov. 13, 2001; revised manuscript received June 25, 2002;
accepted for publication Aug. 26, 2002.

Introduction

It lias long been known that hypoxic tumor cells are more
resistant to radiation therapy than well-oxygenated tumor
cells.' Breathing elevated oxygen (100%) or carbogen (95%
O2, 5% CO2) has been used during therapy for an attempt to
improve tumor oxygenation,^' To monitor tumor tissue oxygen tension'* and its dynamic changes under respiratory interventions, various methods are available, including fiber optic
sensors,' oxygen electrodes,* and electron spin resonance.'
MRI has the further advantage of providing dynamic maps of
PO2, which can reveal tumor heterogeneity.* While NIRS
does not quantify pOj, it can indicate dynamic changes in
vascular oxygenation and has the advantage of being entirely
noninvasive, providing real-time measurements, and being
cost-effective and portable. Furthermore, it would be important to correlate the changes between tissue p02 and vascular
Address all correspondence to HanIi Liu. Tel: 817-272-20S4; Fax: 817-2722251; E-mail: tianli6uta.edu

oxygenation of the tumors since little is known about oxygen
transfer from the tumor vasculature to tumor tissue.
The basic principle of NIRS rests on the fact that oxygenated and deoxygenated hemoglobin molecules are major chromophores in tissue in the near-infrared region (700 to 900
nm), and they exhibit distinct absoqjtion characteristics. In
principle, the concentrations of oxygenated hemoglobin
[Hb02], deoxygenated hemoglobin [Hb], and oxygen saturation of hemoglobin SO2 can be detennined by measuring light
absorption and scattering in tissue based on difiusion theory.
However, the theory works well only for large and homogeneous media.*'" Accurate quantification of tumor oxygenation
in our approach is currently limited to relative changes in
[Hb02] and [Hb] due to considerable heterogeneity and finite
size of tumors.
The goal of this study was to investigate the correlation of
tumor blood oxygenation and tumor p02 in response to carI083-3668/2003/$1S.OO © 2003 SPIE
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bogen intervention and to develop a suitable algorithm to estimate the hemoglobin oxygen saturation of the tumor under
the intervention. Specifically, in Sec. 2 of this paper, we derive accurate expressions for calculating changes in [Hb02]
and [Hb] to compensate for the differences in optical path
length at two wavelengths and an algorithm to estimate absolute sO, values of the tumor during gas intervention. The
algorithms are validated through tissue-simulating phantoms
and used to estimate tumor SO2 in the animal measurement
using the MRS and mean PO2 values, as mentioned in Sees. 3
and 4. In Sec. 4, we will show that while NIRS results tended
to be similar for several tumors, pOa electrode measurements
showed considerable variation even in the same tumor type,
suggesting distinct tumor heterogeneity. In Sec. 5, we discuss
the need to develop an NIR imaging technique in order to
study spatial heterogeneity of tumor vasculature under oxygen
interventions. Finally, we conclude that the NIRS technology
can provide an efficient, real-time, noninvasive approach to
monitoring tumor physiology and is complementary to other
techniques.

2

Theory and Algorithm Development

2.1 Algorithms to Quantify Changes in [Hb02] and
iHb]
NIR spectroscopy can be used to measure hemoglobin concentrations and oxygen saturation since light absorptions of
Hb02 and Hb are different at the wavelengths selected (758
and 785 nm). In common with our previous work," we assumed that Hb02 and Hb are the only significant absorbing
materials in tumors within the selected NIR range of 700 to
900 nm. Based on Beer-Lambert's law, the absorption coefficients /M„ comprise the extinction coefficients for deoxyhemoglobin (sHb) and oxyhemoglobin (enboa) multiplied by their
respective concentrations:
^r = 2.3{6 »«[Hb]+4fo3[Hb02]},

(1)

M-a^«=2.3{if[Hb]+4fo2[Hb02]},

(2)

where the factor of 2.3 results from the different definitions of
fig and e in relation to the incident and detected optical intensities. The conventional definitions for fi„ and 8 are /
=/o exp(-fij,) and/=/olO"^'^', respectively, where IQ and
/ are the incident and detected optical intensities in transmission measurement of a nonscattering medium, C is the concentration of hemoglobin measured in millimoles per liter,
and L is the optical path length through the medium in centimeters. Therefore, we should have a relationship of fi^
= 23 eC.
We have not yet completed a suitable algorithm to compute fig of rat tumors due to their finite size and high heterogeneity. Instead of diffusion theory, we modified BeerLambert's law, i.e., /i„=2.3eC=(2.3/L)log(/o/i), to analyze
the data using only amplitude values to quantify changes in
[Hb02] and [Hb]. In this case, /(, is the detected light intensity when no absorption is present. Specifically, changes in
absorption coefficient of the tumor, A fig, between baseline
and transient conditions under respiratory intervention can be
expressed as
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AAifl=Mor-^a«=2.31og(^a/'4r)/i,

(3)

where L is the optical path length and ^4 ^ and ^;- are baseline
and transient ampHtudes of the measured optical signals, respectively.
By manipulating Eqs. (1) to (3), changes of [Hb02] and
[Hb] due to an intervention can be expressed using the transmitted amplitudes of the light through the tumor as:

A[Hb02]=-11.73'

,\og(AB/Arf''

+14.97*

A[Hb] = 8.09'

logjA gJAj) 785

jogG££/£r) 758
r758

(4)

r785

•6.73'

toglAg/Arf''
-785

(5)
where i'^' and i™' are optical path lengths between the
source and detector at 758 and 785 nm, respectively. The units
of A[Hb02] and A[Hb] in Eqs. (4) and (5) are in millimolar.
The constants given in the equations were computed with the
extinction coefficients for oxygenated and deoxygenated hemoglobin at the two wavelengths used.'^ The constant values
are slightly different from our previous report" due to a slight
shift in wavelength (782 to 785 nm) from one laser source,
but the actual differences between the values of A[Hb02] and
A[Hb] calculated from our previous report and from Eqs. (4)
and (5) are little and negligible.
In principle, i'^* and £'*' given in Eqs. (4) and (5) are not
constants, depending on both the source-detector separation
and the optical properties of the measured medium. Optical
path length in a scattering medium L has been expressed'^ as
the source-detector separation d multiplied by a differential
pathlength factor 0W), i.e., L = d*DPF. DPF values of
blood-perfused tissues should be wavelength- and
oxygenation-dependent, and they have been studied intensively for muscles'"' and brains'" with approximate values of 4
to 6 and 5 to 6, respectively. Little is known about DPF for
tumors although a DPF value of 2.5 has been used by others.'*
In our approach, we define two parameters, /3Hb02 and ^^b >
as ratios between DPF^^^ and DPF^^^ for oxygenated blood
and deoxygenated blood, respectively, as given below:

JDPF^

£758
Hb02

f£>p/r758
^Hb=

DPF

I7851' Hb02 !

^"

-758

(6)

"785

Hb

^~

' Hb

Substituting Eq. (6) into Eqs. (4) and (5) leads to
11-73
, ABV''
„,
^—log—
+14.9710
Pmoi
\ATI
\AT
A[Hb02]=dXDPFn
(7)
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8.09
lAgS^'^
/^B\'85
-1^;^) -6.731.g[^
A[Hb]=

A[Hb,<„„]=A[Hb02] + A[Hb]
758

where DPFQ is a mean DPF at 785 nm for both oxygenated
and deoxygenated states, i.e., DPFO=DPF]^^Q2=OPF]^^ ,
which is assumed to be the same for both ^[HbOa] and
A[Hb]. This assumption is based on the fact that the absorption difference between oxygenated and deoxygenated blood
at 785 nm is much smaller than that at 758 nm. The maximal
relative error caused by this assumption in tumor oxygen interventions was estimated to be less than 12%, and detailed
justification and discussion were given in Ref. 11. Since our
focus is on dynamic changes in tumor [HbOa] under carbogen intervention, we simplify Eqs. (7) and (8) to Eqs. (9) and
(10) by including DPF^ in the unit:
11.73

As

758

+ 14.97 log!

IkPHb02 Nl~
\AT

A[Hb02]=-

(9)
8.09

■6.73 log]

lOf

■1.681og(^)

(8)

dXDPFo

A[Hb]=

(10)

(15)
Equations (13) to (15) will be used in calculating ^[HbOj],
A[Hb], and A[Hb,o,ai] in tissue phantoms and tumors during
gas interventions in this paper.
The units for ^[HbOa], A[Hb], and A[Hb,o,a,] in Eqs.
(13) to (15) are mM/DPFo, which is still a variable, depending on the optical properties of the tumor at a particular wavelength. Since our study involves changes in [HbOj] due to
respiratory challenges, we can obtain a normalized A[Hb02]
at its maximal value, i.e., A[Hb02]/A[Hb02]nax, to eliminate the unit so as to minimize the effect of DPF on our
results. Next, we will show that a normalized ^[HbOa] has a
close relationship with hemoglobin oxygen saturation SO2.
2,2 Relationship Among Normalized A[Hb02], SO2
and Blood p02
We define SO2 values of the measured sample at the baseline,
transient state, and maximal state, i.e., (s02)i,ase, (SO2),, and
(s02)„ax, respectively:
[Hb02]to.

where the units for Eqs. (9) and (10) become mM/DPFo.
To fiirther quantify ^Hb02 and ^Hb> we associate L to ^^
by L = {-^ll)d (/t^//t^)"^, where n'^ is the reduced scattering coefficient, according to Sevick et al.'" and Liu." Equation (6) becomes
r / „7g5\ laf^a

^758

^Hb02-17785
L

758

Hb02

i\/^a 1

[Hbtotal]bas(
[Hb02],
[Hbtotal]('
[Hb02]^,,

(S02)„ax=

HbOa

,785\ 1/2

(12)

^751
JHb

(16)

(17)

tHblotaUma!

(18)

where [Hb02]base. [Hb02],, and [Hb02]max are corresponding to oxygenated hemoglobin concentrations at the respective state. Mathematically, it follows that

JHb

where fi„=23 eC and /u.^ values at two wavelengths are
canceled, assuming that /t^ (758 nm)s^^ (785 nm). By
calculating the hemoglobin extinction coefficients at 758 and
785 nm,'^ we obtained ^1^02= 1-103 and ^Hb=0.9035. Substituting these values into Eqs. (9) and (10) results in the final
expressions for A[Hb02] and A[Hb]:

+14.97 log(^

A[Hb02] =
(13)

A[Hb]= ■

(80,),=

,758

j Hb02

.785\ 1/21

8.95 log -^

(S02)base—

,785\ 1/2

—

(11)

■ 10.63 log(^)

^ .785

+8.241og(^

-6.73 log'
-.

(14)

A[Hb,„n|] can also be obtained by adding Eqs. (13) and (14):

ASO2
AsO,„

(s02)-(s02)toe
(S02)n,ax-(s02)base
[Hb02],

[HbOjlba,

[HbtotaJf

[Hbtotallbasi

[Hb02]„ax

[Hb02] base

L H UtQtal J max

L Hb^^tal J bas£

(19)

During a cycle of oxygenation and deoxygenation in a
blood-perfiised tissue, if the total concentration of hemoglobin
remains constant, we have the following condition:
[Hb,„,a,]„x=[Hb,„,a,],=[Hb,„,a,]basc- In the case of tumors
under gas intervention, total hemoglobin concentration does
not always remain constant, but the changes in [Hb],o,a) appeared relatively small in comparison to the changes in
[Hb02].""" It is reasonable to assume that A[Hb,„,j,i]
"^[Hb'to,,,], i.e., the condition of [Hb,„,a,]„ax=[Hb,„,,],
= [Hbtotai]basc Still holds for the tumor under oxygen/carbogen
interventions. Then, Eq. (19) becomes
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AsOa

(s02),-(s02)tee

A[Hb02]

As02„,x

(s02)„„-(s02)tase

^EHbOa],

(20)
To ftirther make correlation between the normalized
^[HbOj] and blood p02, Hill's equation" can be combined
with Eq. (20) to characterize oxygen transport in the tissue
vasculature:

Ideally, when both A[Hb02] and tissue p02 are measured
at the same physical location, the maximal and initial oxygen
saturations, i.e., a and b in Eq. (23), of the measured tissue
vasculature can be obtained by fitting Eq. (23) to the measured data. In our tumor study, we then can estimate the maximal and initial hemoglobin oxygen saturations of the tumor
by fitting the measured values of global normalized A[Hb02]
and global tissue p02, which result from adding up all local
PO2 values obtained fi'om "F MR p02 mapping.

(pOf)"
,B\n

A[Hb02]
A[Hb02]„,,

(Pfo)"+(pOf)

(S02)basi

3

(S02)„ax-(s02)base

(pOf)"
Bsn
(Pfo)''+(pOf)

(21)
where pOf is the oxygen partial pressure in blood, P|) is the
oxygen partial pressure in blood at $02=50%, n is the Hill
coefficient, a=(s02)max > and b = Cs02)i,asc • This equation associates the normalized AHb02 to blood p02 in tissues. It
indicates that normalized A[Hb02] measured ftom tissues/
tumors under gas interventions is associated with normalized
SO2 between (s02)base and (s02)„ax; of the tissue/tumor, and it
predicts the relationship between the normalized A[Hb02]
and blood PO2 values in the tissue/tumor vasculature.
In our phantom studies, the measured pOj values are considered as blood pOa in tissue vasculature since blood is well
mixed in the solution (see details in Sec. 3.4). Therefore, values of PIQ, «, a, and b in Eq. (21) can be fitted to the experimental data, allowing us to determine the initial, transient, and
maximal values of SO2 of the simulating tissue due to oxygen/
nitrogen interventions.
2.3 Relationship Between Normalized ACHbOj] and
Tissue/Tumor p02
In principle, blood p02 and tissue p02 are different, depending on the relative distance between a capillary vessel, oxygen
consumption, and the location where p02 is measured." It is
shown that there exists a constant pressure drop between
blood pOj and tissue p02 as the blood passes through a capillary vessel. Therefore, it is reasonable to assume
pOf=Qr-pOf,

(22)

where pOf and pOj are blood pOa and tissue p02 values,
respectively, and a is a constant representing an oxygen partial pressure drop from blood p02 to a local tissue p02. Substituting Eq. (22) in Eq. (21) results in

(poir
A[Hb02]
AEHbOj]™,

JMI"
(HoT + ipOl)

a-b

'

^2^^

where PJQ is the oxygen partial pressure in tissue resulting
from Pfj, and the meanings of n, a, and b remain the same as
in Eq. (21). This equation shows how normalized A[Hb02]
measured from tissue under gas interventions is associated
with both tissue PO2 and normalized SO2 between (s02)iase
and (s02)„ax in ft© tissue vasculature.
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Materials and Methods

3.1 Tumor Model
Dunning prostate rat tumors (eight R3327-HI and four
R3327-AT1)'^'' were implanted in pedicles on the foreback of
adult male Copenhagen rats, as described in detail
previously.^' Once the tumors reached approximately 1 cm in
diameter, the rats were anesthetized with 0.2 ml ketamine hydrochloride (100 mg/mL; Aveco, Fort Dodge, IA) and maintained under general gaseous anesthesia with isoflurane in air
(1.3% isoflurane at 1 dm'/min air) through a mask placed over
the mouth and nose. Tumors were shaved to improve optical
contact for transmitting light. Body temperature was maintained by a warm water blanket and was monitored by a rectally inserted thermal probe connected to a digital thermometer (Digi-Sense, model 91100-50, Cole-Parmer Instrument
Company, Vemon Hills, IL). A pulse oximeter (model 8600,
Nonin, Inc., Plymouth, MN) was placed on the hind foot to
monitor arterial oxygenation (Sa02). Tumor volume V (in
cubic centimeters) was estimated as F=(4-n-/3) l(L+W
+H)/6Y, where L, W, and H are the three respective orthogonal dimensions.
In general, the source-detector fiber separation was about 1
to 1.5 cm in transmittance geometry, and thus the maximal
tumor volume interrogated by MR light can be estimated as
follows. By the difflision approximation, the optical penetration deptli from the central line between the source and detector is about one half of the separation (source-detector
separation=rf). The total tumor volume intertogated by NIR
light can be estimated as the spherical volume with a radius of
one half of rf, i.e., {ITI6)<P. In this way, the estimated tumor
volume interrogated by NIR light is in the range of 0.5 to 2.0
cm^, depending on the actual source-detector separation.
3.2 NIRS and pOi Needle Electrode Measurements
Figure 1 shows the schematic setup for animal experiments
using both NIRS and a PO2 needle electrode. A needle tjfpe
oxygen electrode was placed in the tumor, and the reference
electrode was placed rectally. The electrodes were connected
to a picoammeter (Chemical Microsensor, Diamond ElectroTech Inc., Ann Arbor, MI) and polarized at —0.75 V. Linear
two-point calibrations were performed with air (21% O2) and
pure nitrogen (0% O2) saturated saline buffer solutions before
the electrode was inserted into the tumor, and we estimated an
instrumental precision of 2 to 3 mm Hg. Measurement points
of PO2 were manually recorded, while the NIRS data were
acquired automatically. Measurements of PO2 and NIRS were
initiated, while the rats breathed air for ~10 min to demonstrate a stable baseline. The inhaled gas was then switched to
carbogen for 15 min and switched back to air.
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Fig. 1 Schematic experimental setup of one-channel, near-infrared,
frequency-domain IQ instrument for tumor investigation m wVo. The
5-mm-diameter fiber bundles deliver the laser light, comprising two
wavelengths (758 and 785 nm), and detect the laser light transmitted
through the implanted tumor. The pOj needle electrode measures
tumor tissue p02.

Our MR system as shown in Figure 1 (Refs. 11 and 22) is
a homodyne frequency-domain photon migration system
0<fIM, Inc., Philadelphia, PA) and uses commercially available in-phase and quadrature (IQ) demodulator chips to demodulate the detected, amplitude-modulated optical signal.
3.3 Experimental Validation for ^HI»02 and PH%
Values
In order to validate ^Hb02 and ^m, values, we conducted
phantom calibration measurements. We used 2 1 of 0.01 M
phosphate buffered saline (P-3813, Sigma, St Louis, MO) and
1% Intralipid (Intralipld* 20%, Baxter Healthcare Corp.,
Deerfield, IL) with pH= 7.4 at 25 °C. To deoxygenate the solution, 14 g of baking yeast was dissolved in the phantom
solution, and pure oxygen gas was used to oxygenate the solution. After the yeast was well mixed in the solution, 3 ml of
hinnan blood was added twice. When tlie blood was fully
deoxygenated, pure oxygen was introduced in the solution to
oxygenate the blood. After the blood was fiilly oxygenated,
oxygen blowing was stopped in order to deoxygenate the solution with yeast again.
Equations (4) and (5) were applied to the raw amplitude
data to calculate A[Hb02] and A[Hb]. Large unexpected and
erroneous fluctuation of A[Hb,„,ji] (=A[Hb02] + A[Hb])
were seen during the oxygenation and deoxygenation cycles
(Figure 2). However, when we appMed Eqs. (13) to (15) to
calculate AEHbOa], A[Hb], and A[Hb,„,a,], A[Hb,„J remained constant during the oxygenation and deoxygenation
cycles as expected. This demonstrates that the values of
^Hb02= 1.103 and ^jjb=0-9035 are correct and necessary to
compensate the differences in DPFs caused by the two different wavelengths.
3.4

Fig. 2 Simultaneous dynamic changes of ^[HbOj], A[Hb], and
A[Hb],„„| in the phantom solution measured using NIRS. The gray
solid curve is for A[Hb],ot,i without using ^HBOJ and ^Hb values. Oxygen consumption by yeast produced deoxygenated blood and blowing oxygen restored oxygenation. During the oxy- and deoxygenation
process, A[Hb],o,ai is supposed to be a constant. However, as we can
see here, A[Hb],o„i calculated without iSHb02 snd ^^b values shows
the fluctuation during the oxy- and deoxygenation while A[Hb],„„i
calculated using ^Hboi a"d ^Hb values shows the veracity of these
modified algorithms.

differences between the tissue-simulating phantom and real
tissues are that there is no capillary membrane in the phantom, and that the phantom is more homogeneous than real
tissues. Capillary membranes have high permeability of oxygen, so oxygen transport from blood to tissues crossing the
capillary membranes occurs straightforwardly. Furthermore,
normal tissues are well vascularized, and the NIR techniques
are more sensitive toward measuring small vessels and vascular bed of the tissue.^'* Therefore, vasculature of normal tissues has been simulated by a turbid solution mixed with blood
as a simplified laboratory model in NIRS measurements for
oxygen transport from blood to normal tissues. "'"'^^
The experimental setup shown in Figure 3 was made to
simulate tumor oxygenation/deoxygenation. Oxygen needle
electrodes, a pH electrode, and a thermocouple probe (model
2001, Sentron, Inc., Gig Harbor, WA) were placed in the solution, and the gas tube for delivery of N2 or air was placed
opposite die NIRS probes to minimize any liquid movement
effects. Source and detector probes for the NIRS were placed
in reflection geometry with a direct separation of 3 cm. The

pH electrode 2nd
ThemiocQople
Gaswbg

Tissue Phantom Solution Model

In order to study the relationship between pOj and A[Hb02]
in regular tissues, we conducted a tissue-simulating phantom
study by using the liquid solution similar to that mentioned
above. In normal tissues, there are several steps of oxygen
transport from the blood to tissue cells."' In the tissuesimulating phantom, blowing oxygen gas represents oxygenation process of blood in the lungs, and blowing nitrogen gas
simulates deoxygenation process of blood in the tissues. The

1% InlTBlipM soluhon
vrilh Rabbit Blood

pH electrode and
Ibermocosple

Fig. 3 Experimental setup for phantom study using 1% Intralipid in
saline buffer. NIRS probes were placed in reflectance mode, while the
gas bubbler was placed opposite to minimize liquid movement effects. After adding 2 ml of rabbit blood to a 200 ml solution, nitrogen
gas and air were introduced to deoxygenate and oxygenate the solution, respectively.
lournal of Biomedical Optics • ianuary 2003 • Vol. 8 No. 1
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solution was stirred constantly to maintain homogeneity by a
magnetic stirrer at ~37 °C. Fresh whole rabbit blood (2 mL)
was added to the 200 mL solution before baseline measurement. Nitrogen gas and air were used to deoxygenate and
oxygenate the solution, respectively.
3.5

Garbogen

MRI Instrumentation and Procedure

To support the findings obtained from the p02 electrode measurements and MRS, we conducted MRI experiments using
an Omega CSI 4.7 T 40 can system with actively shielded
gradients. A homebuilt tunable 'H/"F single turn solenoid
coil was placed around the tumor. 45 /tL hexafluorobenzene
(HFB; Lancaster, Gainesville, FL) was administered directly
into the tumor using a Hamilton syringe (Reno, NV) with a
custom-made fine sharp (32 gauge) needle and HFB was deliberated dispersal along several tracks to interrogate both
central and peripheral tumor regions, as described in detail
previously.* HFB is ideal for imaging pOa because it has a
single resonance and its relaxation rate varies linearly with
oxygen concentration. 'H images were acquired for anatomical reference using a traditional 3-D spin-echo pulse sequence. Conventional "F MR images were taken to show the
3-D distribution of the HFB in the tumor. "F MR images
were directly overlaid over 'H images to show the position of
the HFB in that slice.
Tumor oxygenation was assessed using fluorocarbon relaxometry using echo planar imaging for dynamic oxygen mapping (FREDOM) based on "F pulse burst saturation recovery
(PBSR) echo planar imaging (EPI) of HFB.^' The PBSR
preparation pulse sequence consists of a series of 20 nonspatially selective saturating 90 deg pulses with 20 ms spacing to
saturate the "F nuclei. Following a variable delay time % a
single spin-echo EPI sequence with blipped phase encoding
was applied.^* Fourteen 32X32 FBSR-EFI images, with T
ranging from 200 ms to 90 sec and a field of view (FOV) of
40X40 mm, were acquired in 8 min using the alternated relaxation delays with variable acquisitions to reduce clearance
effects (ARDVARC) acquisition protocol.^* An .Rl(=l/n)
map was obtained by fitting the signal intensity of each voxel
of the 14 images to a three-parameter relaxation model by the
Levenberg-Marquardt least-squares algorithm:

j„(iV)=^(«V)-[l -d + F)exp(-«1(,V). T„)]
(24)

5

•,14)

(i,j = ],2,-.----,32),
where v„(j,i) is the measured signal intensity corresponding
to delay time T„ (the «'th images) for voxel (j, j), A(i,j') is the
fully relaxed signal intensity amplitude of voxel (1, J), Wisu
dimensionless scaling factor allowing for imperfect signal
conversion, Rl(iJ) is the relaxation rate of voxel (i, J) in
units of sec"', and A, W, and R\ are the three fit parameters
for each of the 32X32 voxels. Finally, the pOa maps were
generated by applying the calibration curve, pOa (mm Hg)
= [^l(s"')-0.0835]/0.001876 at 37''C, to the «1 maps.^'
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Fig. 4 Simultaneous dynamic changes of ^[HbOj] and pO-i in
R3327-HI rat prostate tumors using NIRS and p02 needle electrode,
(a) A small tumor (1.S cm') showed a rapid p02 response (case 1),
whereas (b) a bigger tumor (3.1 cm') showed a slower pOj response
(case 2). (c) In a third tumor (1.6 cm') where regional baseline PO2
was <5 mm l-lg, there was no PO2 response (case 3). The unit of
A[Hb02] is mM/DPF, where DPF Is equal to the optical path length
divided by the source-detector separation. Dotted vertical line marks
the time when the gas was changed.
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Results
Tumor Study Results

We have measured relative changes of [Hb02], [Hb],
[Hb,ort], wid tumor tissue pOa (electrode) from eight Dunning prostate R3327-HI tumors, and Figure 4 shows three
representative data sets. Figure 4(a) shows the temporal profiles of A[Hb02] atid p02 in a small Dunning prostate
R3327-HI tumor (1.5 cm') measured simultaneously with
NIRS and the pOj needle electrode during respiratory challenge. After a switch from air to carbogen, A[Hb02] increased rapidly, along with tumor tissue PO2. Figure 4(b) was
obtained fi"om a large tumor (3.1 cm'): the electrode readings
showed a slower p02 response, whereas the NIRS response
was biphasic, which has been a commonly observed dynamic
feature." In a third tumor (1.6 cm'), NIRS behaved as before,
but PO2 did not change [Figure 4(c)].
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Fig. 6 Simultaneous dynamic changes of ^[HbOj], A[Hb],o,ai, and
PO2 in the phantom solution measured using NIRS and pOa needle
electrode. The dark solid curve is for A[Hb02], the lighter solid line is
for A[Hb],o,ai, and the solid circles show pOa values in the phantom
solution. After ~3 min baseline, the bubbling gas was changed from
air to nitrogen to deoxygenate the solution and then switched back to
air to reoxygenate the solution. The unit of A[Hb02] is mM/DPF.
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Fig. 5 Dynamic changes of A[HbOj] and pOj in two R3327-AT1 rat
prostate tumors measured sequentially using NIRS and "F MR p02
mapping. The solid curves represent ^[HbOj], and the solid lines
with solid circles represent mean p02±SE (standard error) of 21 (a)
and 45 (b) voxels of the respective tumor. Dashed lines with open
symbols are 4 representative voxels for each case. After a gas
switched from air to caitogen, the mean p02 values of both tumors
increased, but individual voxels showed quite different responses, indicating high heterogeneity in the tumors. The tumor sizes were 3.2
cm' and 2.7 cm' for (a) and (b), respectively.

In four tumors from a separate subline (Dunning prostate
R3327-AT1), NIRS and "F MRI were taken sequentially with
carbogen challenge, and two representative data sets are
shown in Figure 5. NIRS response showed vascular oxygenation changes as before, and FREDOM revealed the distinct
heterogeneity of the tumor tissue response. Initial pOa was in
the range of 1 to 75 mm Hg, and carbogen challenge produced
PO2 values in the range of 6 to 350 mm Hg. Representative
voxels are shown in each figure by dashed lines with open
symbols. In addition, mean p02 values were calculated by
averaging all available p02 readings over 21 and 45 voxels
for the two respective tumors. We usually obtain p02 temporal profiles from individual voxels among 200 to 400 voxels
in a tumor during the entire intervention period. The p02
readings presented here were picked to show heterogeneity of
the tumor. In Figure 5(a), the closest distance between the two
voxels is 1.25 mm (between 0 and D), and the fiirthest distance is 7.6 mm (between X and A). In Figure 5(b), the
closest distance is 3.6 mm (between X and A) and the furthest distance is 16 mm (between X and D). These indeed
showed that tumor p02 responses to carbogen intervention
could be quite different at different locations. Notice that Figure 5(a) showed spikes of ^[HbOj] during the measurement.
We expect this to be caused by sudden changes in rat respiratory circulation or motion, rather than resulting from simple
instrumental noise. It is also seen that mean pOj values have
displayed a consistent increase when A[Hb02] showed

spikes, suggesting that such spikes may result from changes in
rat physiological conditions.
4.2 Tissue Phantom Study Results
Figure 6 shows a temporal profile for A[Hb02] and p02 measured from the tissue phantom during a cycle of gas change
from air to nitrogen and back. The first three minutes were
measured as a baseline after adding 2 ml blood. Bubbling
nitrogen deoxygenated the solution and caused the PO2 values
to fall; A[HbOa] declined accordingly with a small time lag.
After the bubbling gas was switched from nitrogen to air, both
A[Hb02] and p02 started to increase simultaneously, but the
recovery time of A[Hb02] to the baseline was faster than that
of PO2. The small time lag between the changes of ^[HbOa]
and PO2 is probably due to the allosteric interactions between
hemoglobin and oxygen molecules. According to the hemoglobin oxygen-dissociation curve, "'^^ oxyhemoglobin starts
to lose oxygen significantly when pOj falls below 70 mm Hg
at standard conditions (pH=7.4, pCO2=40mmHg, and
temperature=37°C). The same principle can explain why
A[Hb02] has a faster recovery than that of pOa- Figure 6
shows that A[Hb02] is already saturated when pOa is at 50
mm Hg, while the solution was still being oxygenated. This
may be due to low PCO2 in the solution where this can shift
the oxyhemoglobin dissociation curve to the left, causing oxyhemoglobin to be saturated at lower p02. Importantly,
A[Hb],(iai remained unchanged, as expected, during a cycle
of deoxygenation and oxygenation.
4.3 Correlation between p02 and Normalized
AEHbOa]
For Tissue Phantoms. Figure 7(a) replots the data given in
Figure 6, showing the relationship between normalized
A[Hb02] and p02 measured from the tissue phantom during
the oxygenation (air blowing) period after the nitrogen blowing. Open circles are the measured data, .and the solid line is
the fitted curve using Eq. (23). The error bars for the data
were not shown here since they are smaller than the symbols
of the data points. For the curve fitting procedure, we used a
nonlinear curve-fitting routine provided through KaleidaGraph (Synergy software, Reading, PA). The fitted parameters
Journal of Biomedical Optics • January 2003 • Vol. 8 No. 1
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Fig. 7 Changes of tissue pOs with normalized changes of oxygenated
hemoglobin (a) in the phantom solution using the NIRS and pOs
needle electrode and (b) in tumors measured with NIRS, pOj needle
electrode, and "F MR pOa mapping. In (a), the open circles are measured data and the solid line is the fitted curve using Eq. (21). This
shows that Eq. (21) works well in a homogeneous systetti. In (b), all
the tumor data are shown indicating that tumors are highly heterogeneous for pOa response to carbogen inhalation. Open symbols show
local p02 changes (from Figure 4) and solid symbols show the mean
pOj changes (from Figure 5) during gas intervention. To estimate global SO2 in tumors during respiratory challenges, we applied Eq. (23)
to Figure S(a), indicating SO2 changes during carbogen inhalation
when compared via tumor p02.

are «=1.9, P5o=15.2iimHg, [sO2]basc=0%, and
[s02]max~99% with ^ = 0.997 and minimized chi-square.
The fitted values of [sOaJbase and [s02]max are in good agreement with the expected values, since the corresponding p02
values are 0 and 160 mm Hg, respectively. This agreement
validates Eq. (23) and further indicates that we can measure
approximate SO2 values during the gas interventions in a homogeneous system by fitting the experimental data using Eq.
(23) even though we do not measure absolute [Hb02]. The
Hill coefficient («) and p02 value at 50% of SO2 (P50) are
smaller than the values from a standard oxyhemoglobin saturation curve, probably due to the shift of the oxyhemoglobin
dissociation curve.
For Tumor Study. Figure 7(b) replots the data given in Figures
4 and 5, showing a direct relationship between the normalized
A[Hb02] and tissue p02 in the tumors. NIRS results tended
to be similar for several tumors, and pOa electrode measurements showed considerable variation even in the same tumor
type, suggesting distinct tumor heterogeneity. This was substantiated by the "F MR PO2 mappings (Figure 5): indeed, in
some cases, PO2 values did not change with respiratory challenge, especially when baseline PO2 values were lower than
10 mm Hg.
Equation (23) can be used to estimate values of [s02]basc
and [s02]niaK for the tissue-simulating phantom (a homogeneous system). However, the relationship fails for heteroge60
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neous systems such as tumors. The NIRS measurements interrogate a large volume of tumor tissue, giving a global value
of normalized A[Hb02], whereas the p02 readings are local
near the tip of the needle electrode. However, to estimate
mean values of [s02]basc and [s02]n,axj it is reasonable to
compare the global normalized A[Hb02] with global tissue
PO2, which can be obtained by summing up all local p02
readings at different pixels measured from the "F MRl mapping, as done in Sec. 4.1 and shown by solid lines in Figure 5.
The data shown in Figure 7(b) with soHd symbols are the
global mean p02 values calculated from the corresponding
MRI data. The solid fitting curve shown in Figure 7(a) is
obtained from the mean p02 data given in Figure 5(a). In this
case, the fitting parameters are P5Q, [s02]basc) and [s02]n,ox
with a fixed Hill coefficient n to be the same as that under
standard conditions. The best fitting curve of Eq. (23) is
shown in Figure 7(b), having P5o=20.6±4.1 mmHg,
[s02]base=37±13%, and [sO2]„ax=100% with R = 0.9E5
and goodness-of-fit _y^=0.031. Estimated errors for P50 and
[s02]base are not insignificant and a better fit could be found
by measuring p02 with better temporal resolution.

5

Discussion and Conclusion

Tumor oxygenation involves a complex interplay of multiple
compartments and parameters; blood flow, blood volume,
blood vessel structure, and oxygen consumption. NIRS provides a global noninvasive estimate of average vascular oxygenation encompassing arterial, venous, and capillary compartments. In agreement with our previous observations," the
A[Hb02] response is often biphasic, which we believe represents rapid elevation of arterial oxygenation, followed by
more sluggish capillary components.
Comparison with simultaneous electrode measurements indeed revealed that tumors are heterogeneous. Like NIRS measurements, PO2 electrodes provide rapid assessment of p02
facilitating real-time observation of dynamic changes. In Figure 4(a), PO2 starts at a baseline value ~15 mm Hg and
increases rapidly in response to respiratory challenge with
carbogen. Indeed, the rate approaches that of tlie vascular
compartments. In a second tumor [Figure 4(b)], where the
interrogated location showed a slightly lower p02, the tissue
response was more sluggish. For a third HI tumor, local baseline PO2 was found to be <5 mm Hg, and this did not change
with carbogen inhalation despite the response observed by
NIRS. This suggests a danger of comparing a global vascular
measurement with regional tumor PO2, since tumors are
known to be highly heterogeneous. This also demonstrates an
essential need for NIR imaging of tumors to provide regional
tumor vascular oxygenation details.
FREDOM measurements in Figure 5 revealed the heterogeneity in baseline oxygenation within individual tumors of
this second tumor subline as also reported previously.^' Baseline PO2 ranged from 1 to 75 mm Hg, and response to carbogen was variable in terms of rate and extent, as also seen for
the HI subline using electrodes (Figure 4). As with the electrodes, the better oxygenated tumor regions showed a faster
and greater response to carbogen inhalation. The oxygen electi'ode measurements in Figure 4 showed a maximum p02 of
around 45 mm Hg, though we have observed values as high as
95 mm Hg using oxygen needle electrode. Observations using
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the fluorescence-based OxyLite™* fiber-optic devices for measuring HI tumor reached the maximum detectable p02 of 100
mm Hg during carbogen inhalation.' FREDOM has shown
values of less than 5 mm Hg and greater than 160 mm Hg
under air breathing conditions, and reaching 350 mm Hg in
HI tumors while breathing carbogen.' Each method indicates
that tumors are highly heterogeneous, but it has been shown
that there can be a positive linear relationship between baseline pOj and maximum pOa during carbogen inhalation in the
Dunning prostate ATI tumor line.'
The phantom measurements indicate and validate the reliability of the NERS technique and also prove that normalized
A[Hb02] is closely related to the normalized hemoglobinoxygen dissociation curve. The phantom data confirmed that
we can obtain absolute SO2 values in a homogeneous system
by measuring both ^[HbOa] and pOa- We could estimate
mean SO2 values of the tumor under intervention using global
A[Hb02] and averaged PO2 readings, and the fitting errors
are expected to be improved by having more data points.
Measuring regional tumor vascular oxygenation by NIR imaging of tumors should allow us to correlate local A[Hb02]
and PO2 and to understand the oxygen transport process from
tumor vasculature to tumor tissue, and this is the direction of
our future work.
Both NIRS and electrodes offer essentially real-time measurement of changes in oxygenation, which can be rapid (Figure 4). Indeed, the inflow kinetics of vascular O2 detected by
NIRS are similar to those previously reported in the HI tumor
line following a bolus of the paramagnetic contrast agents
Gd-DTPA.^* FKEDOM has lower temporal resolution, but reveals the tumor heterogeneity and differential response of regions exhibiting diverse baseline p02. The results here correspond closely with more extensive observation.'"'"^' While
FREDOM currently requires 6.5 min per pOa map, we have
previously demonstrated an alternative data acquisition protocol achieving 1 s time resolution in a perfused heart, albeit
providing less precision in measurements and only a global
determination.^' Such an approach could allow us to measure
global A[Hb02] and global pOa simultaneously with a high
temporal resolution, understand the relationship between global A[Hb02] and global pOa, and obtain absolute values of
SO2 of the tumors as tumors grow.
In conclusion, we have refined the algorithms for calculating [Hb], [HbOi], and [Hb,J and measured relative
[Hb02] changes in tumor vasculature and tumor tissue p02
under carbogen intervention using NIRS and a needle type
pOj electrode. The pOa data were also supported by the "F
MR PO2 mapping. We have also developed an algorithm to
estimate SO2 values in the tumor during respiratory interventions. The NIRS data showed significant changes in vascular
oxygenation accompanying respiratory interventions, and
changes in tumor vascular oxygenation preceded tumor tissue
PO2. Oxygen electrode measurements and "F MR p02 mapping results proved that tumors are highly heterogeneous. The
phantom data confirmed that normalized [Hb02] data together with PO2 measurements can be used to estimate absolute SO2 values in a homogeneous system. For a highly heterogeneous medium, such as tumors, local comparison
between the [Hb02] and p02 value is desired and required in
order to reveal the process of oxygen delivery fi-om the tumor

vascular bed to the tumor tissues. Therefore, this study not
only demonstrates that the NIRS technology can provide an
efficient, real-time, noninvasive approach to monitoring tumor
physiology and is complementary to other techniques, but
also emphasizes the need to develop an imaging technique to
study spatial heterogeneity of tumor vasculature under oxygen
or other therapeutic interventions.
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