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ABSTRACT

For the second year of the project, we have investigated the cyclophosphamide dose effects on rat breast
tumor hemodynamics and also monitored how tumor hemodynamics is affected by a vascular disrupting
agent by a near-infrared spectroscopy. For experiments, we have applied systemic chemotherapy of
cyclophosphamide (CTX) to two groups of rats bearing syngeneic 13762NF mammary
adenocarcinomas: one group received a single high dose i. p. (200 mg/kg CTX) and the other group
metronomic low doses (20 mg/kg CTX i. p. for 10 days). Combretastatin (CA4P) which is one of
vascular disrupting agents was also administered to the rats (30 mg/kg, i. p.) to see its effects in tumor
hemodynamics. After CTX treatments, significant changes in vascular hemodynamic response to oxygen
inhalation were observed from both groups. The preliminary results suggest that cyclophosphamide has
greatest effect on the well perfused tumor vasculature. CA4P administration caused significant decreases
in tumor blood volume and oxygenation, and tumor vasculature recovered its function slowly at day I
after CA4P administration. Overall, our study supports our earlier hypothesis, proving that the effects of
chemotherapy in tumor may be monitored non-invasively by using NIRS by detecting the changes of
hemodynamics induced with respiratory challenges.
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This report presents the specific aims and accomplishments of our breast cancer research project during
the second of funding sponsored by the U.S. Army Department of the Defense. It covers our activities
from May 1, 2004 to April 30, 2005.

Introduction

The overall goals of this research are to evaluate NIRS technique as a non-invasive tool for monitoring
the drug effects in breast tumors and to compare the effects of systemically delivered drug and locally
delivered drug with embedded biodegradable fibers. In the first year of the project, systemic
chemotherapy has been applied to rat breast tumors with a single high dose (200mg/kg) of
cyclophosphamide (CTX). The results have shown that the hemodynamics of blood oxygenation
(A[HbO 2]) increase during oxygen intervention has become significantly changed before and after CTX
administration which proved NIRS could be used as a monitoring tool for cancer therapy. In the second
year of this project, we have expanded systemic CTX treatment on tumors by applying metronomic low
dose treatment (20mg/kg for 10 days) to see the differences in treatment efficacy comparing to a single
high dose CTX treatment. We have also applied combretastatin (CA4D), one of vascular disrupting
agents, to see its acute effects in tumor hemodynamics by monitoring the change of tumor blood
oxygenation and also blood volume. Throughout this study, it will allow us to validate a non-invasive tool
that can monitor the effects of chemotherapy on breast tumors and to demonstrate advantages of local
drug delivery using biodegradable fibers for breast tumor treatment. Our study may help breast cancer
patients under chemotherapy have a higher survival rate and better quality of life with reduced side effects
and proper tumor treatment selection.

Objectives:

The overall project has five specific aims:

Aim 1: to monitor tumor vascular oxygenation during oxygen/carbogen interventions using both NIRS
and 19F MR p0 2 mapping after a systemic drug delivery.
Aim 2: to compare the effects of the systemically delivered drugs on the vascular and tissue oxygenation
of the breast tumors in order to validate the monitoring capability of the two techniques for breast cancer
treatment.
Aim 3: to develop/implement biodegradable fibers loaded with a chemotherapeutic agent for local drug
delivery at the specific breast cancer site.
Aim 4: to monitor tumor vascular oxygenation during oxygen/carbogen interventions using both NIRS
and 19F MR p0 2 mapping after a local drug delivery through a biodegradable fiber.
Aim 5: to compare the chemotherapy effects between local drug delivery and systemic drug delivery.

Specifically, Task 2 was planned for months 8-16 to accomplish Aims I and 2, and Task 3 was planned
for months 17-21 to accomplish Aim 3. Task 4 was planned for months 22-30 to achieve Aims 4 and 5:

Task 2: To monitor tumor vascular oxygenation during oxygen/carbogen interventions using both NIRS
and 19F MR P0 2 mapping after a systemic drug delivery. (months 8-16):
Task 3: To develop/implement biodegradable fibers loaded with a chemotherapeutic agent for local drug
delivery at the specific breast cancer site. (months 17-21):
Task 4: To monitor tumor vascular oxygenation during oxygen/carbogen interventions using both NIRS
and 19F MR P0 2 mapping after a local drug delivery through a biodegradable fiber. (months 22-30):
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Body of the Report

The PI has made significant efforts to accomplish the tasks. The overall purpose of this project is to
evaluate NIRS technique as a non-invasive tool for monitoring the drug effects in breast tumors and to
compare the effects of systemically delivered drug and locally delivered drug with embedded
biodegradable fibers. In the first year, I have obtained the specific skills for handing laboratory animals
and appropriate knowledge of tumor physiology and NIR spectroscopy. Meanwhile, I have conducted
primary experiments on breast tumors with a single dose of systemic CTX treatment for evaluating NIRS
system and assessing the changes in dynamic response of breast tumor oxygenation with respect to
respiratory challenges before and after CTX treatment (See the annual report in year 1). During the
second year (May 1, 2004~April 30,2005), I have expanded the previous systemic CTX treatment on
tumors by applying metronomic low dose treatment (20mg/kg for 10 days) to see the differences in
treatment efficacy comparing to a single high dose CTX treatment. In addition to that, we have also
applied a combretastatin (CA4D), one of vascular disrupting agents, on tumors to see its acute effects in
tumor hemodynamics by monitoring the change of tumor blood oxygenation and also blood volume. As a
part of developing a drug loaded biodegradable fiber, I have conducted the spectrophotometric
experiments to obtain a calibration curve of CTX concentration which will be used later for drug release
kinetics measurement. I have mainly accomplished the task proposed in this period, as reported below:

1. Metronomic low dose CTX treatment.

We have monitored the hemodynamics changes after a single high dose of CTX treatment in the first year
period and proved that multi-channel NIRS could be used as a monitoring tool to detect the therapeutic
effects from chemotherapy. In the second year of the project, CTX treatment study has been further
expanded to see the effect from a low dose of CTX and also from the size of tumor before treatment.

1.1 Experimental setup and procedures

(a) • "'• ' Detector

Sources----

Oximeter Oximetersoflu-

Top View
(b) Fig. 1 Schematic diagram of experimental setup for the 4-

Source #1 -- channel ISS NIR spectroscopy system. (a) temperature probe
Detector was located rectally, and pulse oximeter was placed on the hind

paw to monitor the arterial oxygen saturation. (b) light detector
Source #2 fiber was placed on the top center of the tumor, and four lightsource fiber sets were attached on four sides of the tumor to

detect the regional signals during oxygen intervention.
Source #4 Tumor

c #3



The tumor line was rat mammary adenocarcinomas 13762NF (cells originally provided by the Division of
Cancer Therapeutics, NCI), and the tumors were implanted in the hind limb of adult female Fisher 344
rats (-200 g). A four-channel, frequency domain, NIRS (ISS, Champaign, IL) has been utilized during the
second year of project to obtain the dynamic response of tumor oxygenation during oxygen gas
intervention. We have divided rats into two groups which are control group (n=3) and CTX treated group
(n=3). During the measurements, four light source fiber sets (750 and 830 nm) were placed on the side of
tumor and a light detector fiber was located centrally on the top of tumor, providing us with four different
regional signals of tumor vascular oxygenation during oxygen inhalation (Figure 1). Changes of [HbO2,
[Hb], and [Hbtotal] were simultaneously measured during a sequence of air to oxygen and then to air for
studying the dynamic response of tumor oxygenation to oxygen intervention. A low dose of CTX
(20mg/kg) was administered into the rats via i.p. injection daily for 10 days which results in total amount
of CTX (200mg) same as the dose (200mg/kg) used during the first year.

1.2 Results

A representative tumor hemodynamic change during experimental procedure is shown in Fig. 2. After
around 10 minutes of air breathing measurement as the baseline, the inhaled gas was switched from air to
oxygen, causing a sharp increase in A[IHbO 2] (p < 0.0001 1 min. after gas switch) followed by a further
gradual, but significant increase over the next 15 min (P < 0.0001). However, A[Hbtotal] first dropped
rapidly after switching gas from air to oxygen and then showed a gradual increase followed by 5 minutes
of stabilization. This behavior could be explained by vasoconstriction of artery due to oxygen intervention
which results in blood flow decreases and thus reduces blood volume. After returning to air inhalation,
A[HbO 2] decreased and A[Hbtotat] showed overshooting then slowly decreased, both reaching slightly
higher than their respective baseline level. This result clearly shows that an NIRS can monitor the
changes of blood oxygenation or blood volume in tumor dynamically and in real-time.

0.08 Air Oxygen Air

a. 0.06 Fig. 2 Time course of tumor vascular A[HbO 2],
a 0.04- , t . A[Hb], and A[Hbtotal] for a representative 13762NF2 0.0
E [breast tumor with the inhaled gas under the sequence
o 0.02 •[Hbtta•of air-oxygen-air.i . .A[Hbtotal]

S-0.02-

0,,, -0.04;

-0.06

-0.08 6; '
5 10 15 20 25 30 35 40

Time(min)

1.2.1 Rat body weight and tumor volume changes after CTX treatments

Rat body weight and tumor volume were monitored before and after the CTX treatments to see the tumor
responses and side effects from chemotherapy. Changes in rat body weight and tumor volume were
normalized to day 0 (before CTX or saline administration). (Fig. 3) Solid circles represent the data from
a control group, and open squares and open diamonds represent the continuous low dose group and single
high dose group from the previous year, respectively. In the single high dose treatment group, body
weight decreased until 6 days after the treatment, but later increased for the rest of days of observation.
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Two rats among five in this group failed to survive at day 3 and 6 due to the toxicity from the high dose
CTX treatment. Therefore, the data shown at day 8 and 10 represent the smaller group of rats which
survived during the high dose treatment. Tumor volume did not further decreased after day 4. (Fig. 3(b))
In comparison, rats in the metronomic low dose group initially lost weight after a low dose of CTX
administration, but gradually gained the weight during the treatment, presenting low toxicity from the
treatment. This group also showed a significant reduction in tumor volume during the treatment. For the
control group, the average rat body weight gradually decreased during the entire course of treatment,
which implies the sickness of rats possibly due to the tumor growth (cachexia). (At Day 10, the tumor
volume was -5 times larger than that at Day 0.)

(a) 1.05 (b) 7

--e--Control
E 611

Multi Low Dose
0.95- 0> 5- --O--Single High Dose

." 0.9 0
o E 4
m 0.85-
N 0.8- N=
W0 ---- Control 2-

o 0.75 -- --Multi Low Dose
Z07 -- Sl High Dose 0

0.7- C

-2 0 2 4 6 8 10 12 -2 0 2 4 6 8 10 12
Day Day

Fig. 3 Normalized changes in rat body weight (a) and tumor volume (b) during the saline and CTX treatments.

1.2.2 Tumor vascular hemodynamics changes before and after CTX treatments

1.2.2.1 A high single dose CTX treatment

0.06
0.05

S0.04 -)

S0.03-
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Fig. 4 Dynamic changes of [HbO 2] taken at location #1 from a rat breast tumor before and after a single high dose of
CTX treatments (200mg/kg). The rising part of A[HbO 2] from location #1 was fitted using either a single- or
double-exponential expression.

The tumor hemodynamics during oxygen intervention was measured before and after administration of
CTX and saline. Figure 4 shown here was presented in the first year report and represents the changes of
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tumor hemodynamics during oxygen intervention during a single high dose of CTX treatment. This
figure clearly demonstrated that we could observe significant changes in tumor hemodynamics after
chemotherapy by using respiratory challenge as a mediator.

The amplitude and time constants obtained from A[HbO 2] increase (Fig. 4) were summarized in
Table 1. At day 0, we can see that YI/Y2 is higher than 1, indicating that the measured signal results more
from the well perfused region than poorly perfused region. However, this ratio becomes less than I after
injection of cyclophosphamide (Day I and 3). This may be explained by destruction of vascular structure
in tumor after chemotherapy. We expect that after a single high dose administration of CTX, the drug
circulates in the blood vessels and is delivered to the tumor cells more in the well perfused region than in
the poorly perfused region. This will lead to death of tumor cells in the well perfused region more
effectively than that in the poorly perfused region, eventually resulting in decreases in tumor volume in
the well perfused region more than in the poorly perfused region. Then, the tumor volume containing the
well perfused regions will consequently decrease, so will the contribution of detected NIR signals from
the well perfused region. In other words, a decrease in YI/y2 may indicate deceases in well perfused
regions in tumor volume, after the administration of CTX.

Table 1. Summary of vascular oxygen dynamics determined at location #1 from the tumor shown in Fig.
4 before and after a single high dose of CTX treatment.

Day A, A2 _ _1 T2 A1/A2 (=YI/Y2) TI/"T2 fi/f2

0 0.044 0.031 0.23 25.21 1.42 0.0091 156
1 0.032 0.033 0.13 11.36 0.97 0.0114 85
3 0.0087 0.014 0.089 8.36 0.62 0.0106 58
5 0.0087 1.27

1.2.2.2 A metronomic low dose CTX treatment

The representative data from the control group and continuous low dose group are shown in Figs. 5(a)
and 5(b), respectively. Open symbols are the raw data from measurements, and solid lines are the fitted
curves using our double exponential model. As mentioned before, there were 4 light sources placed on
the surface of tumor. Figure 5 shows the acute and then gradual changes of [HbO 2] after switching the
breathing gas from air to oxygen, and the data were observed at the same (or nearly the same) location of
tumor from day 0 to day 6. From Figure 5(a), we can see different tumor hemodynamics at different
days, but having similar trends and maximum A[HbO 2] for the control group. However, the data taken
from the continuous low dose group show quite different hemodynamics throughout the treatment days
(Fig. 5(b)). Especially, we notice that the fast increase part became much smaller at Days 2 and 6
compared to Day 0, implying a significant decrease in signal from the well perfused region.

The amplitudes and time constants obtained from A[HbO 2] increase (Fig. 5(a) and 5(b)) were
summarized in Table 2 and 3, respectively. The data at day 0 and 2 in Fig. 5(a) were fitted well with a
mono exponential model rather than bi-exponential model which implies that tumor vasculature is
roughly homogeneous. However, the A[HbO 2] increase at day 6 in Fig. 5(a) was better fitted with bi-
exponential model which tells us that tumor vasculature became heterogeneous and possibly hypoxic
region was developed in the central region of tumor. The tumor sizes at day 0 and 2 were 0.55 and 0.74
cm 3 which can be considered as small tumors whereas the tumor size at day 6 was 1.67 cm 3 which was a
large tumor that can possibly have necrotic regions in tumor. Since time constant values are related to the
blood flow velocity in tumor [1,2], the increase of time constant represents the decrease of blood flow
velocity. The time constant value at day 2 from table 2 was increased compared to the value from day 0,
and we can understand this as a decrease of average blood flow velocity in tumor.
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Table 3 summarized the fitted parameters from Fig. 5(b) which the tumor was treated under the
metronomic low dose CTX plan. It shows a few similar features as observed from table I which the data
are from one of the high dose CTX treated group. Firstly, time constant values (t 1 ) were decreased as
CTX treatments were undergoing. Secondly, the major decrease in maximum A[HbO 2] during oxygen
intervention came from the well perfused region rather than poorly perfused region which is shown by the
decrease in A, values. Therefore, thirdly, the ratio of well-perfused region and poorly perfused region
became small at day 6 compared to day 0 shown by A1/A2 decrease. While these two different CTX
treatment plans showed a few similar effects on tumor hemodynamics, it is noteworthy that the tumor
hemodynamics at day 6 from the metronomic low dose CTX treatment still showed a bi-exponential
feature and also a relatively high maximum A[HbO 2] compared to that observed from a tumor at day 5
after a single high dose CTX treatment. This may imply that the metronomic low dose CTX treatment
caused less disruption in tumor vasculature while it still gave great therapeutic effects on rat breast
tumors.

(a) 0.1 (b) 0.1

Air => Oxygen Day 2 Air => Oxygen Day 0

.0.06- ~• • 0.06- Day 6 o,
E 0.04 - E 0.04

.. Q 0.02 ~....0 Dy

:- Day 0.06.

0- 0

-0.02 10 1 2
10 15 20 25 015 20 25

Time(min) Time(min)

Fig. 5 Dynamic changes of A[HbO 2] taken at location #1 from a rat breast tumor before and after administration of
(a) saline and (b) metronomic low dose of CTX (20 mg/kg for 10 days). The rising part of A[HbO 2] from location #1
was fitted using either the single or double-exponential expression.

Table 2. Summary of vascular oxygen dynamics determined at location #1 from the tumor shown in Fig.
5 (a) as a control.

Day A, A2  t t 2  f = Al/tl A1/A2  TIl/T 2  fifN

0 0.053 0.16 3.3
2 0.063 0.77 0.08
6 0.031 0.030 0.07 7.21 0.44 0.004 110

Table 3. Summary of vascular oxygen dynamics determined at location #1 from the tumor shown in Fig.
5 (b) before and after a metronomic low dose of CTX treatment.

Day A, A 2  T" T2 A1 /A2 (=YI/Y2) "i/ "r2  fi/f2
0 0.041 0.05 0.20 7.19 0.82 0.028 29.3
2 0.021 0.02 0.21 12.7 1.05 0.017 61.8
6 0.009 0.06 0.12 9.96 0.15 0.006 25
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2. The effect of tumor size on chemotherapeutic efficacy

As it was already described earlier, we have studied the therapeutic effects of metronomic low dose and
compared to those observed from a single high dose CTX treated group. However, the rats studied for the
single high dose CTX treatment had quite large tumor volumes ranged from 2.6 to 11.4 cm 3 while the
tumor sizes used for the metronomic low dose CTX study were in the range of 0.57 to 1.02 cm3. Since
the therapeutic effects from chemotherapy could be affected by tumor size, we performed the same CTX
treatment as studied in the first year but with much smaller sizes of tumors (0.97 - 1.77 cm3). Figure 6
shows the distribution of rat body weight and tumor volume among three groups. The box includes 50%
of the data with the median value of the variable displayed as a line. The lines extending from the top and
bottom of each box mark the minimum and maximum values within the data set. It clearly shows that the
tumor volumes of a high single dose CTX treated group in the first year are much greater than those from
the CTX treated groups during the second year of project.

(a) 230 (b) 12
# p = 0.25 # p= 0.01

220+ p = 0.08 + p = 0.03
* *p=0.03 10 * *p= 0.02

210 811
.•200- #8

0)+ a)o• E

190 -6 6

_0 180 0E 4

170. +

160 2 +

150 0
High Dose Low Dose High Dose High Dose Low Dose High Dose
(1st Year) (2nd Year) (2nd Year) (1st Year) (2nd Year) (2nd Year)

Fig. 6 The distribution of rat body weight (a) and tumor volume (b) from three groups studied in the first and second
year. The statistical analysis was performed to find the differences among groups and it has been shown that both
the body weight and tumor volumes between the high dose CTX treated group during the first year and second year
are significantly different (p<0.05).

2.1 Experimental setup

The same tumor line (rat mammary adenocarcinomas 13762NF) used in the first year study was
implanted subcutaneously on the hind limb of fisher rats (n-5). A broadband tungsten halogen light
source (HL-2000HP, Ocean Optics Inc., Florida) and four channels spectrometer (Ocean Optics Inc.,
Florida) were utilized as a light source and detectors, respectively. The white light from the light source
was delivered to the top of tumors through a light guide and transmitted light was detected by 4 channels
spectrometer via four optical fibers on the side of tumors (Fig. 7). The intensities at 750 and 830 nm were
traced during the experiments by using OoiBase32 software (Ocean Optics Inc., Florida) and changes of
[Hb], [HbO 2], and [Hbtotal] were obtained by using the modified Beer-Lambert's law. The experimental
protocol was kept same as the one used during the first year's experiments. Rats were given air breathing
for 10 minutes and then gas was switched from air to oxygen to give an increase in tumor blood
oxygenation.
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Fig. 7 Schematic diagram of experimental setup for the 4-channels NIR spectroscopy system. The changes of [Hb],
[HbO2], and [Hbdotay] were monitored during the respiratory challenges and compared before and after a single high
dose of CTX treatment.

2.2 Results

2.2.1 Comparison of rat body weight and tumor volume changes

The changes of rat body weight and tumor volume during a single high dose of CTX treatment were
recorded and compared with the data from the first year. (Fig. 8) One rat among five in this group failed
to survive at day 4, and all the other rats also could not survive at day 6 due to the toxicity from the high
dose CTX treatment. The small tumor group showed a little more decrease in body weight after CTX

treatment compared to the large tumor group studied in the first year. However, it was not significantly
different between two groups throughout day 1 to 5 (p > 0.1).

(a) 1.05 (b)
*1.2- -4High Dose Large Tumor

1 E- High Dose Small Tumor
a) 0

00, 0.95- > 00 ES 0.9 '-.. 0.8-

N0
- 0.85-

E E 0.6E * High Dose Large Tumor E p 0.033
0
z 0.8 -- High Dose Small Tumor 0.4"

0754
71 0 1 3 5 6 -1 1 2 3 4' 5 6

Day Day

Fig. 8 Normalized changes in rat body weight (a) and tumor volume (b) during a single high dose of CTX treatments
from the first year and the second year experiments.
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In terms of tumor volume, the small tumor group initially showed more decrease in tumor volume than
the large tumor group after CTX treatment, but did maintained their tumor volumes. However, the large
tumor group did not greatly respond to CTX treatment at Day 1, but showed continuing decrease in tumor
volume at day 3 and 5. Statistical analysis shows that there are no significant differences in tumor
volume reduction after CTX treatment between the large and the small tumor group (p > 0.2). However,
the decrease in tumor volume at day I after CTX treatment showed a significant difference between a
large and a small tumor group (p = 0.033).

2.2.2 Tumor vascular hemodynamics changes during a single high dose CTX treatment

The tumor hemodynamics during oxygen intervention was measured before and after administration of
CTX as same as experiments during the first year. A representative data showing the changes of A[HbO 2]
from the small tumor group before and after a single high dose CTX treatment is shown in Fig. 9. The
fitted parameters from our mathematical model are summarized in Table 2 to compare the changes in
hemodynamic parameters before and after administration of CTX. The rising part of A[HbO 2] from
location #1 was fitted using either a single- or double- exponential expression. Unlike the data from the
large tumor used in the first year, all rats with small tumor volumes were failed to survive more than 5
days after CTX treatment. Table 2 clearly shows the changes of hemodynamic parameters during oxygen
intervention before and after a CTX treatment.

0.06

0.05-

C 0.04 0000
CL

0.03-

0.02-
SDay o Day 1 Day 3 Day 5

S0.01-L

-0.01 2 0

-0.02 I I I I I
0 10 20 30 40 50 60

Time(min)

Fig. 9 Dynamic changes of [HbO 2] taken at location #1 from a rat breast tumor before and after a single high dose of
CTX treatments (200mg/kg). The rising part of A[HbO 2] from location #1 was fitted using either a single- or
double-exponential expression.

The A[HbO 2] during the oxygen intervention observed at day 0 could be fit well with a bi-
exponential model but not with a mono-exponential model. This bi-phasic feature of A[HbO 2] during the
oxygen intervention was again observed from the data at day 1, but not from the data at day 3. The
A[HbO 2] increase during the oxygen intervention at day 3 could be fit well by both mono- and also bi-
exponential model. The maximum A[HbO 2] during the oxygen intervention was decreased after a CTX
treatment and actually showed slight negative values at day 5. This might implies that tumor vasculature
lost its vascular function at day 5 after a CTX administration. The trend of changes in time constant
values from the rapid increase part of A[HbO 2] during the oxygen intervention (tl) shows the consistency
with the trend observed from the large tumor data during the first year (see table 1). The T, values were
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decreased after a CTX treatment until the A[HbO 2] could be fit well with a mono exponential model (day
3 in the table 4 and day 5 in the table 1). Since time constant values are related to tumor perfusion rate or
more precisely blood flow velocity, the decrease of T, values implies the increaseof blood flow velocities
in the well perfused region.

Table 4. Summary of vascular oxygen dynamics determined at location #1 from the tumor shown in Fig.
9 before and after CTX treatment.

Day A1  A2  T t T2  A1/A2 (-1l/Y2) TI/T 2  fl /f 2  R
0 0.024 0.037 0.83 14.5 0.65 0.057 11.4 0.95
1 0.017 0.045 0.51 23.6 0.38 0.022 17.3 0.96
3 0.024 0.019 2.44 9.53 1.26 0.26 4.8 0.95

Day At T fi R
0 0.044 2.23 0.0197 0.89
1 0.035 3.67 0.0095 0.86
3 0.041 4.54 0.0090 0.95

The ratio of A,/A 2 (==y/y2) has been decreased nearly 40% from day 0 to day 1, indicating that less signals
came from the well perfused region at day 1 compared to the data at day 0. This was also observed from
the large tumor shown in the Fig. 4, and it was explained as follows. After administration of
cyclophosphamide, it will be circulated in blood vessels and will be more delivered to the tumor cells in
the well perfused region than those in the poorly perfused region. This will cause more apoptosis of tumor
cells in the well perfused region than that in the poorly perfused region, eventually causing decreases in
tumor volume in the well perfused region more than that in the poorly perfused region. Then, the tumor
volume optically interrogated by detector #1 will have less contribution from the well perfused region
than the poorly perfused region, leading to a decrease of y1/y2, after administration of cyclophosphamide.

3. Monitoring the effects of vascular disrupting agent on tumor vascular hemodynamics

Recently, many vascular disrupting agents (VDAs) including combretastatin (CA4P) have been
intensively studied either by VDA itself or combination with other cancer therapies.[3] Since these
VDAs will disrupt the blood vessels results in changes in vascular function in tumors, NIRS can be a
possible tool to monitor the tumor hemodynamic responses to VDA administration. Kragh et al. have
reported the effects of 5 vascular modifying agents (VMAs) including CA4P on tumor perfusion and
tumor blood volume changes by utilizing the laser Doppler flowmetry and a single wavelength NIRS.[4]
However, they did not show the dynamic changes in A[HbO 2], A[Hb], and A[Hbtotal] modulated by VMA
throughout the whole experimental time. Therefore, it will be valuable to monitor the tumor blood
oxygenation and blood volume changes before and after CA4P administration and show the dynamic
changes in tumor A[HbO 2], A[Hb], and A[Hbtotal] for the entire measurement time.

3.1 Experimental setup and procedures

The dynamic response of tumor oxygenation and blood volume to CA4P has been continuously
monitored by a single channel NIRS. Since we can not detect absolute values of oxy- and
deoxyhemoglobin in tumor, we have given oxygen intervention to give a tumor hemodynamic changes
which can tell us the effects of CA4P in tumor vasculatures. For the experiments, rats were divided into
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two groups. One group (n = 6) were received a saline administration as a control group and another group
(n=8) had a CA4P injection with the dose of 30 mg/kg via i.p. as a treatment group. During the NIRS
measurements, the following respiratory challenge paradigm was employed.

Air (15 min) -> 02 (20 min) -> Air (15 min) -> Saline/CA4P administration-> Air (2 hours) -> 02 (20
min) -> Air (5 min)

3.2 Results

3.2.1 Control group

A representative result from control group is shown in Fig. 10. After 15 minutes of air breathing
measurement as the baseline, the inhaled gas was switched from air to oxygen, causing a sharp increase in
oxyhemoglobin concentration (A[HbO 2]) (p < 0.0001, 1-2 min. after gas switch) followed by a further
gradual, but significant increase over the next 18 min (P < 0.0001). However, total hemoglobin
concentration (A[Hbtotai]) first dropped rapidly after switching gas from air to oxygen and then slowly
recovered during the next 15 minutes of oxygen inhalation. After returning to air inhalation, A[HbO 2]
decreased and deoxyhemoglobin concentration (A[Hb]) increased, both reaching approximately their
respective baseline level. 15 min after second air intervention, either saline for a control group or CA4P
for a test group has been given by i.p. injection, and tumor hemodynamics was continuously monitored
for 2 hours. The second oxygen intervention was given to be compared with the tumor response during
the first oxygen intervention with the following 5 min of Air inhalation. As we can see in Fig. 10, the
tumor response during the second oxygen intervention was very similar to the response observed during
the first oxygen intervention for a control group.

Air 02: Air 02 ,Air
0.1-

IL Saline
D ', Administration

0.05-
E

it
C)

0

I ~A IC)O A[Hbtotai

50 100 150 200
Time (min)

Figure 10. Time course of tumor vascular A[HbO], A[Hb], and A[Hbtot,1] for a 13762NF breast tumor
with the inhaled gas under the sequence of air-oxygen-air-oxygen-air with the administration of saline.
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3.2.2 CA4P treated group

The same experimental procedure was applied to the test group except that CA4P was administered
instead of saline. Figure 11 shows the representative results from CA4P treatment group. Unlike the data
from control group (Fig. 10), A[HbO2] and A[Hbtotai] have been significantly dropped about 40 seconds
after CA4P administration while A[Hb] concentration showed slight decrease. Both A[HbO2] and
A[Hbtotai] have become stabilized 20 minutes after CA4P injection and maintained until the second
oxygen intervention was given. The second oxygen intervention was applied 2 hours after CA4P
administration, but both A[HbO2] and A[Hbtotai] showed little changes compared to the first oxygen
intervention. These results clearly prove that CA4P is very effective in terms of blocking the blood flow
in tumor vasculature so that it can be applied to the cancer treatments.

0.4 -Airj 02 Air :02 Air

U- CA4P (30mg/kg)a_0.2 ./
o Administration

E 0•

0

a) &[Hb__

S-0.2o -0. '2

0 50 100 150 200
Time (min)

Figure 11. Time course of tumor vascular A[HbO 2], A[Hb], and A[Hbtotai] for another 13762NF breast
tumor with the inhaled gas under the sequence of air-oxygen-air-oxygen-air with the administration of
CA4P.

3.2.3 Comparison of tumor response between a control and a CA4P treated 2roup

Oxygen intervention was given again 1 day after either saline or CA4P administration to compare the
tumor response with the responses observed at day 0 and 2 hours after agent administration. Figure 12
shows the results from the same tumors shown in Figs 10 and 11. Figure 12(a) shows the tumor response
to the oxygen from 1 day after saline injection and the tumor response to the oxygen is very similar to the
tumor response during oxygen inhalation in the Fig. 10. They both have similar level of A[HbO 2] increase
during oxygen intervention. However, the A[HbO21 increase observed in Fig. 12(b) is nearly ten times
smaller than the amount of A[HbO 2] increased shown in Fig. 11. This tells us that the effect of CA4P in
tumor vasculature is not vanished and it's still affecting the tumor blood vessels. To see the changes of
CA4P effects on tumor vasculature with the time, we have collected the tumor responses to the oxygen
intervention at day 0, 2hours, day I and day 2 after CA4P administration and plotted them as a one figure
(Fig. 13).
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Figure 12. Changes in A[HbO 2], A[Hb], and A[Hbtotal] from breast tumors shown in Fig. 1 and 2 during
respiratory challenges from air to oxygen at 1 day after saline (a) and CA4P (b) administration.
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Figure 13. Dynamic changes of A[HbO 2] from rat breast tumors during oxygen intervention before and after
administration of CA4P.

Figure 13(a) is from the same tumor that was shown in Fig. 1I and 12(b) and the result from another
tumor is shown in Fig. 13(b). These Figures clearly show the changes of tumor vascular responses to
oxygen intervention before and after CA4P administration. It's hard to find the fast component of
A[HbO 2] increase from the tumor response during oxygen inhalation 2 hours after CA4P administration.
However, the initial fast increase of A[HbO 2] is gradually showing up through Day 1 and 2 after CA4P
administration.

To statistically compare the tumor response to oxygen intervention after saline and CA4P
administration, we normalized the changes of A[HbO 2] increase during the oxygen intervention and the
mean and standard deviation were plotted in Fig. 14(a). It is very clear that there are no significant
changes observed from the control group (p<0.5) while the CA4P group showed significant changes from
day 0 to day 1 (p<0.05). We also plotted the mean and standard deviation of A[HbO 2] and A[Hbtotal]
during 2 hours right after saline and CA4P injection (Fig. 14(b)). Figure 14(b) shows that saline
administration did not cause significant changes in A[HbO2] and A[Hbtotal] during 2 hours while A[HbO 2]
and A[Hbtotal] from CA4P group showed significant decrease during 2 hours after CA4P administration.
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Figure 14. (a) Percentage of changes in A[HbO2] from rat breast tumors during oxygen intervention before and after
administration of saline and CA4P. (b) Changes in A[HbO 2] and A[Hbtotal] from rat breast tumors during 2 hours
after administration of saline and CA4P.

All the results shown in here prove that CA4P has a significant effects in tumor vasculature by
showing the decrease of A[HbO 2] and A[Hbtotat] after CA4P administration. It was also observed that
tumor vasculature was recovering its function 1 day after CA4P administration by showing the response
to oxygen intervention. This indeed proves that NIRS can be used as a tool to monitor the tumor
hemodynamic response to vascular disrupting agents including CA4P.

4. Calibration curve of CTX

Obtaining the calibration curve for calculating CTX concentration is essential since we do need to
measure the CTX release kinetics from the biodegradable fiber. CTX was dissolved in phosphate buffered
saline (PBS) and the optical density was measured with the different CTX concentration by diluting the
original CTX solution. We found the major absorption peak of CTX solution at 212 nm and plotted the
change of optical density values with the change in CTX solution as shown in Fig. 15. The fabrication of
drug embedded biodegradable fiber will be fabricated at TissueGen Inc. (Dallas, TX) which established
by Dr. Kevin Nelson (one of the collaborators in this project).
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Figure 15. (a) Absorption spectra of CTX solution with the concentration of CTX at 7.5 mg/ml. (b) a calibration
curve obtained for a low concentration of CTX.
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Key Research Accomplishments:

a. Observed the changes of tumor volume and body weight of rats during the expanded
cyclophosphamide chemotherapy from the first year. This clearly showed the response of tumor to
the chemotherapy.

b. Investigated the dynamic response of tumor vascular A[HbO 2] to oxygen intervention before and
after cyclophosphamide administration. The ratios of YI/y2 and fi/f2 have been changed during
therapy, indicating that changes in hemodynamics of A[HbO 2] during oxygen intervention before
and after cyclophosphamide can be applied to find the efficacy of chemotherapeutic agent.

c. Investigated the effects of dose in tumor response during CTX treatments. The Metronomic low
dose CTX treatment showed less toxicity from the chemotherapy and better treatment efficacy
compared to a single high dose CTX treatment.

d. The dependency of chemotherapy on tumor volume was studied by applying a single high dose of
CTX administration. There were similar features observed from both small and large tumor volume
groups under CTX treatment. However, further studies are needed to conclude at this point.

e. Monitored the effect of vascular disrupting agent on tumor hemodynamics by observing the changes
of A[HbO 2], A[Hb] and A[Hbtotai] after CA4P administration. CA4P could significantly reduced
blood flow and thus blood volume and oxygenation in tumors, and the tumor vascular function
recovered slowly at day 1 and 2 after CA4P injection.

f. Obtained the calibration curve of CTX concentration by measuring the optical density value at 212
nm which will be used to measure drug release kinetics of biodegradable fiber.

Reportable Outcomes
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Conclusions

From the work that I have conducted up-to-date, the following conclusions can be drawn.

a. The effects of chemotherapy dose have been investigated by monitoring the changes in
hemodynamic parameters before and after chemotherapy. The results showed that the
Metronomic low dose CTX treatment caused less toxicity in tumors and better treatment efficacy
compared to a single high dose CTX treatment. Both a single high dose treatment and a
metronomic low dose treatment caused a large decrease in A[HbO2]max during oxygen inhalation,
which is consistent with the reduction of tumor size. However, low toxicity was observed in a
group with a metronomic low dose CTX treatment compared to the rats under a single high dose
treatment. While these two different CTX treatment plans showed a few similar effects on tumor
hemodynamics, the tumor hemodynamics at day 6 from the metronomic low dose CTX treatment
still showed a bi-exponential feature and also a relatively high maximum A[HbO 2] compared to
that observed from a tumor at day 5 after a single high dose CTX treatment. This may imply that
the metronomic low dose CTX treatment caused less disruption in tumor vasculature while it still
gave great therapeutic effects on rat breast tumors.

b. We also have investigated the effects of tumor size on tumor hemodynamics changes during a
single high dose CTX treatment. Both a small and a large tumor groups showed a similar trend of
changes in time constant values from the rapid increase part of A[HbO 2] during the oxygen
intervention (Tl). The "r, values were decreased after a CTX treatment until the A[HbO 2] could be
fit well with a mono exponential model. Since time constant values are related to tumor perfusion
rate or more precisely blood flow velocity, the decrease of T, values implies the increase of blood
flow velocities in the well-perfused region. All the rats in a small tumor group failed to survive 6
days after a single high dose CTX treatment while a few rats in a large tumor group did survive
even 8 days after the CTX treatment. This could be possibly caused by a difference in rat body
weight, but needs to be studied further. All of our data obtained in Year 2 support that measuring
hemodynamics of breast tumor during gas intervention can be used for monitoring the efficacy of
cancer therapy, such as radiation therapy, photodynamic therapy, and chemotherapy.

c. The effects of combretastatin on tumor hemodynamics have been studied. It was observed that
tumor blood oxygenation and blood volume were significantly decreased right after CA4P
administration. We have given another oxygen intervention 2 hours after CA4P injection, but
little responses of tumor A[HbO 2] were observed which represent tumor vasculature lost its
function. The respiratory challenge was applied again at day I after CA4P administration and the
results showed that tumor vasculature was slowly recovering its function which became clearer at
day 2 after CA4P administration. This study also proves that NIRS can be a great tool to monitor
the effects of vascular disrupting/modifying agents on tumors.

d. The calibration curve for a CTX concentration has been obtained by correlating the optical
density values with the concentrations of CTX. This curve will used for measuring the CTX
release rate from the biodegradable fiber.
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Engineering in.

extinction coefficients of hemoglobin for
near-infrared spectroscopy of tissue

Jae G. Kim, Mengna Xia,
and Hanli Liu

E xtinction coefficients of hemo- ing oxygen to tissue cells. [HbO 2]
globin have been studied for five Hemoglobin is composed of four eIbX,_ODXI - eHb)'ODx'

decades by clinical chemists and heme groups and a protein group,
biochemists, particularly for lab- known as a globin. Historically, for L(EHb'ZCHbO2 I -8 1Hb" lHbOzX')

oratory spectrophotometric measure- spectrophotometric experiments, bio- (3)
ments. A representative list of literature logical chemists and biochemists uti-
can be found in [1]-[12], and the studies lized Beer-Lambert's law and
on the temperature dependence of developed the notation of absorbance [Hb]
extinction coefficients of hemoglobin to express light absorption as a func- EHbOX-OD- - EHbO, OD-
can be found in [13] and [14]. tion of hemoglobin concentration as L(Eiblm HbO 2,' - SHb•E2HbOX)

However, during the last ten to 15 given in [l]-[5]: (4)
years, near infrared spectroscopy (NIRS)
and imaging for tissue vascular oxygena- OD = Log(Io/I) = ecL (1)
tion, breast tumor detection, and func- It follows that changes in [Hb] and
tional brain imaging have been [HbO 2] can be consequently given as
intensively developed for in vivo where OD is the optical density, I0 is
measurements by groups of physicists, the light intensity of incident light, I is A[HbO 2]
biomedical engineers, and mathemati- the light intensity of transmitted light, E
cians. In the approach of NIRS, NIR is the extinction coefficient of hemoblo- D
light in the wavelength range of 650-900 gin, c is the concentration of hemoglo- L(-HbX'EHbO•'2 - EHb"'CHbO•X')

nm is utilized to illuminate tissue in vivo, bin, and L is the length of light path (5)
and the transmitted or reflected light through solution.
through tissue is recorded for the quan- When the measured sample has a
tification of hemoglobin concentrations mixture of oxygenated and deoxy- A[Hb]

of the measured tissue vasculature. In genated hemoglobin, (1) can be further lHbO,2 AODX- - EHbO,-'ý AOD-2
order to achieve mathematical conver- expanded as [3]-[5], L(aHb• l•HbO ,2 - SHb HbOE.lX)

sion from the detected light intensity at
different wavelengths to hemoglobin (6)
concentration, extinction coefficients of ODA {Crb [Hb] ± 8Hb°- [HbO2 ]}L
hemoglobin, s, must be used. (2)

While the engineers and physicists A[Hb]totai = A[Hb] + A[HbO2], (7)
working in the NIR field have found the where OD' is the optical density or
correct s values to use, there has been absorbance at wavelength A. and
controversy on what E values should be EHb(X) and EHbO,()A) are the extinction where AODx represents a change in
used for in vivo NIRS in comparison coefficients at wavelength X for optical density at the specific wave-
with the conventional - that most bio- molar concentrations of deoxygenat- length, Aý, and equals 1og(IB/IT). IB and
chemists have used in the laboratories ed hemoglobin, [Hb], and oxygenated IT correspond to light intensities inca-
for in vitro measurements. The purpose hemoglobin, [HbO2 ], respectively, sured under the baseline and transient
of this article is to address this issue and assuming ferrihemoglobin is mini- conditions.
help biomedical engineers and physi- mal. In some references, the light These spectrophotometric calcula-
cists gain a better understanding of E to path, L, was taken as 1 cm without tions seem straightforward mathe-
be used for NIRS and NIR imaging. mentioning the definition of L each matically and have been used for

time [3]-[5]. Both [HbO 2] and [Hb] several decades by biochemists to
Spectrophotometric can be determined by measuring the quantify [Hb] and [HbO 2] in the lab-
Measurements to Determine light absorbance at the two specific oratory measurements. However,
Hemoglobin Concentration wavelengths, provided that the values close attention must be paid to the
Hemoglobin is a molecule in the red for EHb(A.) and •HbO,(A) are known, as definition and accuracy of E since
blood cells that has a role of deliver- expressed below, biochemical details in obtaining E
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values give rise to the different quan- Furthermore, accurate determination
tification of hemoglobin concentra- of [Hb] and [HbO 2L, or A[Hb] and
tion. In early publications on A[HbO 2L, is highly sensitive to the
spectrophotometry of hemoglobin accuracy of s values, and intensive
[3], it was clearly stated that all studies have been conducted over
extinction coefficients were decades on how to determine accurate
expressed on a heme basis, using a s values [6]-[8], [13]-[14]. The a val-term of equivalent, where per equiv- ues used in our earlier publications
alent of hemoglobin was assumed to were obtained using data interpolation
be 66,800/4 or 16,700 gm, i.e., one- from Zijlstra's E table [7]. However,
quarter of the molecular weight of such data interpolation for s at differ-
the hemoglobin molecule [12]. While ent wavelengths contained potential
spectroscopic absorption measure- errors because of the nonlinearity of a.
ments became a popular methodolo- Therefore, a calibration procedure was
gy for biochemists to quantify [Hb] necessary and correction factors had to
and [HbO 2] in laboratories [5], [6], 5 be applied in our earlier algorithm
[12] the notation of extinction coeffi- development [21]. On the other hand,
cients being based on one heme Mark Cope has generated a complete a
group (or per equivalent) gradually table at each wavelength between 650
has not been mentioned and has and 999 nm, while taking four hemes
become conventionally understood into consideration. Such an s table has
by biological chemists for the last been recently well accepted and used
two to three decades. [23]-[25].

Near-infrared Spectroscopy Used Comparison of Published
to Determine Hemoglobin demonstrated by Mark Cope [10]. In Extinction Coefficients for NIRS
Concentration this way, more meaningful results for Given by Two Groups
For the last 15 or more years, signifi- concentrations of [Hb] and [HbO 2] Since Hoppe-Seyler first described the
cant research efforts have been con- can be arrived from the NIR absorp- visible bands of oxyhemoglobin in
ducted using NIRS for in vivo tion measurements. 1862 [26], numerous reports on hemo-
quantification of hemoglobin concen-
trations from intact living tissues. At 4.0000
the early stage of development, direct - HbO 2 and Hb (Cope 1991)
utilization of (3) and (4) was per- 3.5000-
formed to obtain values or changes of A HbO2 and Hb (Wray 1988)
oxygenated and deoxygenated hemo- 0 HbO 2 and Hb (Zijlstra 1991)
globin concentration from living tis- y0
sues in vivo [15]-[18], without 7 e HbO 2 and Hb (Zijlstra 1994)
particularly noticing that most of the aE 2.5000-
values published in biological litera-
ture were extinction coefficients for "5 2.0000-
hemoglobin per equivalent (or per one 0

heme of hemoglobin). Such confusion 0 1.5000--
was propagated in some recent publi- .0
cations [19], including our own studies 1.0000-
[20]-[22], where the a values given by .
Zijlstra et al. have been applied [7]. 0.5000

It gradually becomes clear to the
authors that for NIRS of hemoglobin _ ___ _ _ _
quantification, a factor of four needs
to be multiplied by the a values pub- 650 700 750 800 850 900 950 1000 1050
lished by the conventional biochem- Wavelength (nm)
istry methods. This is a conversion
factor to account for four hemes per Fig. 1. Absorption spectra of oxy- and deoxyhemoglobin from Wray (9),
hemoglobin molecule, which has been Cope (10), and Zijlstra (7), (8).
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Engineering in (continued)

Table 1: Hemoglobin extinction coefficients from two different sources.

Wave- (eHb(MS 2 (cMm')crn-)
length Difference Difference

(nm) Human (7) Human (8) Human (10) (Absolute) Human (7) Human (8) Human (10) (Absolute)

750 0.39 0.37 0.3865 0.0165 0.14 0.15 0.1374 0.0126

758 0.354 0.4205 0.0665 0.1596 0.1494 0.0102

775 0.29 0.32 0.3120 0.008 0.17 0.18 0.1759 0.0041

785 0.276 0,2494 0.0266 0.192 0.192 0

800 0.20 0.21 0.2099 0.0001 0.20 0.21 0.2163 0.0063

805 0.20 0.2037 0.21 0.2243

840 0.19 0.1954 0.25 0.2768

globin absorption spectra have EHb and EHbo, at 752 nm are 1.574 "per equivalent" so that they could be
appeared in the literature. However, (mM-lcm-l) and 0.608 (mM-lcm- 1), compared to those from Zijlstra et al.
only a few have tabular forms of respectively, as given in [9], while the The differences listed in the last col-
hemoglobin extinction coefficients. In corresponding a values are 1.5938 umn are the differences between
particular, two groups have reported (mM-cm-1) and 0.5613 (mM-cm- 1) Cope's e values and the values from
tabular forms of hemoglobin extinction in [10]. A complete comparison of a Zijlstra et al [8].
coefficients in a broad range of the values based on [7]-[10] by Zijlstra et While the differences in - values
NIR spectrum. Zijlstra et al. reported e al., Wray et al., and Cope is plotted in seem small among the published data,
values for human blood [7], followed Figure 1, showing the similarities and they can result in -20% variation in
by another publication for updated differences among the reported extinc- quantification of hemoglobin concen-
human a values with a comparison to tion coefficients of oxy- and deoxyhe- tration, i.e., [Hb], [HbO 2], and
those of rat blood [8]. Moreover, Cope moglobin. Notice that the values [Hb]totai for the NIRS determined val-
has generated a complete a table at plotted from Zijlstra's group have been ues. The error range varies, depending
each wavelength between 650 and 999 multiplied by a factor of four to on the actual wavelengths used. We
nm, while taking four hemes into account for four hemes per hemoglobin are currently conducting more quanti-
account for in vivo NIRS measure- molecule for in vivo measurements. It tative error analysis to demonstrate
ments. Cope also compared his own is obvious that certain variations the importance of accurate a for
experiments with other previous among different sets of a values exist, NIRS. Meanwhile, we wish in this
reports, finding that the isobestic point while the basic trends are the same. report to help biomedical engineers
of hemoglobin is shifted to 798 +E 1.5 Table 1, on the other hand, shows better understand the extinction coef-
nm from 800 nm reported by Horecker the tabular form of hemoglobin extinc- ficients of hemoglobin and to further
[1], 805 nm by Barlow [27] and 815 tion coefficients from these two draw attention to the dependence of
nm by van Assendelft [28]. groups. Extinction coefficients in the NIRS accuracy on the extinction coef-

It is worthwhile to note that the left two columns of -Hb and gHbO, are ficients of hemoglobin.
determination of a values has resulted from Zijlstra's two reports [7], [8] and
in a range of accuracy claims, even for those in the third column of amHb and Acknowledgments
values reported from the same group. EHbO, are from Cope's report [10]. This work was supported in part by
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ABSTRACT

This study develops a mathematical model for calculating tumor oxygen consumption rate

and investigates the correlation with tumor volume. Near-infrared spectroscopy (NIRS) was

used to measure changes of oxygenated hemoglobin concentration (A[HbO 2]) before and after

potassium chloride (KCI) induced cardiac arrest. Measurements were made in five 13762NF

mammary adenocarcinomas implanted in female adult Fisher 344 rats, while the anesthetized

rats breathed air. After 5-10 minutes of baseline NIRS measurement, KCI overdose was

administered i.v. in the tail. NIRS showed a significant drop in tumor vascular oxygenation

immediately following KC1 induced cardiac arrest. The tumor oxygen consumption rate was

calculated by fitting the model to the measured A[HbO 2] data, and a relationship between tumor

oxygen consumption rate and tumor volume was analyzed using linear regression. A strong

negative linear relationship was found between the mean tumor oxygen consumption rate and

tumor volume. This study demonstrates that the NIRS can provide an efficient and real-time

approach to quantify tumor oxygen consumption rate, while further development is required to

make it non-invasive.

Key Words: rat breast tumor, tumor oxygen consumption, near infrared spectroscopy,

tumor vascular oxygenation.



1. Introduction

The physiology of solid tumors is highly complex and largely associated with multiple

physiological parameters, such as tumor blood flow, blood volume, blood oxygen saturation,

tissue oxygen tension (p0 2), and oxygen consumption. It is known that tumor microvasculature

is often abnormal, leaky, having distended capillaries and sluggish flow [1,2,3]. Hypoxic regions

exist in almost all solid tumors, and tumor oxygenation affects greatly tumor growth, malignant

progressions, tumor prognosis, and therapy efficacy. Therefore, understanding the various

physiological parameters of solid tumors is significant for better strategies and efficacy of

treating solid tumors in the near future.

Over the past decade, substantial studies have been conducted in both laboratory and

clinical settings to non-invasively investigate tissue/tumor vascular oxygenation [4,5,6,7,8] and

blood flow [9,10] using near infrared (NIR) spectroscopy (NIRS) and imaging. Several studies

were also reported on tumor P0 2 heterogeneity [11] and on comparisons between tumor vascular

oxygenation and tumor P0 2 using animal tumor models during hyperoxic gas interventions

[ 12, 13 ]. Regarding tissue oxygen consumption, considerable efforts have been made in

developing techniques for measuring skeletal muscle oxygen consumption (W02 ) during rest and

exercise with and without vascular occlusion [14,15,16,17,18]. More recently, extensive

attention has been paid to quantitative relationships among neuronal activity, oxygen metabolism,

and hemodynamic responses [19,20,21,22]. While various mathematical models for computing

or interpreting hemoglobin concentrations have been proposed [23,24,25], the approaches for

calculations of oxygen consumptions in human muscles versus in the brain during cortical

activation are quite diversified.
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In principle, tumor oxygen consumption is quite different from regular muscle or brain

oxygen consumptions, which warrants separate studies targeting on tumor oxygen consumption.

In this regard, little is known about tumor oxygen consumption even in animal models or its

relationship to tumor kinetic parameters and tumor volume. Some earlier studies indicated that

oxygen consumption rates of breast tumors in vivo were intermediate between normal tissues

with low metabolic rates and normal tissues with quite high activities [26]. Steen et al. [27]

found out that the oxygen consumption rate of rat brain was higher than that of 9L gliosarcoma

by comparing pre-sacrifice and post-sacrifice s02 (hemoglobin oxygen saturation) values. While

a few reports recently appeared in literature on determination of tumor oxygen consumption rate

through in vitro measurements using a standard Clark-type oxygen electrode [10,28], overall

knowledge and investigation on tumor oxygen consumption is still limited and much needed.

It would be desirable to develop a non-invasive technique or methodology to quantify

tumor oxygen consumption rate; however, it would be still acceptable to conduct invasive studies

if significant knowledge on tumor oxygen consumption can be explored. In this paper, we report

a novel methodology to quantify tumor oxygen consumption rate using an invasive approach, to

be done by the end of regular tumor experiments when the animals had to be sacrificed. In

experiment, we took the NIR readings from the animal tumors during potassium chloride (KCl)

induced cardiac arrest (total global ischemia), as a procedure for animal euthanasia. In theory, we

have developed a simple mathematical model based on Fick's Law of diffusion to describe

hemokinetics of tumor vascular oxygenated hemoglobin concentration, [HbO 2]. The model

describes changes in tumor oxyhemoglobin concentration, A[HbO 2], as a function of time.

Specifically, the mathematical model is developed in such a way that the measured A[HbO 2] is

directly associated with the tumor oxygen consumption rate, which can be further correlated with
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the tumor volume. In this paper, we will report 1) A[HbO 2] measurement using NIRS from the

animal tumor models, in common with our previous work [12,29], 2) the development of the

mathematical model for computing tumor oxygen consumption rate, and 3) the investigation of

relationship between tumor oxygen consumption rate and tumor volume.

2. Materials and Methods

2.1 Calculations of Tumor [HbO 2] and [Hb]totai

The principle of tissue NIRS is that concentrations of oxygenated hemoglobin, [HbO 2] and

deoxygenated hemoglobin, [Hb], respectively, are the only significant absorbing materials in

tissue within the NIR range (700-900 nm). When the measured sample, such as tumor, has a

mixture of oxygenated and deoxygenated hemoglobin, the modified Beer-Lambert law can be

written as [30,31,32]

OD2 = (Enb" [Hb] + Enbo2 [HbO2]} 1, (1)

where ODX is the optical density or absorbance at wavelength X, EHb" and E;HbO2, are the

extinction coefficients at X for molar concentrations of [Hb] and [HbO 2], respectively, and 1 is

the optical path length. By employing two wavelengths at X, and X2, both [HbO2] and [Hb] can

be determined by measuring the light absorbance at the two specific wavelengths, provided that

the values for EHb X and EHbO2X are known:

[ A EHb 2 ODA 1 - CHbAlOD
2

Hb021 (eHbA2eHbO2A eHb1eHbO22) (2)

glib02A0D2 _-'HbOA1E ODA2)

[Hb] = -Hb2 2 OD - EHb2OD2 (3)
lA2 - -'Hbo2 cHb2 -Hb02 A

It follows that changes in [Hb] and [HbO 2] are given by:
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HHb 22 AODA1 
- EHbAl AOD-

2

A[HbO21 = l(eHbA2 cHb022 A, Hb lA,1Hb0222 (4)

A[H] =-,b02 12 AOD' 1 - " HbO22A1AOD,22(5
A[Hb]z= l(CHb2A122--F h•6Hb 02A2 ) '

where AODX represents a change in optical density at the specific wavelength, X, and equals to

log(AB/AT). AB and AT correspond to light intensities measured under the baseline and transient

conditions.

Equations (4) and (5) seem straightforward mathematically and have been used for

several decades by biochemists to quantify A[Hb] and A[HbO 2] in laboratory spectrophotometric

measurements. However, close attention needs to be paid to the values of F for in vivo

hemoglobin determination, since E values were often expressed on a basis of per heme, whereas

the hemoglobin molecule has four hemes. Therefore, there exists a factor of 4 between the

commonly published E values and the e values to be used in equations (4) and (5) for in vivo

measurements [33,34]. Furthermore, the optical pathlength, 1, should be proportional to the

source and detector separation, d, with a differential pathlength factor (DPF) [35,36], i.e.,

l=d*DPF. We previously utilized the , values given by W. G. Zijlstra [37], which were

expressed on a heme basis, and assumed that the DPF values were constant at the two

wavelengths. For X1=758 nm and X2=785 nm, eqs. (4) and (5) gave the following empirical

relationships based on system calibration using liquid phantoms [ 12]:

_10.63 .log(A B )758 +14.97. log(AB )785

A[HbO 2] AT AT (6)
d



8.95" log( •B-) 758 -6.73" log( AB) 785

A[Hb] AT ,A (7)d

A[Hb]totai = A[Hb] + A[HbO 2]

-1.68. log( A-B-) 758 + 8.24. og( A-B-B)
_AT ATd A (8)

The factor 4 in F relating to 4 hemes and the DPF values are essentially constants and do not

affect dynamic features of tumor A[HbO 2]. For simplicity, thus, we did not include them in these

equations and used arbitrary units for A[Hb] and A[HbO 2] since the focus of this study is on

relative changes of A[HbO 2] between the baseline conditions and response to KC1 injection. The

error estimation due to the assumption of constant DPF has been given in Ref. 29.

2.2 One-Channel NIRS System

A dual-wavelength (at 758 nm and 785 nm), one-channel NIR system (NIM, Inc.,

Philadelphia, PA) was used (Figure 1). A radio-frequency (rf) source was used to modulate the

light intensities of two laser diodes at 140 MHz through a time-sharing system. After the light

passed through a bifurcated fiber optic probe, it was transmitted through the tumor tissue and

then collected by a second fiber bundle. The light was demodulated by an In-phase and

Quadrature-phase chip (I&Q chip), amplified by a photo multiplier tube (PMT), and filtered by a

low pass (LP) filter to pass only the DC electronic components. The signals were digitized by an

analog-to-digital converter (ADC) and stored in a laptop computer. The I&Q chip served as a

frequency mixer, giving high and low (near DC) components. The measured DC electrical

signals at the I and Q branches, IDc(A) and QDc(2 ), contained the quantities of optical amplitudes,
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A(X), and phase, 0(X), that passed through the tumor tissues [38]. Both A(X) and 0(X) can be

recovered through the DC output readings at the I and Q branches, as

A(A) = JI(,Y)C + Q(-0 D, (9a)

0(2) = tan-l (Q(A)DC (9b)
I(A)DC

where X represents the respective wavelengths utilized in the NIR system. Although our NIR

system allowed us to quantify both the amplitudes and phase, the phase information was not

utilized in the study. The reasons for abandoning 0(X) include that 1) the diffusion theory was

not valid to use in this case due to the finite size and heterogeneity of solid tumors, and 2) only

the modified Beer-Lambert's was applied for the calculation. In the calculation, we employed

only the measured values of A(X) at the two selected wavelengths and substituted them in eqs. (6)

to (8) to compute changes in tumor vascular [HbO 2] and [Hb]total.

2.3 Animal Tumor Model and its Response to KCI Injection

Rat mammary adenocarcinomas 13762NF were implanted in skin pedicles on the

forebacks of adult female Fischer 344 rats (- 250 g, n=5), as described in detail previously [39].

Relatively large tumors (-1.2-1.5 cm in radius or - 7-14 cm 3 in tumor volume) were used to

ensure that the NIRS interrogated only the tumor tissue rather than the surrounding normal skin

tissue, but this corresponds to a typical lower limit of tumor detected in patients. The rats were

anesthetized with 200 RI ketamine hydrochloride i.p. (100 mg/ml; Aveco, Fort Dodge, IA) and

were maintained under general gaseous anesthesia with air (1.0 /mmin) and 1.0% isoflurane. Hair

around the tumors was cut with scissors to improve the NIR light transmission, and the three

orthogonal diameters were measured by caliper to estimate tumor volume. The rats were placed

on their sides in an animal bed and stabilized using tape to reduce potential motion artifacts
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caused by breathing movements. The body temperature was maintained at about 37 TC 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 (saO2) and heart rate (HR), and a thermocouple

(Cole-Parmer Instrument Co., Vernon Hills, IL) was inserted rectally to monitor core

temperature (Figure 1).

Following baseline A[HbO 2] measurement (5 - 10 min), while the rats were breathing air,

the rats were given an overdose of KCl (1 g/kg in saline) i.v. in the tail. Without disturbing the

position of the light source, detector or tumor, changes in tumor vascular [HbO 2] and total

hemoglobin concentration ([Hb]totai) were continuously monitored during and after cardiac arrest

for about 40 minutes by NIRS.

2.4 Data Analysis

Raw data were filtered, baseline corrected and fitted to the mathematical model

(described below) to determine the kinetic parameters of the dynamic response. Tumor oxygen

consumption rate Vý0 2 and mean tumor oxygen consumption rate V0 2 were computed for 5 rat

tumors, respectively, by fitting the mathematical model with the measured A[HbO 2].

Relationships between those parameters and tumor volume were analyzed using linear regression.

3. Development of a Mathematical Model for Tumor Oxygen Consumption Rate

3.1 Dynamic Changes of Tumor [Hb0 2] caused by KCI Injection

We previously [29] applied Kety's approach [40] to evaluate tumor hemodynamics by

using HbO2 intervention as a tracer, but we did not consider the effect of tumor oxygen

consumption. In this study, we included tumor oxygen consumption rate in our hemodynamic

8



model. In principle, the rate of change of HbO 2 in tumor vasculature should be equal to the rate

at which the HbO2 is transported in by arterial circulation minus the rate at which it is carried

away into the venous drainage and minus the rate at which tumor cells consume oxygen. In

common with our previous approach [29], we assumed a one-compartment model: tumor

vasculature is well mixed with respect to oxygen so that a mass balance equation for HbO 2 can

be written by the following chart. Specifically, if [HbO 2] is the oxyhemoglobin concentration in

the tumor at a given time t, the general conservation of mass equation for [HbO2] can be

schematically depicted as:

Rate of decrease of Inflow of Outflow of Consumption rate
oxyhemoglobin oxyhemoglobin oxyhemoglobin of oxyhemoglobinconcentration in tumor
vasculature from artery to vein by tumor cells

By using Fick's Law of diffusion, the above schematic diagram can be written mathematically as

d[HbO2] - f-[HbO2]A -f'[HbOz]V -C-[HbO 2], (10)

dt

where [HbO 2] = [HbO 2](t) (arbitrary unit) is a solution to this differential equation and is a

function only of time. Because of the one-compartment model, f is the blood perfusion rate

(ml/min/cm3tissue), and [HbO2]A and [HbOz]v are oxyhemoglobin concentrations in the arterial

and venous blood in the tumor, respectively, and Kc is defined as the oxyhemoglobin dissociation

constant (min-).

In Equation (10), we assumed that the oxyhemoglobin dissociation rate is equal to the

tumor oxygen consumption rate at the steady state. This assumption is based on the following:

deoxyhemoglobin and oxygen molecules normally combine to form oxyhemoglobin through a

loading reaction that occurs in the lungs. Oxyhemoglobin, in turn, can be dissociated to
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deoxyhemoglobin and free oxygen molecules through an unloading process that occurs in the

tissue capillaries. These two processes can be expressed as the reversible reaction:

in lungs

Hb + 0 2  .• HbO2. (11)

in tissue capillaries

The direction of the reaction depends largely on two factors: 1) the p 0 2 of the environment and

2) the affinity of hemoglobin for oxygen. A high PO2 drives the equation to the right promoting

oxygen loading, whereas low PO2 in the tissue capillaries drives the reaction to the left to

promote oxygen unloading. The affinity of hemoglobin for oxygen does not change appreciably

over a short period of time (minutes). Since the rat died rapidly by KC1 induced cardiac arrest,

the reaction went to the left to unload oxygen to the plasma because of lack of oxygen supply

from incoming blood. The oxygen dissolved in the plasma and diffused to the surrounding tumor

tissues, where it was consumed by aerobic cellular respiration.

Assuming that the rat died instantaneously by KCI induced cardiac arrest, then the blood

flow stopped, the lungs no longer functioned, and the gas exchange between the alveolar air and

the blood in pulmonary capillaries ceased. As a result, no further oxyhemoglobin molecules

were transported either to or from the tumor vasculature. Mathematically, this means that the

tumor blood perfusion ratef is 0 after KC1 administration. Equation (10), therefore, simplifies to

d[HbO 21] - .. [HbO1 (12)
dt

To solve Equation (12), we need to know its initial condition, which is given by

[HbO 2] 1=0 = [HbO 2] 0, (13)
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where [Hb0 21] is the initial baseline value (pre-KCl administration) of oxyhemoglobin

concentration. Rearranging and integrating Equation (12) gives rise to an exponential solution

fd[HbO 2] -- -Jdt • [HbO 2 ](t) = C (14)

[HbO2 1

where C is the constant of integration. By applying the initial condition, equation (13), to

equation (14), we obtain the solution as follows:

[HbO 2 ](t) = [HbO 2 ]0 " e-'t (15)

Equation (15) indicates that following KC1 induced cardiac arrest, tumor vascular

[Hb0 2 ] decreases exponentially with time, and this process is characterized by the dissociation

constant K and the initial oxyhemoglobin concentration [HbO 2]0, both of which can be

determined by fitting equation (15) to the experimental data.

Furthermore, it is useful to introduce the mean lifetime r, defined as the average time that

an oxyhemoglobin molecule is likely to survive before it is dissociated from oxygen. The

number of oxyhemoglobin molecules that survive to time t is [HbO 2 ](t), and the number of

oxyhemoglobin molecules that dissociate between t and t + dt is ld[HbO 2]/dtl . dt. Thus, the

theoretical mean lifetime r-is

fot. -d[HbO 2]1/dtj. dt

0 (16)

fjd[HbO2 ] / dt • dt
0



where fjd[HbO 2 ]/dt .dt gives the total number of oxyhemoglobin molecules that are
0

dissociated after KC1 administration, and fId[HbO 2 ]/dt .dt is equal to [HbO2]o. Evaluating
0

Equation (16) gives

00 00

ft.[HbO2]0 .(-K)-e-"t .dt 1 J(i().Ie-' .d(xt)
0" 0 0=_. (17)

f[HbO 2 10. (-K).e-l .dt fe-lt .d(ta)

0 0

Equation (17) indicates that the mean lifetime r is simply the inverse of the dissociation

constant K and is just the time constant of Equation (15), which, therefore, can be rewritten as

[HbO2 ](t) = [HbO 2 ]0 " e-t/1. (18)

Since we only measure relative changes of [HbO2], we can express A[HbO 2] as:

A[HbO 2] = [HbO2] - [HbO 2]0 = - [HbO 2]0 (1-e-tr ). (19)

In this way, both quantities of [HbO 2]o and z- can be obtained by fitting equation (19) with the

experimental data taken from the changes in [HbO 2] caused by KCl-induced cardiac arrest. As

seen from this equation, when the measuring time is long, i.e., t--) c, the stabilized A[HbO 2]

reaches the value of A[HbO 2]o.

3.2 Tumor Oxygen Consumption Rate V0 2

It is perhaps more important and significant to compute tumor oxygen consumption rate

V'02 from A[HbO 2], because it reflects tumor oxygen consumption and metabolic activities.
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Tumor oxygen consumption rate V0 2 is determined by taking the first order derivative of

equation (15) with respect to time t,

VQWI (0 = Id4[Hbo2] .e-tlT I= ý-[HbO2 10  -t IT [HbO2](0) , (20)
I ct 1 =1

which reflects the number of oxyhemoglobin molecules that are dissociated per unit time at a

particular time t. The "minus" sign reflects the opposite direction between a decrease in [HbO 2](t)

and an increase in V0 2 (t). This equation shows that the tumor oxygen consumption is

proportional to the concentration of [HbO2] in our experimental case with an opposite direction.

In particular, equation (20) permits direct quantification of the regular tumor oxygen

consumption rate, V5"02 (t=O), as being [HbO2]O/t, which can be obtained by fitting equation (19)

to our experimental data. Furthermore, taking logarithm of equation (20) leads to

1n//0 2 /= -t/Z + in/ VO 2('=O)/, (21)

where V20 2 has been taken as an absolute value to obtain logarithmic expressions. This equation

demonstrates a linear relationship between the logarithm of magnitude of tumor oxygen

consumption rate and time after KCI injection with a slope being the inverse of the time constant

of A[HbO 2] decay following cardiac arrest.

To facilitate the comparison of the tumor oxygen consumption rates as a function of

tumor volume, we also computed an absolute value of mean tumor oxygen consumption rate as

follows:

V02 = I fj HbO2 ]O .e-t!rcdt (22)

T 0

where T is the time that it takes for oxyhemoglobin concentration to drop to a steady or

asymptotic minimum value. In order to evaluate the integral, we made an approximation: T = 3 r

13



because tumor oxyhemoglobin concentration dropped to 5% of its initial value within 3 Z, and the

error introduced by this approximation was minimal. Evaluating equation (22) with T = 3 Z" gives

V02 =--f 3T [Hb0 2]O e-t/[dt- 3 J[Hb02]O) (23)3 r 0 3"

Both eqs. (20) and (23) indicate that the quantity ([HbO2]0o/) has an important

physiological significance, representing the transient and mean tumor oxygen consumption rate

and reflecting the metabolic activity of the tumor.

4. Experimental Results

Figure 2(a) shows the KCI effects on tumor vascular A[HbO 2] and A[Hbltotal for a

representative mammary adenocarcinoma 13762NF (12.7 cm 3). The exponential appearance of

the curve matches the solution to the mathematical model, equation (19), and A[HbO 2] dropped

sharply and significantly by 0.8723 ± 0.0002 (p < 0.0001). In contrast, total hemoglobin

concentration, [Hb]totai, decreased by 0.0870 ± 0.0001, only 10% of the change in [HbO 2]. This

indicates that total tumor blood volume remained relatively constant, as compared to [HbO 2]

during the course of the experiment. This also shows that the assumption of blood flow f = 0

after KC1 injection was reasonable. By fitting equation (19) to the data, [HbO 2]O and z- were

found to be 0.880+±0.005 and 0.691 ± 0.004 (min), respectively. Figure 2(b) shows the time

course profiles of tumor vascular A[HbO 2] and A[Hb]total for a second tumor (15.7 cm 3). In this

case, A[HbO 2] dropped by 1.444 ± 0.005 (p < 0.000 1), while A[Hb]total dropped 0.488 ± 0.002.

As for the first breast tumor, the magnitude of the drop in A[Hb]total was much less than that in

A[HbO 2]. The values of [HbO 2]O and z- were determined as 1.192±0.008 and 1.36± 0.02 (min),

respectively, based on equation (19). For the five tumors, a strong linear relationship was found
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between tumor [HbO 2]O and tumor volume (Figure 3) and between the mean lifetime (z) and

tumor volume (Figure 4).

Figure 5 shows the relationships between the tumor oxygen consumption rates V0 2 as a

function of time and tumor volume. To better separate the curves, the data only for the first four

minutes after KC1 injection were plotted. Each curve was obtained by substituting corresponding

[HbO 2]O and z- values to equation (20). The same relationships were replotted in Figure 6 on a

semilog graph, giving straight lines of slope i/z, according to equation (21). From these two

figures, it appeared that smaller tumors had greater oxygen consumption rates before and right

after KC1 injection. It is more significant and important to be able to estimate the tumor oxygen

consumption rate when the rats were alive. Considering that the rats were alive at t = 0,

VO 2 (alive) was determined by setting t = 0 in equation (20). Thus, V002 (alive) = V002 (t = 0) =

[HbO 2]O Ir. Figure 7 shows a strong (R = 0.86) inverse linear relationship between 0, 2 (0) and

tumor volume, indicating clearly that the larger the tumor, the smaller its oxygen consumption

rate. Furthermore, Figure 8 shows the relationship between the mean tumor oxygen consumption

rate V0 2 and tumor volume after KC1 injection. Again, a significant correlation was found (R =

0.86), suggesting that, on average, the tumor oxygen consumption rate decreases with an

increase in tumor volume.

5. Discussion and Conclusion

We developed a mathematical model for computing oxygen consumption rate in tumors

and used NIRS to investigate the oxygen dynamics during KC1 induced cardiac arrest. Although

the procedure was invasive, we did not add additional invasiveness for the animal experiment
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since the NIR readings in the study were taken during the final animal euthanasia. In this way,

we could obtain extra and useful physiological parameters, leading to quantification of tumor

oxygen consumption rate. Of course, this methodology has no relevance to be used in human

studies, but the knowledge learned here can be useful in understanding solid tumor physiology

and highly relevant for future improvement of tumor treatment.

The NIR signal has been found to be very sensitive to changes in tissue oxygenation in

small blood vessels such as arterioles, capillary, and venules [41,42,43,44]. These are the places

where the oxygen is consumed by tumor/tissue cells. In this study, Fick's Law was applied to

extract and quantify the tumor oxygen consumption from the tumor oxygenation dynamics, since

the rats died rapidly so that the tumor metabolism or oxygen consumption was not coupled to the

tumor blood flow. The overall shapes of the A[HbO 2] curves, as seen in Figures 2(a) and 2(b),

were similar to those obtained by Steen et aL, who used subcutaneously implanted rat 9L

gliosarcoma and pentobarbital overdose [27]. Time constant analysis showed that the time

constant of oxygenation, r, determined here was of the same order as reported by Steen et aL,

and that r was related to tumor oxygen consumption. Moreover, the observation that the

magnitude of the drop in A[Hb]total was much less than that in A[HbO 2] may indicate that the

decrease in rat tumor A[HbO 2] was mainly caused by tumor oxygen consumption rather than

decrease in total tumor blood volume.

We noted that tumor [HbO2]0 and tumor volume have a strong, positive linear

relationship, as given in Figure 3. This correlation makes sense, intuitively, because it simply

manifests the fact that the larger the tumor, the more oxygenated hemoglobin is included in the

tumor volume. The positive linear relationship between the mean lifetime (r) and tumor volume

(Figure 4) indicates that, on average, the time that an oxyhemoglobin molecule is likely to
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survive before it is dissociated to yield a deoxyhemoglobin molecule and four free oxygen

molecules increases with increasing tumor volume. The close correlation between t and tumor

volume suggests that tumor blood perfusion is becoming increasingly poor as the tumor

increases in size, leading to increased tumor hypoxica with increasing tumor volume.

As shown in equation (20), tumor oxygen consumption rate V?0 2 is an exponential

function of t and is dependent on both the initial tumor oxy-hemoglobin concentration [HbO 2]O

and the time constant zr. This means that tumor oxygen consumption rate P0 2 decreases

exponentially with time after KC1 administration. This phenomenon may be explained as

follows: as oxygen is being depleted by tumor cellular metabolism, oxygen concentration or

oxygen tension (p02) gradient across tumor capillaries and tissues decreases. Since oxygen

diffusion is linearly proportional to its concentration gradient according to Fick's Law of

diffusion, a lower oxygen concentration gradient or a lower oxygen tension gradient results in

decreased oxygen diffusion and, thus, less oxygen is available for tumor cellular aerobic

respiration. This, in turn, results in less oxygen consumption. This is consistent with several

studies, which have reported that oxygen consumption is proportional to the concentration of

available oxyhemoglobin [25,45,46,47,48]. Also, a negative linear relationship between the mean

tumor oxygen consumption rate V0 2 and tumor volume (Figure 8) has been observed,

consistent with previous reports [49,50] that larger tumors have lower oxygen consumption. This

might be attributed to larger necrotic fraction.

As mentioned in Section 1, there are numerous development and methodologies to

quantify tissue oxygen consumption or consumption rate for skeletal muscles [14-18] and for

neuronal activities in the brain [19-22], using either experimental or theoretical approaches. But

those approaches need to be modified accordingly in order to be suitable for determination of
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tumor oxygen consumption rate. The newly developed models for tissue oxygen consumption

are relatively complex [23-25], without quantitative association between the tumor consumption

rate and the measured NIR hemodynamic parameters. Our study reported in paper fulfills the

need to develop a simplified mathematical model for extracting the tumor oxygen consumption

rate from the NIR measurement. While our model is promising, it needs to be validated in our

future study. One of the existing "gold standard" methods to validate tissue oxygen consumption

is to employ a standard Clark oxygen electrode to measure partial oxygen pressure [51]. This

method is invasive, so it is difficult to be utilized in human studies, but relatively easier in animal

tumor studies [10,28]. The advantage of using the Clark oxygen electrode is mainly to provide

absolute values of tissue oxygen consumption readings, while it detects only local area, perturbs

local tissue vasculature, and creates difficulty for repeatable measurements. If our methodology

is validated in the future by the Clark oxygen electrode, some of the disadvantages of oxygen

electrodes can be overcome by the NIR approach. Moreover, since our current method uses

relative A[HbO 2] without the specific values of tumor DPF, the calculated tumor oxygen

consumption rate in this paper can be treated more appropriately as a tumor oxygen consumption

index. The methodology has the potential to provide absolute quantification of tumor V0 2

through NIR hemodynamic measurements once we develop a way to obtain tumor DPF.

While the present study demonstrates the possibility of evaluating oxygen consumption

rates of tumors by NIRS following KC1 administration, the animals have to be sacrificed to

perform the measurements. However, similar assessment is also possible through local tissue

clamping as performed by Steinberg et al for renal cell carcinoma in patients prior to resection

[52]. It should be possible to estimate tumor oxygen consumption rate without sacrificing rats, if

we could quantify the blood in-flow and out-flow of the tumors. This might be achieved by
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introducing a respiratory challenge, such as altering inhaled gas from air to carbogen or oxygen.

Indeed, the time course of A[HbO 2] with respect to KCI arrest is not unlike that observed in

switching from hyperoxic gas breathing to air as we have reported previously for rat breast and

prostate tumors [12,13,29] or observed using blood oxygen level dependant (BOLD) contrast

proton MRI [53,54]. It is also similar to the measurements of tissue pO2 observed in a perfused

rat heart in response to induction of total global ischemia [55].

We have used a single channel NIRS in this study, which provides us with global and

mean values of tumor oxygen consumption rate. Using a multi-channel NIRS will allow

intratumoral heterogeneity to be investigated, and we are currently developing such a capability

[56]. Indeed, others have reported spatially resolved NIRS for clinical applications to breast

tumors [6,57]. Once NIR imaging approach is taken by employing multiple sources and

detectors for the measurement, imaging reconstruction algorithms allow us to resolve and detect

the tumors that are not superficial [6,8,58,59,60,61].

In summary, the tumor oxygen consumption rate was calculated by fitting the newly

developed model to the measured A[HbO 2] data. A strong negative linear relationship was found

between the mean tumor oxygen consumption rate and tumor volume, indicating that larger

tumors have smaller mean oxygen consumption rate. This study further demonstrates the utility

of NIRS as an effective, real-time means to investigate tumor oxygen consumption rate, while

further development is required to make it to be non-invasive in the future.
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Figure Captions

Figure 1. Schematic setup of one channel, near infrared, frequency domain IQ instrument for

tumor investigation in vivo. Two fiber bundles were used to deliver and detect the laser light, at

758 and 785 nm, which were transmitted through the implanted tumor. The overdose of KCI was

administered by tail vein injection after 5-10 min of A[HbO 2] baseline measurement.

Figure 2. Effects of overdose KC1 injection on tumor vascular A[HbO 2] and A[Hb]total for two

breast tumors: (a) 12.7 cm3 and (b) 15.7 cm3. A[HbO 2] dropped rapidly and significantly (p <

0.0001).Both A[HbO 2] and A[Hb]total are in arbitrary unit. The error bars indicate measurement

uncertainties and are labeled at selected locations. (Some of them are too small to be seen.)

Figure 3. Relationship between tumor [HbO 2]O and tumor volume for five mammary

adenocarcinomas 13762NF.

Figure 4. Relationship between time constant -rand tumor volume for five mammary

adenocarcinomas 13762NF.

Figure 5. Relationships between the tumor oxygen consumption rates, I [, as a function of

time and tumor volume.

Figure 6. Relationship between tumor oxygen consumption rates, I V0 2 1, as a function of time

and tumor volume plotted on a semilog scale.
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Figure 7. Relationship between tumor oxygen consumption rate at t=0, 1 /202 (0)1 and tumor

volume.

Figure 8. Relationship between the mean tumor oxygen consumption rate I V0 2 1 and tumor

volume after KC1 injection.
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Abstract: This study intends to explore the underlying principle of the bi-
phasic behavior of increases in oxygenated hemoglobin concentration that
was observed in vivo from rat breast tumors during carbogen/oxygen
inhalation. We have utilized the Finite Element Method (FEM) to simulate
the effects of different blood flow rates, in several geometries, on the near
infrared measurements. The results show clearly that co-existence of two
blood flow velocities can result in a bi-phasic change in optical density,
regardless of the orientation of vessels. This study supports our previous
hypothesis that the bi-phasic tumor hemodynamic feature during carbogen
inhalation results from a well-perfused and a poorly perfused region in the
tumor vasculature.
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1. Introduction

It is well known that solid tumors develop regions of hypoxia during their growth due to an
imbalance between the rate of tumor cell proliferation and branching-of the blood vessels [1-
3]. Tumor hypoxia can contribute to the failure of radiotherapy [4,5], some forms of
chemotherapy [6], and photodynamic therapy [7]. Therefore, increasing tumor oxygenation
could be very helpful to improve cancer therapy efficacy. As one means to improve tumor
oxygenation, breathing a hyperoxic gas has been used to enhance the cancer treatment [8,9].
Our previous in vivo animal studies have clearly demonstrated that either carbogen (95% CO 2
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and 5% 02) or 100% oxygen inhalation can improve the vascular oxygen level of breast and
prostate tumors [10-12]. Specifically, the observed changes in oxygenated hemoglobin
concentration (A[HbO 2]) of tumor vasculature exhibited a bi-phasic feature: a rapid increase,
followed by a gradual but significant increase, in response to carbogen intervention (Fig. 1)
[12].

To explain this biphasic behavior of tumor hemodynamics, we established a mathematical
model based on Kety's approach [13] in our earlier publication [10]. We formed a hypothesis
in Ref. 10 that tumor vasculature is comprised of a well-perfused and poorly perfused region
that can be detected with the two time constants through A[HbO 2] readings derived from near
infrared spectroscopy (NIRS). The mathematical model basically allowed us to associate the
bi-phasic A[HbO 2] amplitudes and time constants to the ratio of vascular coefficients and
vascular perfusion rates in the two different regions [10]. While the mathematical model
seemed useful for interpretation of tumor hemodynamics and physiological factors, it was a
suggested model without experimental or computational proof or confirmation at the time. To
provide solid support and better understanding for this model and to further investigate
heterogeneities of tumor vasculature, we have used a computational approach to validate the
dynamic MRS measurements. The computational results given in this study strongly
demonstrates that with our bi-phasic mathematical model, tumor vascular dynamics can be
determined and monitored non-invasively using MRS while a perturbation of hyperoxic gas
intervention is given.

air carbogen air
1.2
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Fig. I Normalized hemodynamic changes of tumor blood oxygenation, A[HbO 2], obtained with
the NIRS measurement from a rat breast tumor while the breathing gas was switched from air
to carbogen (Gu et al. Applied Optics, 2003) [Error! Bookmark not defined.].

2. Review of the our mathematical model of tumor vascular oxygenation

In our previous report [10], we followed an approach used to quantify regional cerebral blood
flow (rCBF) with diffusible radiotracers, as originally developed by Kety [13] in the 1950's.
By applying Fick's principle and defining y as the ratio of A[HbO 2] in the vascular bed to that
in veins, A[HbO 2] induced by hyperoxic gas intervention in tumor vasculature could be
mathematically modeled as Eq. (1):

A[HbO2]vasculature(t) = yHo[ 1-exp(-ft/y)] = A[ l-exp(-t/t)], (1)

where y was defined as the vasculature coefficient of the tumor (=A[HbO2]1v.s..aturj
A[HbO2 ]vein), H. was the arterial oxygenation input, f represented the blood perfusion rate in
cm3/sec, "c is the time constant, A=yH,, and c--yf

If a tumor has two distinct perfusion regions and the measured NIRS signals result from
the both regions (Figure 2), it is reasonable to include two different blood perfusion rates,f
andf 2, and two different vasculature coefficients, yc and y2, in the model. Eq. (1) becomes Eq.
(2) to count for the double exponential feature observed in the NIRS experiments:
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A[HbO2]vasculature(t) ytHo[ 1 -exp(-fjt/yi)] + y2H.[1 -exp(-f2t/y2)]

A A1[ 1-exp(-t/'ri)] + A2[I1-exp(-t/t 2)] (2)

where fi and yi are the blood perfusion rate and vasculature coefficient in the well perfused
region, respectively; f2 and y2 represent the same respective meanings for the poorly perfused
region, and A1 = yHo, A 2 =y 2Ho, c1 = YAf, "r2 = 72/12. Since A 1 , A 2 , T11, an1d "r2 can be
determined by fitting Eq. (2) with A[HbO 2] readings taken from the NIRS measurements, we
can obtain the ratios of two vasculature coefficients and the two blood perfusion rates as:

yr _ A, f _A/A 2  (3)

r2 A 2  f 2  "T /I r

With these two ratios, we are able to understand more about tumor vascular structures and
blood perfusion rates. In this paper, we report our computational evidence to support the
tumor hemodynamics model by quantifying y1/y2 andf1 /f2 from three different locations of the
simulated tumor dynamic phantoms.

HlbO 2 = A + B = A1 [1 - exp(-t/- 1 )] + %[1 - exp(-t/r 2 )]

Light Detectors

Well-Perfused Region Poorly Perfused Region
A= 41[1- ex(-t / rj)] E= All[-e •(--t/ r2)

Light Source

Fig. 2. A schematic diagram of light transmitting patterns in a tumor when the tumor has two
distinct perfusion regions. The right side of tumor with gray color represents the poorly
perfused region, whereas the left side of tumor corresponds to a well-perfused region. As
shown, different detectors may interrogate different tumor volumes.

3. Computer simulations using the finite element method

The Finite Element Method (FEM) was utilized to simulate the bi-phasic behavior of
increases in A[HbO 2] with FEMLAB software (COMSOL Inc. Burlington, MA). It uses the
numerical approach to solve partial differential equations (PDE) in modeling and simulating
various engineering problems. The geometry of our FEM simulations is given in Figure 3,
representing the simplified tumor vascular model (Fig. 2). El represents an overall tumor
volume (diameter = 4 cm), and R5 shows the location of light source. Blood vessels in two
different perfusion regions are represented by several rectangles (0.1 cm x 2.4 cm): RI and R2
represent vessels with a fast flow rate, and R3 and R4 denote vessels with a slow flow rate.

As given in Eq. (4), the diffusion equation was applied to predict the measured NIR light
intensities along the boundary of simulated model as the simulated oxygenated blood flows
through the blood vessels with two different perfusion rates in tumors:

(1 / c)(a / at)O(r, t)-DV 0(r, t) + ia O(r, t) = S(r, t) (4)

where (r,t) is the diffuse photon fluence rate at the position r, c is the speed of light in tissue,
S(r,t) describes the photon source, D = [3(,ua + A,')]-' is the diffusion coefficient, /X is the light
absorption coefficient in tissue, and A.' is the reduced light scattering coefficient in tissue. For
the boundary conditions, the extrapolated boundary condition which mathematically assumes
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that photon flux vanishes at the extrapolated distance, Ze [14], was applied to the FEM model

as given below:

Ze = #(z = 0)/[(a /1az)O(r,z,t)It=O] = 2AD, b(r,z = Ze,t) = 0 (5)

where A=(l+rd)/(l-rd), and rd is the internal reflectance caused by the refractive index
mismatch between air and tissue. This can be estimated using the following empirically
determined equation [151:

rd = -1.440 n-2 + 0.710 n1 + 0.668 + 0.0636 n (6)

with n = ntissue/nair.
In the simulation, 1.4 and 1.0 were used for njiss,,e and nair, respectively, to obtain A. A

value of D=0.033 cm was chosen for both the background and vasculature of phantom with

/Is'=10 cm-1. The values of 0.03 cm-1 and 1.5 cm' were selected as absorption coefficients of
the tissue background (El) and oxygenated blood flowing through the simulated vessels (RI,
R2, R3 and R4), respectively. In this simulation model, the absorption coefficients of perfused
blood prior to carbogen intervention was assumed to be the same as tissue background since
we are measuring only changes of tumor blood oxygenation from the baseline (air) to
carbogen intervention. Therefore, the value of 1.5 cm' used in RI-R4 can be considered as a
difference in absorption between preperfused blood and oxygenated blood after carbogen
intervention. The simulation model was generated with FEMLAB having 1147 elements and
609 nodes. Finally, the model was solved using the stationary nonlinear solver type.

El

RI 12 R3 R4,

-2 
- -----

-2+ 0 1 2

Fig. 3. The geometry used in our FEM simulations for a simplified tumor vascular model. RI
and R2 rectangles are located in a fast flow region, while R3 and R4 are in a slow flow region
within tumor. The units for both the X-axis and Y-axis are cm. The distances from RI to R2
and from R2 to R3 are 1 cm and 0.5 cm, respectively.

To model the dynamic NIR signals, multiple FEM runs of the diffusion model with Eqs.
(4)-(6) were performed repeatedly with different lengths of RI, R2 and R3, R4, where the X
value of 1.5 cm-' was used to simulate oxygenated blood within RI, R2, R3, and R4 regions.
Each of the computed run/frame from the model was associated with the blood perfusion in
the two vascular regions at a selected time. By assuming both vascular regions in tumors are
having a same vascular density, the perfusion rates of two regions is directly proportional to
the blood flow rates. Therefore, the two different flow rates/perfusion rates passing through
the two regions in tumors were mimicked by progressing the lengths of RI, R2 from 0 to 2.4
cm with an increment of 0.4 cm per frame to represent the fast flow process, and the lengths
of R3, R4 with a smaller increment of 0.02 cm per frame were used to evolve the slow flow.

Figure 4 shows an example of a series of continuous FEM outputs for the fast flow case,
where each of the output frames corresponds to a time interval of 2 seconds. The frame rate in
the calculation was kept the same for both fast and slow cases; thus, a series of discrete
outputs of the FEM model can replicate the time-dependent NIR signals taken from the in vivo
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tumor model with a flow rate difference as large as 20 times between the two different
perfusion regions.

0 th Frame 1 st Frame 2 nd Frame 3td Frame 4 th Frame 5th Frame 6 th Frame

Time=0 sec 2sec 4 sec 6 sec 8 sec 10 sec 12 sec

Fig. 4. Light distribution inside of a simplified tumor vascular model simulated by FEM with
the increase of RI and R2 length to mimic the oxygenated blood flow in the well perfused
region. (Movie: 267 KB)

To investigate if the bi-phasic hemodynamic feature depends on the orientations of the
vessels, we also changed the position of source light to examine the effect of vessel geometry
on NIR signals taken from the tumor hemodynamic measurements. We have simulated the
light source to be a) perpendicular to the vessels of the phantom and b) at the center of the
phantom. In the former case, the light penetrates the slow-flow vessels first and then the fast-
flow vessels. Such a simulation allowed us to investigate if in this geometry, the dynamic
changes of NIR signals still have the bi-phasic behavior.

Changes in optical density (AO.D.) are used to calculate changes in photon fluence rates,O,
induced by the simulated flows along the boundary of phantom. Such AO.D. values are
analogous to those observed in our previous animal experiments [10]; they are expressed as:

AO.D. = log. trtialn t (7)
( Otransient )I

where •nhriaIand V1,a,, are the photon fluence rates at the initial and transient states.

4. Results from the FEM simulation

Figure 4 given above shows light distributions in a simplified tumor vascular model from
seven simulation outputs to mimic a fast oxygenated blood flow in tumor by increasing the
length of RI and R2 with an increment of 0.4 cm per each frame, or 0.2 cm per second. The
0th frame shows the light distribution in tumor vascular model when there is no blood flow,
and all the other frames represent the light distributions with a fast oxygenated blood flow in
RI and R2. In a similar fashion, a slow flow rate of oxygenated blood in the poorly perfused
region was simulated by increasing the length of R3 and R4 with a much slower rate of
0.02cm/frame (0.01 cm/sec).

Figure 5(al) presents the light distribution of the simulated model when a fast oxygenated
blood flow passed through RI and R2 with a rate of 0.2 cm/sec; similarly, Fig. 5(bl) shows
the light distribution when an oxygenated blood flow went into R3 and R4 with a slow flow
rate of 0.01 cm/sec. Finally, Fig. 5(ci) shows the combined light distribution in the phantom
with both fast and slow flows in the two different regions. Figure 5(al) is the result at the 6th
frame, while Fig. 5(b]) results from the 120th frame. Figure 5(cl) is also the simulation
output at the 120th frame when the oxygenated blood flows passed through the entire lengths
of all the simulated vessels.

In comparison with the results from our animal experiments [10-12], we extracted the light
intensity values (proportional to the photon fluence rates, 0) at three positions of (2,0), (-2,0)
and (0,2) from each frame of the simulations to calculate AO.D. values, which are plotted in
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the right column of Fig. 5. These three positions are corresponding to Dl, D2 and D3 in Fig.
2. The time unit in these plots was obtained by associating each frame to 2 seconds. Thus,
AO.D. shown in Fig. 5(al) has 12 seconds to reach the maximum AO.D. since it has only 6
frames to simulate a fast flow rate, with a velocity of 0.2cm/sec. Similarly, AO.D. values in
Fig. 5(bl) and 5(cl) will have 240 seconds to achieve their maximums because they have 120
frames to simulate a slow flow rate, with a velocity of 0.01 cm/sec.

(al) Fast Flow (0,2) 0.25 (a2) 1 (-2,0)
2 3.25 0.8 "--*.

0.2 0.6 (0,2)

0(-2,0) (2,0) 0.15 0.4

o 0.2- (2,0)
-1 0.1 .4 .............. .....0

02 0.05 -
Light Source -50 0 50 100 150 200 250

-2 0 2 0 Time(sec)
(b)2 (0,2) Slow flow 0.25 ( 0)

2 0.250.8

10.2 $0.6-
0,'-2,0) 2,0) 0.15 'm 0.4-.,- ,

0.2 -2,0)
-1 0.1 0.2 . . (20)

-2 
0.05 (-2,0)

Light Source -0. 0 0 50 100 150 200 250

-2 0 2 0 Time(sec)

(cl) Fast flow (0,2) Slow flow (02) 2

2 D.25 o:
0 1.5

1

0 -2,0) 0.15 (-2,0)
'60.5

-1 0.1. (2,0)
60

-2 0.05 "_
Light Source -. 0 0 50 100 150 200 250

-2 0 2 0 Time(sec)

Fig. 5. Light distributions inside of a simplified tumor vascular model simulated by the FEM.
Left column: (al) is the output result with an only fast simulated flow rate (RI and R2), (bl) is
the result with an only slow flow rate (R3 and R4) (Movie: 1,763 KB), and (cl) is the result
with both fast and slow flow combined (RI, R2, R3 and R4) (Movie: 1,643 KB). Right column:
Optical density changes measured at three locations, (2,0), (-2,0), and (0,2), in the FEM
simulations during fast flow only (a2), slow flow only (b2), and both fast and slow flow
combined (c2).

Figure 5(a2) and 5(b2) show temporal AO.D. profiles taken from the three positions during
a fast flow only and a slow flow only simulation, respectively. The former one shows that the
AO.D. is the largest at (-2, 0) position and is the smallest at (2, 0) position when an
oxygenated blood flow passes only into the vessels (RI and R2) near D2 in the simulation.
Similar results are observed when the blood flowed only into the vessels in the slow perfusion
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region (R3 and R4), as seen in Fig. 5(b2). Namely, the AO.D. values are much larger at (2, 0)
position than at (-2, 0). Moreover, Fig. 5(c2) shows that the temporal profiles of AO.D. taken
at (2, 0) and (-2, 0) positions do not change significantly in comparison with those given in
Figs. 5(a2) and 5(b2). However, in this case, the temporal AO.D. profile at (0, 2) position
clearly shows a bi-phasic behavior, similar to that shown in Fig. 1, as we often observed in the
animal tumor studies [10-12]. Notice that the portions in the AO.D. profile seem to be equally
weighted by the fast and slow flows, implying that the fast and slow flows contribute to the
measured NIR signals approximately equivalently. This indeed supports that it is necessary to
contain two distinct flow or perfusion rates within tumors in order to exhibit the bi-phasic
blood oxygenation dynamics during carbogen/oxygen inhalations.

We also changed the position of light source to be perpendicular to the vessels on the
simulated phantom, as shown in Fig. 6(al), or to be at the center of the phantom, shown in Fig.
6(bl). In this way, we can investigate how blood vessel geometry within the tumor/phantom
affects the bi-phasic feature of the tumor hemodynamics.

(al) Fast flow (0,2) Slow flow (a2) 2
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Fig. 6. FEM simulations of light distribution inside of a simplified tumor vascular model. Left
column: (al) shows the results when the light source is located perpendicular to the vessels
(Movie: 1,539 KB), (bl) presents the results when the light source is located in the center of
the model (Movie: 1,540 KB). Right column: Changes in O.D. measured at three locations, as
labeled in Fig. 6(al), with a fast and slow flow combined. (a2) plots three AO.D. profiles
measured at the respective locations; (b2) reveals four AO.D. temporal profiles during the
combined fast and slow flow.

Similar to Fig. 5(cl), Fig. 6(al) shows light distribution within the simulated model when
an oxygenated blood flow passed through RI and R2 with a fast flow rate of 0.2 cm/sec and
through R3 and R4 with a slow rate of 0.01 cm/sec. Temporal profiles of AO.D. at the three
corresponding positions were quantified and plotted in Figs. 6(a2). It shows that the detector
at (0, 2) sees the change in optical density with a single-exponential shape, more dominated
by the slow flow, while the detector at (0, -2) detects a small initial rise in AO.D. induced by
the fast flow, followed by a gradual plateau and then a large increase by the slow flow. Such
features can be expected based on their detection positions. Interestingly, the AO.D. profile
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taken at (-2, 0) exhibits an unambiguous bi-phasic exponential curve that results from both the
fast and slow flow. This curve resembles very well the previously observed feature in our
animal studies (see Fig. 1 as an example).

Figures 6(bl) and 6(b2) simulate the light distribution and AO.D. profiles, respectively,
obtained from the four positions of the tumor vascular dynamic phantom with the light source
located at the center. The latter one displays that the detector at (-2, 0) is most sensitive to the
signal from the fast flow only, while the readings of AO.D. at (2, 0) is affected by the fast flow
at the initial onset and followed by a gradual increase. Furthermore, the AO.D. readings at (0,
2) and (0, -2) reveal somewhat bi-phasic behaviors with a fast increase in AO.D. initially,
followed by an exponential and delayed exponential rise, respectively. These two bi-phasic
profiles can be attributed to the fact that the detected NIR signals at (0, 2) and (0, -2)
interrogated both fast and slow perfusion regions.

5. Discussion and conclusion

In this study, we employed the FEM method to simulate the bi-phasic behavior that was
frequently observed in blood oxygenation from animal tumors during carbogen/oxygen
inhalation. We believe that the bi-phasic feature of tumor blood oxygenation during hyperoxic
gas inhalation results from two distinct vascular structures of the tumor, namely, a well-
perfused and poorly perfused region. Our numerical simulations were performed to explore
what can cause tumor hemodynamics to have two time constants, i.e., the bi-phasic feature.
From the simulation results, it is confirmed that co-existence of two blood flow velocities can
result in a bi-phasic change in optical density, thus leading further to a bi-phasic change in
hemodynamics in tumor vasculature.

A comparison between Figs. 5(c2) and 6(a2) reveals that the bi-phasic or bi-exponential
feature can be well present if both slow and fast perfusion regions exist within the interrogated
area or volume of NIR source and detector, regardless of the orientation of vessels. Single
exponential or non-exponential component of AO.D. exists if the NIR source and detector
interrogates only the fast or slow perfusion area. Moreover, the contribution of each perfusion
region to the NIR signal appears to be proportional to the vascular area or volume, i.e., the
areas of RI, R2, R3, and R4 in this study. While we learned that different flow velocities
gave rise to bi-exponential profiles, such differences in flow velocity could arise from
different blood vessel diameters with the same blood flow rate or from different blood flow
rates with the same vessel diameter, both of which tumor vasculatures have. Detailed
association between the measured NIR signals and vascular density and vessel sizes needs to
be explored further in our future studies.

In comparison, such a bi-phasic change in hemodynamics has been observed in MRI
(Magnetic Resonance Imaging) studies during hypercapnic intervention or brain functional
stimulation [16,17]. Mandeville et al. have developed a modified Windkessel model to
explain the bi-phasic increase of relative cerebral blood volume (rCBV) during 30 seconds of
electrical stimulation on rat forepaw [16]. They explained the acute increase of rCBV by the
fast elastic response from both capillary and vein and the slow increase of rCBV by a delayed
venous compliance. Functional MRI can detect signals from large blood vessels such as artery
and vein as well as those from small vessels including capillaries, while the NIRS
measurement is most sensitive to microvessels [18,19]. Therefore, the bi-phasic changes of
A[HbO2 1 observed by NIRS during carbogen intervention may not necessarily follow the
same principle as explained by the modified Windkessel model.

In addition, the response of rCBV and relative cerebral blood flow (rCBF) in the brain due
to stimulation is much faster than the blood oxygenation changes in tumor during carbogen
intervention. The time constants of rapid and slow increases in rCBV were 1.9±0.7 second
and 14±13 second [16], respectively, while the time constants of increases in A[HbO 2] in rat
breast tumors during carbogen inhalation were much slower, varying from 3.9 sec to 150
seconds (mostly 20-60 second) for the rapid increase and 180 to 1500 sec during the gradual
increase [10-12]. This suggests that the bi-phasic feature obtained in A[HbO 2] during tumor
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oxygenation may be a physiological and hemodynamic characteristic different from that
observed in the brain. We are currently investigating the association between our experimental
data and the modified Windkessel model [20], following the approach that estimates the
relative cerebral metabolic rate of oxygen (rCMRO 2) developed by Boas et al [21].

Padhani and Dzik-Jurasz have reviewed the heterogeneity in perfusion from extracranial
tumors measured by dynamic contrast-enhanced MR imaging (DCE-MRI) [22]. They have
shown that the kinetics of signal intensity changes obtained from T2*- or Ti-weighted images
are significantly varying within a tumor. Especially, Figs. 4 and 5 in their paper clearly
support that the bi-phasic increase of A[HbO 2] from rat breast tumors during carbogen
intervention could be from different perfusion rates in tumors, given that our single channel
NIRS obtains global changes in tumor hemodynamics. In addition, other reports presented
cerebral oxygenation during a relatively long period of hypercapnic challenge, e.g. 2 minutes
[23] or 10 minutes [24], and did not show the bi-phasic feature in A[HbO 2].

Various mathematical models have been proposed to understand the cerebral
hemodynamic parameters, including BOLD MRI signal, rCMRO 2, rCBV, rCBF during
stimulation or hypercapnic intervention [16,25-30]. Since A[HbO 2] was showing large
changes during carbogen inhalation in our NIRS measurements, we have adopted A[HbO 2] as
a sensitive parameter to obtain tumor hemodynamic features, just like changes in
deoxyhemoglobin concentration used in BOLD MRI. Solid tumors are known to have both
temporal and spatial heterogeneity in blood flow [31], and tumor blood vessels are much
leakier and more porous than normal blood vessels [32]. Therefore, tumor hemodynamics
may not follow the currently established mathematical models that estimate cerebral
hemodynamics by considering autoregulation and vessel reactivity. Based on the fact that
solid tumors develop hypoxic regions which are poorly perfused in the center as they grow
[33,34], we hypothesized that the bi-phasic feature of A[HbO2] stems from two different
perfusion rates in tumors. Our approach is a simpler mathematical model in comparison with
those presented for cerebral hemodynamic models. In our current study, we do not measure
blood flow changes in tumor, and thus we could only obtain the ratio of vascular coefficients
and perfusion rates by fitting the increase of A[HbO2] [10]. To overcome this limitation,
recently, we have followed an approach that estimates the rCMRO2 developed by Boas et al.
[21] to evaluate changes in tumor blood flow and metabolic rate of oxygen in tumor [20].

In this numerical study, we have simplified the physiological complex of tumors in their
hemodynamic structures by assuming the same absorption coefficients for the perfused blood
prior to carbogen intervention and tissue background. While this simplified assumption is not
realistic in actual tumors, the overall trend of mathematical simulations would remain the
same. This is because the numerical simulations will always provide us with changes in light
intensity during tumor blood oxygenation, if an absorption difference exists in blood
vasculature between the baseline (air) and carbogen intervention. With our current assumption
and modeling setup, we are able to enhance the bi-phasic feature for easy observation.

While the tumor vasculature and hemodynamics is very complex and chaotic, a simple
numerical model, as we demonstrated in this study, can support an initial mathematical
hypothesis for tumor modeling, help us understand and interpret our experimental data, and
lead to further development of more complex and realistic models for tumor investigations.
The goal of this numerical study is not to develop a comprehensive computational model for
tumors, but rather focusing on numerical support to better understand our experimental
observation during tumor oxygenation measured with NIRS.

In summary, we have previously used a single-channel NIRS system for global
measurements of A[HbO 2] in tumors during respiratory challenges [10-12], demonstrating that
NIRS is a portable, low cost, and real time measurement system that can monitor changes of
vascular oxygen levels in tumor tissues non-invasively. Now, the current study confirms that
an NIRS multi-channel approach has great potential to detect and monitor tumor
heterogeneity under therapeutic or adjuvant interventions. With an appropriate mathematical
model, tumor vascular dynamics can be determined and monitored non-invasively while a
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perturbation of hyperoxic gas intervention is given. Our future work includes 1) to further
investigate and understand the meaning of vasculature coefficient, y and 2) to develop an NIR
imaging system to be used as a monitoring tool for the efficacy of cancer therapy.
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ABSTRACT

We have developed dynamic tumor vascular phantoms and utilized them to investigate the

bi-phasic behavior of increases in oxygenated hemoglobin concentration that was observed

in vivo from rat breast tumors during carbogen/oxygen inhalation. The experimental setup

included a continuous-wave, multi-channel, near infrared spectroscopy (NIRS) system and

syringe pumps to drive the simulated blood through the dynamic vascular phantoms. The

results from such phantom experiments show clearly that the two time constants observed

in tumor oxygenation dynamics in vivo can result from two different perfusion rates or two

different blood velocities. This study basically demonstrates that with an appropriate

mathematical model, tumor vascular dynamics can be determined and monitored non-

invasively while a perturbation of hyperoxic gas intervention is given. In such a way, non-

invasive NIRS measurements may have useful and prognostic values to quantify the

therapeutic effects of cancer treatments.
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1. Introduction

Solid tumors are known to exhibit heterogeneous blood flow distribution, 1' 2 and various methods

have been used to study tumor perfusion heterogeneity, such as Doppler ultrasound,3 dynamic

contrast MRI, 4 diffuse correlation spectroscopy, 5 and the use of tumors grown in window

chambers. 6 Intensive studies using 19F Magnetic Resonance FREDOM (Fluorocarbon

Relaxometry using Echo planar imaging for Dynamic Oxygen Mapping) by Mason et al have

revealed intratumoral heterogeneities of tumor PO2 and their heterogeneous responses to

hyperoxic gas breathing. 7' 8'9 The severe P0 2 heterogeneity in tumors can be attributed to the

heterogeneous distribution of blood flow since tissue p0 2 level is determined by a balance

between the supply of oxygen from blood vessels and the oxygen consumption rate of tissue

cells.10 Unlike FREDOM, near-infrared spectroscopy (NIRS) techniques measure hemoglobin

oxygenation and concentration in vivo, providing possible quantification and monitoring of

vascular oxygenation in vivo of the measured sample/organ non-invasively. This is why in

recent years, NIRS has been widely utilized to investigate hemoglobin oxygenations of

muscles, 11,12,13 the brain, 14' 15"16 and animal tumors.17,18,9

The heterogeneity of blood perfusion in tumors also results in the developing regions of

hypoxia during tumor growth. It is well known that in comparison to well oxygenated tumor

cells, hypoxic cells in tumor are known to be highly resistant to radiation therapy. 2'21 some

forms of chemotherapy22 and photodynamic therapy 23. A number of clinical studies have shown

that the tumor oxygenation level affects greatly the survival probability of cancer patients, as

measured either by tumor regression or by local control.24 Therefore, tumor oxygenation needs

to be increased during therapy to improve the efficacy of cancer treatments. Breathing a
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hyperoxic gas, such as carbogen (95% 02 and 5% CO 2) or 100% oxygen, has been used to

enhance the cancer treatment as a mean of improving tumor oxygenation. 2,26 However, oxygen

delivery from blood vessels to tumor cells in the hypoxic region can be prohibited by the poor

vascular perfusion in tumors. Thus, measurements of local vascular oxygenation and perfusion

in tumors can be important for tumor treatment planning and to evaluate methods designed to

modulate tumor oxygenation.

In our previous studies, we have demonstrated that improvement of tumor vascular

oxygenation during hyperoxic gas intervention could be monitored by NIRS. 19,27' A bi-phasic

feature that has a rapid increase, followed by a gradual but significant increase, in response to

carbogen intervention was observed from the changes of oxyhemoglobin concentration (A[HbO 2])

in tumor vasculature (Figure 1)28. We established a mathematical model based on Kety's

approach 29 to explain this biphasic behavior of tumor hemodynamics in our earlier publication 19.

In that study, we formed a hypothesis that tumor vasculature was comprised of a well-perfused

and poorly perfused region that could be detected with the two time constants through A[HbO2]

readings derived from the NIRS. The mathematical model basically allowed us to associate the

bi-phasic A[HbO 2] amplitudes and time constants with the ratio of vascular coefficients and

vascular perfusion rates in the two different regions. 19

Even though the developed mathematical model was useful for interpretation of tumor

hemodynamics and physiological parameters, it was lack of any proof or confirmation at the time.

To provide solid support for this model and to further investigate heterogeneities of tumor

vasculature, we have developed dynamic tumor vascular phantoms and have performed three-

channel NIRS experiments on the dynamic phantoms. In this paper, we will report 1) our design

and implementation for the dynamic vascular phantoms, 2) the experimental setup and
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measurements for the NIRS readings from the dynamic phantoms, 3) the relationship between

the NIRS time constants and flow velocities passing through the phantoms, and 4) the evidence

to support our mathematical model. The results from this study show clearly that the two time

constants observed in tumor oxygenation dynamics in vivo can result from two different

perfusion rates or two different blood velocities. We conclude that with our bi-phasic

mathematical model, tumor vascular dynamics can be determined and monitored non-invasively

using NIRS while a perturbation of hyperoxic gas intervention is given.

2. Materials and Methods

A. Review of the Our Mathematical Model of Tumor Vascular Oxygenation

In 195 1, Kety developed a model to quantify regional cerebral blood flow (rCBF) with diffusible

radiotracers.29 In our previous report,19 we have developed a mathematical model by following

Kety's approach. We give a brief review here: by applying Fick's principle and defining y as the

ratio of A[HbO 2] in the vascular bed to that in veins, A[HbO 2] that was induced by hyperoxic gas

intervention in tumor vasculature could be mathematically modeled as Eq. (1):

where y was defined as the vasculature coefficient of the tumor (=A[HbO 2] va,,u~anre/A[HbO 2] vein),

Ho was the arterial oxygenation input, f represented the blood perfusion rate, "T is the time

constant, A=$-1, and '=y/f. Our measured signal, AHbO 2vas.ulature(t), is the change of [HbO2] in

vasculature within the light interrogated tissue volume per unit time, and perfusion rate, f is

defined as the rate of total blood flow per a unit mass or volume of tissue/organ which has a unit
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of ml/min/lOOg or ml/min/cm 3 while blood flow rate is the rate of blood flow within the blood

vessels (ml/min).

If a tumor has two distinct perfusion regions, and the measured NIRS signals result from

both regions (Figure 2), then it is reasonable to include two different blood perfusion rates,fi and

f2, and two different vasculature coefficients, yi and Y2, in the model. Eq. (1) then becomes Eq.

(2) to count for the double exponential feature observed in the NIRS experiments:

AtbO2 Vasculature(t) = yjH[l-exp(-fjt/yi)] + y2Ho[1-exp(-f2t/y2)]

= A1 [ 1-exp(-t/T1 )] + A2[1-exp(-t/-r2)] (2)

where f, and yi are the blood perfusion rate and vasculature coefficient in the well perfused

region, respectively; f2 and y2 represent the same respective meanings for the poorly perfused

region, and A, = y1Ho, A2 = rHo, "1 = riji, t 2 = W/f2 Since A&, A2, tc, and "r2 can be determined

by fitting Eq. (2) with A[HbO 2] readings taken from the NIRS measurements, we can obtain the

ratios of two vasculature coefficients and the two blood perfusion rates as:

y 1 -A1  f -A1 ,/ A2  (3)

Y2 A2 ' f2 "rl / Z"2

With these two ratios, we are able to understand more about tumor vascular structures and blood

perfusion rates. In this paper, we report our experimental evidence to support the tumor

hemodynamics model by quantifying y1/y2 and fl/f2 from three different locations of the tumor

dynamic phantoms with the use of three-channel NIRS.

B. Design and Implementation of the Dynamic Tumor Vascular Phantom
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To represent two different perfusion regions in tumors, we designed a vascular mimic device

(VMD) by winding a small diameter tube around a big diameter core tube, as shown in Figure 3.

VMD-1 was fabricated by wrapping ethyl vinyl acetate microbore tubing (0.51 mm ID) around a

tygon lab tube (14.4 mm OD), and VMD-2 was fabricated by winding polyethylene tubing (0.86

mm ID) around another piece of tygon lab tube (14.4 mm OD) to represent two kinds of

vasculature with small (0.51 mm ID) and large (0.86 mm ID) diameters of blood vessels,

respectively. All tubing materials were purchased from Cole-Parmer Company (Vernon Hills,

IL).

The dynamic tumor vascular phantom was fabricated by embedding the two VMDs into a

cylindrical soft gelatin, which represented non-vascular tissues. Specifically, the tissue mimic

gelatin was prepared by mixing 50 g of gelatin powder (Sigma, Gelatin Type A, St. Louis, MO)

with 350 ml of boiling water, and the solution was stirred thoroughly until the gelatin powder

was dissolved completely. When the solution was cooled down to around 50 'C, 200 ml of 20%

Intralipid solution (Intralipid® 20%, Baxter Healthcare Corp., Deerfield, IL) was added and

mixed thoroughly to simulate light scattering in tumor tissues. Just when the solution started to

be solidified, it was poured into a cylindrical container (diameter=4.5 cm, height=3.5 cm),

containing the two VMDs and also into a box-shaped container (length=15 cm, width=15 cm,

and height= 5 cm). After completely being cooled down, the solution became a soft gelatin

phantom with the two VMDs embedded inside. The optical properties of gelatin phantoms were

measured from the gelatin phantom in the box-shaped container using an NIR tissue oximeter

(model: 96208, ISS Inc., Champaign, IL), and those values were close to tissue optical properties

with ua= 0.032 cm- and uu'-=9.2 cm- at 750 nm.

7



Two kinds of dynamic tumor vascular phantoms were fabricated: Phantom 1 contained

one VMD-1 and one VMD-2, while phantom 2 had two of VMD-ls. A stream of diluted black

ink solution with lia=1.5 cm- at 730 nm (measured by a regular spectrophotometer) was used to

go through the VMDs to simulate a blood flow through tumor vasculature. By pumping the ink

solution through VMD-I and VMD-2 with the same flow rate in phantom 1, we could simulate

the effects of different sizes of blood vessels on the bi-phasic behavior of changes in NIRS

signals. In the meanwhile, by injecting the ink solution through the two VMD-Is in phantom 2

with two different flow rates, we would be able to associate the bi-phasic feature of NIRS with

the flow rate. In this way, we could mimic the dynamic fluid dependence of a breast tumor, with

a hyperoxic gas inhalation, on different sizes of blood vessels and on different perfusion rates.

C. Multi-Channel NIR Spectroscopy

We used a multi-channel, continuous wave, NIRS system with one light source at 730 nm and

three detectors to monitor light absorption changes from the dynamic tumor vascular phantoms

in this study. Based on the modified Beer-Lambert's law3°, the data presented in this paper were

analyzed using the measured amplitudes to quantify changes in optical density (O.D.) induced by

absorber concentration changes (Eq. 4).

AO.D = O.D.T- O.D.B = log (IB/IT) / L, (4)

where L is the optical path length between the source and detector, and IB and IT are baseline and

transient amplitudes of the measured optical signals, respectively. It is known that L is in

proportion to the source and detector separation, d, with a factor of DPF (Differential Pathlength

Factor)19'31, i.e., L=d*DPF. In principle, the DPF factor depends on both the absorption and

reduced scattering coefficients, ua and u's', respectively. 32 Although a DPF value of 2.5 for
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tumors has been used by others33, little is known about DPF for solid tumors because of its finite

size and high heterogeneity. Thus, in common with our recent approaches34'35, we included the

DPF factor within the unit as cm-'/DPF for AO.D. in the relative measurements since our focus

is on the dynamic features. Equation (4) then becomes Eq. (5), permitting us to quantify AO.D.

in the dynamic phantom measurements.

AO.D = O.D. T-- O.D.B = log (IB/IT) /d. (5)

Equation (5) was repeatedly utilized for each of the three channels for individual data analysis.

D. Experimental Setup and Procedures of Dynamic Phantom Measurements

The schematic experimental setup for dynamic phantom measurements is shown in Figure 4(a).

Near infrared light at 730 nm was delivered from a multi-channel NIRS system to the dynamic

tumor vascular phantom, and three optical detectors were placed on the side of the cylindrical

phantom to collect the NIR signals at three different locations. A diluted ink solution was

injected into the VMDs using 5 ml B-D TM disposable syringes (Cole-Parmer, Vernon Hills, IL)

by two syringe infusion pumps (model KDS200, KdScientific Inc., New Hope, PA), and the ink

wastes were collected in a waste beaker. We used two separate syringe infusion pumps so that

we could control the flow rate of each VMD independently. Figure 4(b) shows the close-up

geometry of light source and three optical detectors around dynamic phantom 1 with the two

imbedded VMDs. The light source was placed between the two VMDs, and detector D3 was

located across the light source in transmission mode so that it would detect the signal passing

through both VMDs. Other two detectors (D1 and D2) were placed in the semi-reflectance

geometry with respect to the light source so that Dl and D2 would get the NIR signals mostly
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from only VMD-1 or VMD-2, respectively. The setup was the same for dynamic phantom 2,

containing two VMD- Is instead of one VMD- 1 and one VMD-2.

In phantom 1 measurement, VMD-1 and VMD-2 were initially filled with water to obtain

the NIR baseline readings. Next, the ink solution was injected into VMD-2 first with a flow rate

of 20 ml/hr to simulate the dynamic process of blood flow, followed by a washout with water.

As the third step, the dynamic procedure was repeated with the ink solution injected into VMD-1

with the same flow rate. Lastly, the measurement was reproduced while the ink solution was

infused simultaneously into both VMD-1 and VMD-2 with the same flow rate (20 ml/hr). The

last step was planned to observe a bi-phasic increase in light absorption, which is expected due to

two different perfusion velocities through VMD-1 and VMD-2 having two tube diameters, while

the applied solution flow rates in both VMDs kept the same. The relationship between the ink

flow velocity, v (cm/sec), and ink flow rate, Q (cm 3/sec), is given as

Q = V/t = S x v=)r2 X V, (6)

where V and S are the volume and cross-section area of a tube, respectively, and r is the inner

radius of simulated blood vessel or tube. Equation (2) shows clearly that v will be different for

two vessels or tubes with different sizes if they have the same flow rate, Q. In phantom 2

measurement, the same dynamic protocols were used to fill the two identical VMD- Is separately

and simultaneously for the dynamic NIRS readings, with the same flow rate (20 ml/hr) followed

by a washout of water. In addition, the ink solution was injected into the two VMD-ls with two

different flow rates, i.e., 5 and 20 ml/hr for the top and bottom VMD-1, respectively, and water

was used to wash out VMD-1 s.
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For both of the phantom experiments, the changes in NIR light intensity were measured

through the whole experiment. The time constants during the dynamic changes were obtained by

fitting the data with Eqs. (1) or (2) using Kaleidagraph (Synergy Software, Reading, PA)

3. Results

A. NIR Measurements Taken from Dynamic Tumor Vascular Phantom 1

To observe the correlation between the flow rate and time constant, we have utilized a range

from 1 to 60 ml/hr and measured optical density changes (AO.D.) from the dynamic tumor

vascular phantoms with the source and detector located at S and D3, respectively (Fig. 4b). The

actual AO.D. values were calculated based on Eq. (5), and a set of temporal AO.D. data are

shown in Fig. 5(a). The optical density changes with flow rates from 15 to 60 ml/hr are shown in

Fig. 5(b) separately since they are too close to the curve with 10 mi/hr. These figures clearly

show that the detected change in light absorption occurs faster with a high flow rate, exhibiting a

smaller time constant obtained with a single-exponential curve fitting using Eq. (1). Figure 6(a)

plots the relationship between the time constants and flow rates of the ink solution using both the

linear (bottom and left axis) and logarithmic scale (top and right axis). It is seen here that the

time constant rapidly drops as the flow rate increases, and a strong exponential correlation

between them (R=0.99), as given in Eq. (10), is confirmed by the straight line in the logarithmic

plot.

"r=419.71 Q- 13, (10)

where Q is in cm 3/sec, and z-is in sec.

On the one hand, the velocity of ink solution at each flow rate can be quantified by

dividing the large tube length (25 mm, see Fig. 3) by the duration of time when the ink solution
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inside the small tube entered the phantom at one end and came out at the other. We recorded this

temporal duration using a stop watch for each measurement. In this way, we have calculated the

velocities of ink solutions and plotted them in Fig. 6(b). On the other hand, given the flow rate

and diameters of the small wrapping tubes used for VMDs inside the phantom, the velocity of

ink solution flow can be calculated by using Eq. (6) (i.e., v = Q /(7x 2) ). For example, velocity of

ink flow at l0ml/hr flow rate can be obtained as follows. Since the radius of small tube is 0.255

mm, the area of tube cross section is 0.2043 mm2 (= 7*0.255 2). The flow rate of 10ml/hr is

equal to 2.78 mm 3/sec after converting the unit of time from hour to second and also after

converting the unit of volume from ml to mm 3. Then, the velocity of ink solution flowing inside

the small tube results in 13.6 mm/sec (= 2.78 mm3.sec'/0.2043 mm 2). However, D3 detector

measured optical signal changes from the dynamic phantom while the ink solution flowed

spirally along the large tube. Therefore, the calculated velocity of ink flow seen by the NIRS

needs to be converted to a longitudinal velocity along the big tube (25 mm, see Fig. 3). Given

the total length of the wrapped small tube, which was 750 mm, we obtained a factor of 30 (= 750

mm/25 mm = the length of small tube wrapping around the large tube/large tube length). With

this conversion factor, we arrived at 0.453 mm/sec (= 13.6 mm'sec-1/30) as a final calculated

velocity for the 10 ml/hr flow rate with the 0.51-mm-diameter tube. Figure 6(b) shows the

consistency between the calculated and measured velocities using the two different approaches.

It also exhibits a strong correlation between the flow rate and the velocity of ink solution

measured from the dynamic tumor vascular phantom (R=0.99). It is worthy to point out that

these ink flow velocities shown are within the biological range of velocities of red blood cells

(i.e., 1-20 mm/sec in arterioles and 1-8 mm/sec in venules from normal mice 36).
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Figure 7(a) shows the optical density changes (AO.D. at 730 nm) at three different

positions taken from dynamic tumor vascular phantom 1 when the ink solution was injected into

the VMDs. The first step in this experiment was injecting the diluted ink into only VMD-2,

having a large diameter tube (0.86 mm ID) with a flow rate of 20 ml/hr. As seen in this figure,

the readings from D2 and DI show the largest and smallest increase in Aka, respectively, since

the changes of O.D. in VMD-2 would be detected most sensitively by D2 and least sensitively by

Dl (see Fig. 4(b)). The increase in AO.D. obtained from D3 is between those from D1 and D2,

as expected. A similar pattern is also displayed at step 2, when the diluted ink flowed only into

VMD-1 (at 20 ml/hr) having a smaller diameter for the wrapping tube (0.51 mm ID). In this case,

the readings at DI offered the largest increase in AO.D., and D2 had a smallest AO.D. increase

(Fig. 4(b)), as expected. Steps I and 2 clearly illustrate that an NIRS detector collects optical

signals more sensitively from an adjacent VMD than from a distant one. The third step in the

measurement was to inject the solution into both VMD-1 and VMD-2 simultaneously with the

same flow rate as before (20 ml/hr). At this step, we could observe two features: 1) the time

profile taken at D I had a faster transition time than that at D2, and 2) the time profile taken at D3

had a clear bi-phasic characteristic, very similar to those we often observed in our animal tumor

dynamic measurements. 19,27,28,34

To understand this set of results, we consider the ink flow velocities at each tube.

Although the flow rate was kept the same in both VMDs (QvMD-J = QVMD-2), the velocities of ink

solutions in the two VMDs were different because of the different inner diameters of wrapping

tubes. Since QVMD-I= QVMD-2, Eq. (6) leads to Eq. (10) with rVMD-J = 0.255 mm and rVMD-2 = 0.43

mm:

13



242
VVMD-1 - rVMD-2 - 0 _432 = 2.84, (
VVMD-2 r2  0.2552

rVMD-J

where VvMD-,and VVMD2 are velocities of the ink solution in the VMD-1 (ID=0.51 mm) and

VMD-2 (ID=0.86 mm), respectively, and rvMD-,and rVMD-2 present the radii of the VMD-1 and

VMD-2, respectively. This velocity difference may be the reason why the transition time in

VMD-1 seen by D1 (see Fig. 4) is faster than that in VMD-2 detected by D2. Furthermore, since

D3 was in the transmission geometry and nearly equal distanced to both of the VMDs, the signal

obtained at D3 may sense the dynamic changes in light absorption within both VMD-1 and

VMD-2. We expect that the bi-phasic feature recorded by D3 results from a superposition of

two different dynamic transitions at VMD-1 and VMD-2.

To confirm our expectation, the AO.D. values detected from all three detectors at step 3

given in Fig. 7(a) were fitted with Eq. (2) to obtain amplitudes and time constants. The fitted

values for each curve are listed in Table 1, and the corresponding curves are shown in Fig. 7(b).

The results show that when the ink solution flows into both VMD-1 and VMD-2, the fast time

constant (ti1=l 1.7 ± 3.5 sec) and slow time constant (Ur2=35.2 ± 7.3 sec) observed at D3 are close

to t1 l (=7.3 ± 0.3 sec) obtained from D1 near VMD-1 and t 1 (=42.8 ± 1.5 sec) obtained from D2

near VMD-2, respectively. The ratio between the fast and slow time constants, i.e., r1/'C2, is near

1/3 (=1 1.7 sec/35.2 sec), almost equal to the reciprocal ratio of VVMD-1 =2.84. This can be
VVMD-2

further expressed mathematically, using Eq. (6) and (10):

, _419.7Q1 _|r 1 2v,
'2 419.7Q 2  - Q2 )
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Since the relationship between flow rate and velocity is expressed as a linear equation

v=0.046*Q from Fig. 6(b), we can obtain the correlation between time constant and ink velocity

by substituting the flow in Fig. 6(a) with velocity values as follows.

"ca = 419.71Q-
1 ' 3

= 419.71 .(21.74v)- 1 .13

= 12.94 vj1.13 (11)

Therefore, if v2 is b times faster than vl, then T2 will be

T2 12.94v2-' 13

= 12.94(b-v1)-' 3

=b-1 13 (12)

In this case, since VVMD-J (V2) is 2.86 times faster than VVMD.2 (VI) intrinsically due to the

differences in radius, TVMD4- can be obtained by multiplying 0.31 (=2.86113) to the value of TvMD-

2 results in 10.9 sec (=0.31*35.2) which is close to the measured value (11.7 sec). This indeed

leads to several important conclusions: 1) the two-exponential behavior of tumor blood

oxygenation during carbogen inhalation can be closely associated with two different sizes of

blood vessels in tumors, 2) the bi-phasic time constants are closely associated with the blood

flow velocities in tumors, independent of sizes of tumor blood vessels.

This clearly demonstrates that a fast flow can give rise to the fast transient component

seen by the NIRS, and a slow flow component results from a slow flow

The data taken from Phantom 1 basically demonstrate that we can experimentally mimic

the bi-phasic increase of A[HbO 2] in tumor during carbogen inhalation by applying two different

velocities from two different diameter VMDs. This knowledge may help us understand the bi-
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phasic features observed in the breast tumor vascular oxygenation measurements under carbogen

inhalation. Furthermore, the next phantom 2 experimental results demonstrate that the bi-

exponential dynamics may also result from different flow rates, given the same diameters for the

two VMDs.

B. NIR Measurements Taken from Dynamic Tumor Vascular Phantom 2

Figure 8a shows the experimental results from tumor vascular dynamic phantom 2, and

this phantom is different from phantom 1 by having two VMD-ls instead of one VMD-1 and one

VMD-2 in tumor phantom 1. Since we now have two VMD- Is, the velocities of dye in VMDs

will be totally depending on the ink flow rates controlled by two syringe pumps. The source and

detector positions were same as the phantom 1 experiment, which is shown in detail in the Fig.

4b, and we observed the results similar to those shown in the Fig. 7a by alternating flow rates.

The first step for this experiment was injecting ink solution only into bottom VMD-1

with a flow rate of 20 ml/hr. As a result, D1 showed the largest increase of AO.D. while D2

showed the least increase of AO.D. because D2 was located quite away from the bottom VMD-1.

For the second step, top VMD-1 was injected with ink at the same flow rate of 20 ml/hr. Here,

D2 showed the largest increase of AO.D. and D I showed the smallest increase of AO.D. In both

of the above cases, the signals from D3 showed similar profiles as the others, without showing a

clear bi-phasic feature. Then, as the third step, the ink was injected into both top and bottom

VMD-ls with the same flow rate (20 ml/hr). Similarly, we did not observe any clear features of

the two-exponential increase of AO.D. from D3. For the fourth step, we injected a ink into both

VMD-ls, but with two different flow rates: 5 ml/hr for the top VMD-1 and 20 ml/hr for the

bottom VMD-1. Now we can see that bi-exponential behavior appears on D3 since D3 is

detecting signals from both top and bottom VMD-l s, which have two different ink flow rates.
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Once again, time constant analysis was performed for the increase of AO.D. from three

detectors at step 4 in Fig. 8(a) and is shown in Fig. 8(b). This time constant analysis shows that

AO.D. increases from D1 and D2 are well fitted by a mono exponential model while the AO.D.

increase from D3 is fitted better with a double exponential model. As we can see from the Table

2, which the values of fitted parameters are summarized, fast time constant (,cl= 18.13 ± 0.87)

and slow time constant (-C2= 133.66 ± 11.36) from D3 are well matched with T, in DI (20.92 +

0.53) and Ti in D2 (131.19 ± 3.46). This suggests that the dynamic signals obtained from D3

with a fast and a slow component indeed result from two different dye flow rates in VMD-ls. In

addition, the values of A1 (0.068 ± 0.0024) and A2 (0.047 ± 0.0018) from D3 in step 4 are well

matched to the values of A! from D3 in step 1 (AI=0.060± 0.001) and step 2 (A1=0.043± 0.001).

This indeed shows that the AO.D. measured from D3 at step 4 is a summation of AO.D.s from

both VMD- Is.

4. Discussion

Dynamic tumor vascular phantom experiments results supported our hypothesis that the bi-

phasic tumor hemodynamic feature during carbogen inhalation results from a well-perfused and

a poorly perfused region in the tumor vasculature. Through our phantom study, we were able to

find that the main cause for having a bi-phasic behavior is coming from different blood flow rate,

more precisely from different blood velocity in tumor. These differences in velocity can be from

different blood vessel diameters with a same blood flow rate or from different blood flow rate

with a same vessel diameter, which tumor vasculatures have both. Our mathematical model

carries this information. Since " is equal to y divided by f the value of time constant is affected

by both y andf (Eq. 1). By assuming thatf is constant, then Tc will be depending on the value of y.
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According to the definition of y, it is a ratio of A[HbO 2] in vasculature and A[HbO 2] in vein. In

our case, A[HbO 2] in vasculature is limited to A[HbO 2] in microvessels within a light

interrogated tissue volume since our measurement is sensitive to the small size blood vessels

rather than the large blood vessels including veins. Therefore, A[HbO2]vasculature can be altered by

the amount of A[HbO 2] in microvessels which will be decided by the microvessel density and

also by the diameter of microvessels when oxygen consumption rate and arterial input function,

A[HbO2]artery, are constants which were assumed in our mathematical model. This leads us to

predict that the time constant value will be increased when there is a large volume of

A[HbO 2]/ink by having more microvessels/tubes within the light interrogated tissue/phantom

volume or by having a larger diameter microvessels/tubes in tissue/phantom which was

confirmed by our phantom 1 experiment. In other case, r will be depending on the value off by

assuming y is constant. Perfusion rate, f will be linearly increased to the increase of blood/ink

flow rate when the microvessel/tube density and the diameter of microvessel/tube are fixed.

Therefore, r will become small when flow rate of blood/ink increases which is shown by

phantom 2 experiment.

Tumor blood vessels are known to be very leaky, longer in vessel lengths, larger in vessel

diameter, and also their local microvessel density is much more heterogeneous compare to

normal tissues. In addition, solid tumors usually develop hypoxia, which can be from poor

perfusion in the central region when they grow bigger. Meanwhile, the peripheral region of

tumor is normally well perfused so that it can be well provided with nutrition and oxygen.

Therefore, tumor vasculature can be a mixed structure between well-perfused region and poorly

perfused region, which can be observed as a bi-phasic feature of hemodynamics with respiratory

challenges. The multi-channel NIRS system will allow us to study the dynamic heterogeneity at
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different locations, showing that the tumor vasculature in the poorly perfused region (with a

lower perfusion rate) can be eventually oxygenated if the two dynamic components are observed.

On the other hand, if only the fast component can be found during the tumor blood oxygenation

from a hyperoxic gas intervention (mono exponential model), it suggests that the poorly perfused

region in the tumor is not going to be improved for its vascular oxygenation under respiratory

intervention.

As we described in the materials and methods section earlier, y1/y2 may be associated

with the vascular volume or density of two regions, and fl/f2 is related to the ratio of blood

perfusion rates between region 1 and 2. Our dynamic tumor vascular phantom experiments

showed that A or y values are related with the amount of absorption changes of VMDs in tumor

phantoms, and t values are related to the velocity of dye flow. The intensity of absorption

changes that measured from detectors depends on the absorption coefficient of dye, the tube

length or diameter in VMD, the wrapping number of small tubing around big tubing, and the

location of detectors. Time constant is mainly depending on a dye flow velocity which is

affected by both y and perfusion rate as described earlier in this section. For a tumor experiment,

the pt of dye during phantom experiments corresponds to the level of blood oxygenation, and the

VMDs in phantoms can be thought as a blood vessel network. The number of winding small

tubing around big tubing can be thought as a vascular density in tumor, which will affect the

values of both y andf

To compare the results from tumor vascular dynamic phantom experiments with our

previous FEM simulation results,37 we divided AO.D. by maximum value of AO.D. from each

detector for normalization. (Figure 9a and 9b) Figure 9a is a normalized plot of step 4 in Fig. 8a

(dynamic tumor vascular phantom experiment) and Fig. 9b is another normalized plot of Fig.
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5(c2) 37 in our previous study (FEM simulation). These figures show how much FEM simulation

results are close to tumor vascular dynamic phantom experiments. Both of them show that AO.D.

increases from D3 and (0,2) position can be well fitted by using our double exponential model.

The early time of AO.D. increases from D3 and (0,2) position (inside the circle) have larger

AO.D.s than D1, D2, (-2,0) and (2,0), which can be explained by locations of detectors. Since

the ink flow started from D3 or (0,2) side, both D3 and (0,2) position could detect AO.D. changes

earlier than those from the other detectors (D1, D2, (-2,0), and (2,0)), which were located a little

far from the ink flow starting position. These results indeed show that FEM simulation can well

explain the results from tumor phantom experiments by using a light diffusion equation.

Our previous measurements of animal tumors were performed in a transmittance mode by

one channel NIRS, which could obtain only a global measurement of tumor hemodynamics.

Therefore, those results could not show intratumoral or intertumoral vascular heterogeneities.

However, multi-channel NIRS, by comparing y'/Y2 and fi/f2 among the signals taken at different

locations from the same tumor or from different tumors, will enable us to study intratumoral or

intertumoral heterogeneity. Since tumor vascular structure will be modified during therapies, we

will be able to observe the changes of yj/Y2 and fi/f2 through time by giving respiratory

challenges such as carbogen or pure oxygen inhalation. Therefore, multi-channel NIRS or

imaging not only can detect vascular heterogeneity of tumor but also can be a prognostic tool for

monitoring the early effects of tumor treatments such as radiotherapy, photodynamic therapy, or

chemotherapy. The detection of early effects of cancer therapies will benefit patients to have a

higher survival rate by treating the patients with proper therapies.

5. Conclusion
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We developed tumor vascular dynamic phantom models to demonstrate our hypothesis on tumor

hemodynamics during hyperoxic gases inhalation. We believe that bi-phasic feature of tumor

blood oxygenation increases during carbogen/oxygen inhalation is from tumors' distinct vascular

structure, which is composed of well-perfused region and poorly perfused region. Our tumor

phantom experiments were performed to find what can cause tumor hemodynamics to have two

time constants when it is fitted with our mathematical model. We found that two time constants

in tumor hemodynamic models can be from different blood flow velocities or anything that can

cause changes in blood flow velocities such as a blood vessel diameter, and the geometry of

blood vessel network. In addition, we also found that two different amplitudes in tumor

hemodynamic models are from two different absorptions in two regions, which are possibly due

to different blood oxygenation level (oxyhemoglobin concentration), or vascular density.

NIRS is a portable, low cost, and real time measurement system that can monitor changes

of vascular oxygen levels in tissues by using two wavelengths. We have previously used a

single-channel MRS system with one light source and one detector for global measurements of

A[HbO 2] and A[Hbtotal] in tumors during respiratory challenges. 19 Now, this study demonstrates

that the NIRS multi-channel approach has the great potential to detect and monitor tumor

heterogeneity under therapeutic or adjuvant interventions. In the future we propose 1) to further

investigate and understand the meaning of vasculature coefficient, y, and 2) to develop an NIR

imaging system to be used as a monitoring tool for the efficacy of cancer therapy.
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Table 1. Summary of fitted parameters obtained at the three detectors in Figure 6b.

Mono-Exponential fitting Double-Exponential fitting
Parameters AHbO2 = A [1-exp(-t/[t)] +

AHbO 2 = Al [1 -exp(-t/t)] A2[ 1-exp(-t/'t2)]

Detector D2 Detector D I Detector D3
Detectors (near VMD 2 with (near VMD 1 with (equal distanced between

0.51 mm diameter) 0.86 mm diameter) VMD 1 and VMD 2)

A, (mM/DPF) 0.49 ± 0.007 0.34 ± 0.001 0.092 ± 0.041

",i (min) 42.8 ± 1.53 7.3 ± 0.25 11.71 ± 3.49

A 2 (mM/DPF) 0.18 ± 0.038

"T2 (min) 35.17 ± 7.25

X2 0.039 0.016 0.0018

R 0.99 0.98 0.99
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Table 2. Summary of fitted parameters obtained at the three detectors in the Fig. 7b.

Double-Exponential fittingPaaeesMono-Exponential fitting AHbO 2 =A1 [1 1-exp(-t/'r1 )]
Parameters AHbO 2 = A1 [ -exp(-t/'ul)] A AI[ 1 -exp(-t/T1)]

+ A2[ P1-exp(-t/'c2)]

Detectors Detector D2 Detector D I Detector D3

A1 (mM/DPF) 0.26 ± 0.003 0.17 ± 0.001 0.068 ± 0.0024

ti (min) 131.19 ± 3.46 20.92 ± 0.53 18.13 ± 0.87

A2 (mM/DPF) 0.047 ± 0.0018

T2 (min) 133.66 ± 11.36

X2 0.057 0.019 0.0018

R 0.98 0.97 0.99
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Figure captions

Figure 1. Normalized hemodynamic changes of tumor blood oxygenation, A[HbO 2], obtained

with the NIRS measurement from a rat breast tumor while the breathing gas was switched from

air to carbogen. (Yueqing et al. Applied Optics, 2003)[28]

Figure 2. A schematic diagram of light transmitting patterns in tumor when tumor has two

distinct perfusion regions. Center of tumor represents poorly perfused region and peripheral

region of tumor with gray color is representing a well-perfused region. Since the light

transmitting volume is different in each detector, each detector will show the different fitted

parameters.

Figure 3. A schematic diagram for one vascular modeling device (VMD). Two different inner

diameter (I.D.) sizes of tubing have been used to wind outside of core tubing to simulate

different blood vessel diameters within a breast tumor.

Figure 4. A experimental setup for the tumor dynamic phantom study. (a) Two syringe pumps

were connected to two VMDs in tumor vascular dynamic phantom individually to have different

dye flow rates for each VMD. Light was transmitted from light source through tumor vascular

dynamic phantom and was collected at three different detectors for data processing in computer,

(b) Enlarged tumor vascular dynamic phantom embedded with two VMDs. Tumor phantom I

has VMD- 1 and VMD-2 as shown here, and tumor phantom 2 has two VMD- Is.
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Figure 5. (a) Absorption changes measured from the dynamic tumor vascular phantom with

increasing a flow rate from 1 to 30 ml/hr. The symbols and curves are obtained from the

phantom experiments and from one-exponential curve fitting, respectively. (b) A correlation

between time constants and flow rates plotted with the linear scale (left and bottom axis) and

logarithmic scale (top and right axis).

Figure 6. (a) A temporal profiles of 3-channel NIRS measurements results from D1, D2, and D3

on a tumor dynamic phantom 1 that has two different sizes of VMDs (VMD-1 and VMD-2).

Three traces represent the readings at D3 (in transmission mode and located between the two

VMDs), DI (near the VMD-2), and D2 (near the VMD-1). (b) Absorption changes obtained

from Dl, D2, and D3 during step 3 at Fig. 7a. Open symbols represent the raw data of

absorption changes and solid lines are either mono-exponential model fitting curve (D I and D2)

or bi-exponential model fitting curve (D3).

Figure 7. (a) 3-channel NIRS results measured on a tumor dynamic phantom 2 that has two

VMD-ls. Three traces represent the readings at D3 (in transmission mode and located between

the two VMDs), D1 (near the top VMD-1), and D2 (near the bottom VMD-1). (b) Temporal

profiles of the NIRS measurements from D1, D2, and D3 with mono-exponential model fitting

curves (D I, and D2) and bi-exponential model fitting curve (D3).

Figure 8. Normalized A4ia plots are shown to compare the results between a tumor vascular

dynamic phantom experiment and a FEM simulation: (a) Normalized Agla plots of step 4 in Fig.

8a, (b) Normalized Ahta plots of Fig. IOc.
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ABSTRACT

We previously suggested that the two time constants quantified from the increase of tumor oxyhemoglobin
concentration, A[HbO2], during hyperoxic gas intervention are associated with two blood flow/perfusion rates in well
perfused and poorly perfused regions of tumors. In this study, our hypothesis is that when cancer therapy is applied to a
tumor, changes in blood perfusion will occur and be detected by the NIRS. For experiments, systemic chemotherapy,
cyclophosphamide (CTX), was applied to two groups of rats bearing syngeneic 13762NF mammary adenocarcinomas:
one group received a single high dose i. p. (200 mg/kg CTX) and the other group continuous low doses (20 mg/kg CTX
i. p. for 10 days). Time courses of changes in tumor A[HbO 2] were measured at four different locations on the breast
tumors non-invasively with an inhaled gas sequence of air-oxygen-air before and after CTX administration. Both rat
body weight and tumor volume decreased after administration of high dose CTX, but continuous low doses showed
decrease of tumor volume only. Baselines (without any therapy) intra- and inter-tumor heterogeneity of vascular
oxygenation during oxygen inhalation were similar to our previous observations. After CTX treatment, significant
changes in vascular hemodynamic response to oxygen inhalation were observed from both groups. By fitting the
increase of A[HbO 2] during oxygen inhalation, we have obtained changes of vascular structure ratio and also of perfusion
rate ratio before and after chemotherapy. The preliminary results suggest that cyclophosphamide has greatest effect on
the well perfused tumor vasculature. Overall, our study supports our earlier hypothesis, proving that the effects of
chemotherapy in tumor may be monitored non-invasively by using NIRS to detect changes of hemodynamics induced
with respiratory challenges.

Keywords: Breast Cancer, Cyclophosphamide, Hemodynamics, NIR Spectroscopy, Tumor vascular oxygenation

1. INTRODUCTION

In addition to surgical resection, many other types of cancer therapy are available for patients including radiotherapy,
photodynamic therapy and chemotherapy. Chemotherapy plays an important role to treat cancers even though it has
some side effects. Currently, the effect of chemotherapy is monitored by MRI or CT that can measure the tumor volume
changes during cancer treatment. However, it can take up to 3 weeks to detect such changes, and this is considerably late
for clinicians to decide whether initial therapeutic strategy should be continued or modified. This delay in detection of
chemotherapy effect can reduce the quality of a patient's life and ineffective therapy is costly. Therefore, many
researchers are trying to develop tools that can detect the early response to cancer treatment. For example, Li et al. have
used 31P nuclear magnetic resonance spectroscopy (NMRS) to measure the effectiveness of cyclophosphamide (CTX)
treatment in radiation-induced fibrosarcoma (RIF).' They found that the ratio of inorganic phosphate to other phosphate
metabolites in CTX treated group was significantly decreased during the tumor growth delay period compared to age-
matched controls. Poptani et al. studied the effects of CTX treatment in RIF-1 tuniors in terms of tumor oxygenation
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and glycolytic rate changes by utilizing "3 C MRS, Eppendorf electrode, and Redox scanning.2 They observed that CTX
treatment caused reduction in glycolytic rate, a significant decrease in tumor tissue pO2, and also an increase of NADH
levels 24 hours after the treatment while tumor volume did not show any significant difference between the CTX-treated
and control groups. Zhao et al. have reported significant changes in rat breast tumor perfusion following either single
dose CTX or continuous low dose "metronomic" therapy.3

In the last decade, near infrared spectroscopy (NIRS) has been developed to examine tissue oxygenation and has been
widely applied to investigate hemoglobin oxygenations of muscles, 4'5'6 the brain,7'8'9 and animal tumors.10't 1,12,13,20 Since
tumors have higher vascular density and also higher metabolism than normal tissues, total hemoglobin concentration
([Hbtotat]), oxyhemoglobin concentration ([HbO 2]), and reduced scattering coefficient (gts') were used as markers to
identify tumors from the human breast by using NIRS.14,'1 '1 6 In addition, an NIR spectrometer is a low-cost, portable,
and real-time display instrument. Therefore, NIRS has a good potential to be used as a monitoring tool for tumor
treatment planning and tumor prognosis.

We have previously studied breast tumor oxygenation under gas intervention using NIRS and found that oxyhemoglobin
concentration changes (A[HbO2]) during gas intervention can be fitted by a two-exponential equation containing two
time constants. 12 Based on the model, we formed a hypothesis that changes in oxygenated hemoglobin concentration
result from well perfused and poorly perfused regions of an animal tumor to explain why there are two different time
constants in the A[HbO 2] data. The model further allows us to associate the signal amplitudes and time constants to the
ratio of vascular density and the ratio of the perfusion rates in the two different regions, respectively.

In this study, we applied the NIRS system to monitor the tumor oxygenation changes during oxygen intervention before
and after CTX administration. The purpose for this study is to explore the NIRS as a possible tool for monitoring tumor
responses to chemotherapy. This work is based on the following hypothesis: when tumor is treated with chemotherapy,
changes in blood perfusion and vascular density in the tumor will occur and will be seen as changes of the two fitted
parameters from the NIRS measurements. In addition, by developing a non-invasive tool for monitoring cancer therapy,
we are not only monitoring the reduction of tumor size, but also detecting the changes of tumor physiological conditions,
which are essential for tumor treatment planning and tumor prognosis.

2. MATERIALS AND METHODS

2.1 Tumor Model and Experimental Procedure
Rats were divided into three groups for this study. Two groups were treated with CTX at different doses, and the other
group was administered saline instead of CTX as a control group. Cyclophosphamide was chosen as a chemotherapeutic
agent for this study since our tumor line is highly responsive to alkylating agents and platinum chemotherapeutic
agents.17 CTX is an antineoplastic alkylating agent, and it has been used to treat lymphomas, cancers of the ovary, breast
and bladder, and chronic lymphocytic leukaemia. 8"19 The tumor line was rat mammary adenocarcinomas 13762NF
(cells originally provided by the Division of Cancer Therapeutics, NCI), and the tumors were implanted in the hind limb
of adult female Fisher 344 rats (-200 g).

The rats were anesthetized with 0.2 ml ketamine HCI (100 mg/ml; Aveco, Fort Dodge, IA) when the tumors reached
approximately 1 cm in diameter and maintained under general gaseous anesthesia using a small animal anesthesia unit
with air (1 dm 3/min) and 1% isoflurane through a mask placed over the mouth and nose. During the experiments, the rat
was placed on a warm blanket to maintain body temperature, which was monitored with a rectally inserted thermal probe
connected to a digital thermometer (Digi-Sense, model 91100-50, Cole-Parmer Instrument Company, Vernon Hills, IL).
Tumors were shaved before measurements to improve optical contact for transmitting light. A pulse oximeter (model:
8600V, Nonin, Inc.) was placed on the hind foot to monitor arterial oxygenation (SA02) and heart rate. For the single
high dose group (n=5), a light source and four detectors from a multi-channel, CW (continuous wave) NIRS (NIM, Inc,
Philadelphia, PA) were attached to the tumor using posts and swivel post clamps (see Figure l(a)). For the multi low
dose (n=3) and control (n=3) groups, we have used four-channel, frequency domain (FD), NIRS (ISS, Champaign, IL).
In the latter case, the four sets of light sources replaced four detectors shown in Figure l(b), and one detector fiber was
placed on the top center of the tumor to obtain signals from four different regions of tumor.
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Detector #3 of tumor.

All the measurements were performed in a dark room, and the measurements were initiated while the rats breathed air for
10 minutes to get a stable baseline. After 10 minutes of baseline measurement, the inhaled gas was switched to oxygen
for 15 minutes, and then back to air for 15 minutes. This experimental procedure was repeated before and after the CTX
treatment, and the four detectors were intended to be located at the same positions for each measurement on different
days. Using an ellipsoidal approximation, tumor volume V (cm 3) was estimated as V = (7r/6)-L.W.H where L, W, and H
are the three respective orthogonal dimensions. Raw amplitude data from four locations were recorded simultaneously
during the experiments and processed after the experiments to obtain the A[ffbO 2] and A[Ubtotal]. The amplitude and
time constant of A[HbO2] were calculated by fitting the two-exponential model to the data using Kaleidagraph (Synergy
Software, Reading, PA). The corresponding ratios of vasculature coefficients and perfusion rates, i.e., yi/72 and fJ/f 2,
were also calculated to show static and dynamic heterogeneities of the tumors at different locations.

2.2 Measurement System
As mentioned above, we have used two NIRS systems for this study: a multi-channel, CW, NIRS system was used in the
single high dose study, while an ISS, 4-channel, frequency-domain, NIRS system was applied in the continuous low dose
study. The original CW NIRS system has the ability to measure light signals from eight different locations, but due to the
finite tumor size, we used only four detectors to monitor tumor vascular oxygenation dynamics during respiratory
challenges. In common with our previous work12 '2 °, we assume that oxyhemoglobin and deoxyhemoglobin are the only
significant absorbing materials in the blood-perfused tumor tissue in the NIR range. The absorption coefficients
comprise the extinction coefficients for deoxyhemoglobin and oxyhemoglobin multiplied by their respective
concentrations (Eqs. I and 2) at 730 nm and 850 nm, that have been employed in our multi-channel NIRS system.

It.a730 = Flb 73°[Ub] + 11b02 710I[HbO 2], (1)
[L.

8 5 0 
= CHb 85[[Hb] + F-Hbo2 85°[Hb0 2] . (2)
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Based on modified Beer-Lambert's law, the data presented in this paper were analyzed using amplitude values to find the
changes in absorption (Eq. 3). By manipulating Equations 1-3, changes in oxygenated hemoglobin, deoxygenated
hemoglobin and total hemoglobin concentrations were calculated from the transmitted amplitude of the light through the
tumor (Eqs. 4, 5 and 6).

WB - t.T= log (AB/A,) / L, (3)

A[HbO2] = [-0.674*log (As/AT)73 + 1.1 17*log (AB /AT) 85 / L, (4)

A[Hb] = [0.994*log (AB/AT)730 - 0.376*log (A/AT) 85] / L, (5)730 850

A[Hbtota0] = A[Hb] + A[HbO 2]=[0.32*log (A/A r) + 0.741 *log (AB/Ar) 850 L, (6)

where AB = baseline amplitude; AT = transition amplitude; L = optical pathlength between source/detector. The
constants contained in these equations were computed with the extinction coefficients for oxy and deoxyhemoglobin at
the two wavelengths used.2' Notice that these coefficients have accounted for four hemes per hemoglobin molecule. In
principle, L should be equal to the source-detector separation, d, multiplied by a differential pathlength factor (DPF),
i.e., L=d*DPF. Little is known about DPF for tumors, although a DPF value of 2.5 has been used by others.'° Since our
focus is on dynamic changes and relative values of tumor [Hfb0 2] in response to oxygen intervention, we have taken the
approach of including the DPF in the unit, and eq. (4) becomes as follows:

730 850

A[HbO2] = [-0.674*log (AB/A,) + 1.1 17*log (AB/AT) ] / d, (7)

where d is the direct source-detector separation in cm, and the unit of A[HbO 2] in Eq. (7) is mM/DPF.

Since the wavelengths of light sources from the ISS, frequency-domain system were 750 nm and 830 nm, the
corresponding equations for A[HbO], A[Hb], and A[Hbtota1] are modified as follows.

750 830

A[HbO 2] = [-0.709*log (AB/AT) + 1.404*log (A,/Ar) ] / d, (8)750 830

A[Hb] = [0.9546*log (AB/AT)71° - 0.4992*1og (A B /AT) ] / d, (9)

A[Hbtotal] = A[Hb] + A[HbO 2]=[0.2456*log (AB/AT)750 + 0.9048*log (AB/AT) 83 / d. (10)

2.3 Bi-exponential Model of Tumor Vascular Oxygenation
In our previous report,12 we followed an approach used to measure regional cerebral blood flow (rCBF) with diffusible
radiotracers, as originally developed by Kety22 in the 1950's. By applying Fick's principle and defining yas the ratio of
HbO2 concentration changes in the vascular bed to that in veins, we arrived at Eq. (11):

AHbO 2.. sc...attre() = 7H.l[I1 -exp(-fi/y)] = A [1-exp(-t/'c)] (11)

where yis the vasculature coefficient of the tumor, Ho is the arterial oxygenation input andf is the blood perfusion rate.

If a tumor has two distinct perfusion regions, and the measured signal results from both of the regions (Figure 2), then it
is reasonable to include two different blood perfusion rates,fi andfi, and two different vasculature coefficients, 74 and )ý,
in the model. Therefore, Eq. (11) can be modified to count for the double exponential feature observed in the
experiments:
AHbOI2v.sculaturc(t) = 7Ho[1-exp(-fjt/7j)] + )Ho[1-exp(-fit/)ý)]

= A, [1-exp(-t/T1 )] + A2[1-exp(-t/tc2)] (12)

where fi and )I are the blood perfusion rate and vasculature coefficient in region 1 for the well perfused region,
respectively;f 2 and 2 have the same respective meanings in region 2 for the poorly perfused region, and A, = r1Ho, A2 =
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rHo, r1 = ;I/lf, 'r2 = ;I/f2. Then, if A, A2, ri, and '72 are determined by fitting the measurements with the model, we can
obtain the ratios of two vasculature coefficients and the two blood perfusion rates:

"1 _ A, f -A1 /A 2  (13)

Y2 A2  12 1/ýr2

With these two ratios, we are able to understand more about tumor physiology, such as tumor vasculature and blood
perfusion.

3. RESULTS

3.1 Body weight and tumor volume changes during chemotherapy
Body weight and tumor volume were monitored before and after the CTX treatments to see the tumor responses and side
effects from chemotherapy. In the single high dose treatment group, body weight decreased until 6 days after the
treatment, but later increased for the rest of days of observation. Two rats among five in this group failed to survive at
day 6 due to the toxicity from the high dose CTX treatment. Therefore, the data shown at day 8 and 10 represent the
smaller group of rats which survived during the high dose treatment. Tumor volume did not further decreased after day
4. (Fig. 2(b)) In comparison, rats in the continuous low dose group initially lost weight after a low dose of CTX
administration, but gradually gained the weight during the treatment, presenting low toxicity from the treatment. This
group also showed a significant reduction in tumor volume during the treatment. For a control group, saline was injected
into the rats instead of CTX, and a gradual decrease of body weight was observed, while their tumor volumes increased
exponentially. Changes in rat body weight and tumor volume were normalized to day 0 (before CTX or saline
administration). (Figures 2(a) and (b)) Solid circles represent the data from a control group, and open squares and open
diamonds represent the continuous low dose group and single high dose group, respectively.
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Fig. 2. Normalized changes in rat body weight (a) and tumor volume (b) during the saline and CTX treatments.

3.2 Intratumoral heterogeneity of vascular oxygenation observed by the multi-channel NIRS
In our experiment, we have utilized either one light source and four detectors and from the CW system (NIM, Inc) or
four light sources and one detector from the FD system (ISS, Inc.) for the rat breast tumor measurements, and the setups
( Fig. 1). After 10 minutes of baseline measurement with air breathing, gas was switched to pure oxygen, causing a rapid
increase in tumor [HbO 2]. These changes were measured simultaneously from four locations of the tumor. Figure 3
shows a representative set of data before the CTX treatment, with the DC NIRS system. Open circles show the raw data
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measured by multi-channel NIRS, and the solid black lines represent the fitted curves using our bi-exponential model for

hemodynamics during oxygen intervention. 12 It is apparent that the data from each location differs though there are

similar trends of A[HbO2].

(a) 0.04 (b) 0.07
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Fig. 3. Dynamic changes of tumor [HbO 2] from four locations in a rat breast tumor. The rising parts of A[HbO 2] from the four

locations were fitted using a double-exponential expression. Figures 3(a)-3(d) were taken from locations #1-#4, respectively. In this
case, the tumor was not treated yet.

Table 1. Summary of vascular oxygen dynamics determined at the four detectors from tumor shown in the Fig. 3.

Location A1  A2  '; 1  _____2_ AI/A 2 (=7•1/7•2) 1;1/ ';2 - f/f2

1 (Fig. 3a) 0.013 0.027 0.48 24.3 0.48 0.02 24

2 (Fig. 3b) 0.029 0.026 0.09 29.8 1.12 0.003 373

3 (Fig. 3c) 0.008 0.036 0.15 10.6 0.22 0.014 16

4 (Fig. 3d) 0.021 0.037 0.12 7.25 0.57 0.017 34

To compare the data taken from four locations of the tumor more clearly, the time constants and amplitudes from the

four fitted curves are summarized in Table 1. The ratios of 7'1/72 andfif2 characterize tumor vascular structure and blood
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perfusion within the volume of tumor interrogated by light.12 In principle, when YI/y2 is close to 1, it implies that the
measured optical signal results equally from both regions 1 (i.e., well perfused region) and 2 (i.e., poorly perfused
region); if y,/y 2 < 1, the measured signal results more from region 2 than region 1 [Figures 3(a), 3(c) and 3(d)]. As Table
I demonstrates, only location #2 has a ratio of y1/y2 slightly higher than 1, and the readings from locations #1, #3 and #4
have the ratios of yI/y2 less than 1. This may suggest that the tumor volume that was optically interrogated from location
#2 was dominated by well perfused regions, while most of other tumor volumes detected from locations #1, #3 and #4
are composed of more poorly perfused regions. Furthermore, all the ratios of f,/il from four locations of the tumor
shown in Fig. 3 are much greater than 1, indicating that the blood perfusion rate in well perfused region is much greater
than that in poorly perfused region. Especially, f,/f2 from location #2 is 10 to 20 times higher than those from locations
#1, #3, and #4, showing a high level of intratumoral heterogeneity in dynamic vascular structure.

3.3 Monitoring vascular hemodynamics of breast tumors before and after chemotherapy
The tumor hemodynamics during oxygen intervention were measured before and after administration of CTX and saline.
The representative data from the control group and continuous low dose group are shown in Figs. 4(a) and 4(b),
respectively. Similar to Figure 3, open symbols are the raw data from measurements, and solid lines are the fitted curves
using our double exponential model. As mentioned before, there were 4 light sources placed on the surface of tumor.
Figure 4 shows the acute and then gradual changes of [HbO 2] after switching the breathing gas from air to oxygen, and
the data were observed at the same (or nearly the same) location of tumor from day 0 to day 6. From Figure 4(a), we can
see different tumor hemodynamics at different days, but having similar trends and maximum A[Hb0 2] for the control
group. However, the data taken from the continuous low dose group show quite different hemodynamics throughout the
treatment days (Fig. 4(b)). Especially, we notice that the fast increase part became much smaller at Days 2 and 6
compared to Day 0, implying a significant decrease in signal from the well perfused region.

(a) 0.1 (b) 0.1

Air => Oxygen Day 2 Air => Oxygen Day oV.0
S0.08 / -. 0.08

0 0.06- 0,• -0 - & 0 • 0.06- o f Day 6. o 0,•
0 0 0

0.04 0.04 0 o o . .
0 0.02 0 0.02 0o
.3.0 Day 0 .3O - Dy

0 0 " 0

-0.02 ' ' -0.02 0 2
10 15 20 25 I0 15 20 25

Time(min) Time(min)

Fig. 4. Dynamic changes of A??[HbO 2] taken at location #1 from a rat breast tumor before and after administration of (a) saline and
(b) continuous low dose of CTX (20 mg/kg for 10 days). The rising part of A[HbO 2] from location #1 was fitted using the double-
exponential expression.

Figure 5 also shows the changes of tumor hemodynamics during oxygen intervention, before and after a single high dose
of CTX treatment, measured by the CW NIRS. This figure clearly demonstrates that we can observe significant changes
in tumor hemodynamics after chemotherapy by using respiratory challenge as a mediator. The fitted parameters from
our mathematical model are summarized in Table 2 to compare the changes in hemodynamic parameters before and after
administration of CTX. The rising part of A[Hb0 2] from location #1 was fitted using either a single- or double-
exponential expression.
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Fig. 5. Dynamic changes of [HbO 2] taken at location #1 from a rat breast tumor before and after a single high dose of CTX treatments
(200mg/kg). The rising part of A[HbO2] from location #1 was fitted using either a single- or double-exponential expression.

Table 2. Summary of vascular oxygen dynamics determined at location #1 from the tumor shown in Fig. 5
before and after CTX treatment.

Day A, A 2  'r1  _ T2 AI/A 2 (=y1/y2) I/ T2 fli/

0 0.044 0.031 0.23 25.21 1.42 0.0091 156

1 0.032 0.033 0.13 11.36 0.97 0.0114 85

3 0.0087 0.014 0.089 8.36 0.62 0.0106 58

5 0.0087 1.27

4. DISCUSSION

Changes of rat body weight and tumor volume clearly show that CTX treatment is effective for the tumor type that we
have used in this study. For the control group, the average rat body weight gradually decreased during the entire course
of treatment, which implies the sickness of rats possibly due to the tumor growth (cachexia). (At Day 10, the tumor
volume was -5 times larger than that at Day 0.) It is clear that there is a different effectiveness of CTX treatment
between the single high dose group (200mg/kg) and continuous low dose group (20mg/kg for 10 days). Both of the CTX
treatments delayed the tumor growth and even further reduced the tumor volume. However, a single high dose of CTX
treatment caused the death of two rats, and the tumor volume was not decreased further 4 days after the treatment, while
the continuous low dose CTX treatment continued to provide tumor regression without causing severe sickness. From
this observation, it is obvious that continuous low dose of CTX treatment is working much better than a single high dose
of CTX treatment for a rat mammary adenocarcinomas 13762NF tumor.

MRS is a portable, low cost, and real time measurement system that can monitor changes of vascular oxygen levels by
using two wavelengths. We have previously used a single-channel NIRS system with one light source and one detector
for global measurements of A[Hb0 2] and A[Hbtotal] in tumors during respiratory challenges.' 2' 20  Through those
experiments, we have found that most tumors have a bi-phasic behavior in A[HbO2] increase (i.e., a rapid increase
followed by a slow and gradual increase) after switching the gas from air to carbogen/oxygen. To explain this bi-phasic
behavior, we developed a mathematical model and formed a hypothesis that the bi-phasic behavior of A[Hb0 2] during
carbogen/oxygen inhalation results from two different vascular regions in tumor with two blood perfusion rates and
vascular structures.12
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By giving an oxygen intervention, tumor blood vessels are acutely subject to an increase of [HbO2 ] due to higher supply
of oxygenated blood from artery compared to that from air breathing. However, due to the irregular vascular structure in
tumor, the well perfused regions in tumor may have an increase in [HbO 2] much faster than other parts of tumor that are
poorly perfused. Therefore, two time constants obtained from tumor hemodynamic measurements during oxygen
intervention are able to reveal two blood flow/perfusion rates in tumor, more precisely, two speeds of blood flow within
the tumor blood vessels. More recently, we have shown that the bi-phasic increase in optical density changes occurs
when there exist two different flow rates in tumor vascular phantom.2 3 The bi-phasic model is a basis of our current
study where we wish to detect any changes in vascular structures, hemodynamic features, or perfusion rate within a
tumor after CTX treatment.

The amplitude and time constants obtained from A[HbO 2] increase (Fig. 5) are summarized in Table 2. At day 0, we can
see that y'/y2 is higher than 1, indicating that the measured signal results more from the well perfused region than poorly
perfused region. However, this ratio becomes less than 1 after injection of cyclophosphamide (Day 1 and 3). This may
be explained by destruction of vascular structure in tumor after chemotherapy. We expect that after a single high dose
administration of CTX, the drug circulates in the blood vessels and is delivered to the tumor cells more in the well
perfused region than in the poorly perfused region. This will lead to death of tumor cells in the well perfused region
more effectively than that in the poorly perfused region, eventually resulting in decreases in tumor volume in the well
perfused region more than in the poorly perfused region. Then, the tumor volume containing the well perfused regions
will consequently decrease, so will the contribution of detected NIR signals from the well perfused region. In other
words, a decrease in yi/y2 may indicate deceases in well perfused regions in tumor volume, after the administration of
CTX.

As shown in Table 2, moreover, the perfusion rate ratio, f//f2, was also decreased after a single high dose of CTX
administration. At Day 0,fijlf was very high, meaning that there was a big difference of perfusion rate between the well
perfused and poorly perfused region in tumor. However, this ratio significantly decreased at Day 1 and 3 after CTX
treatment, representing that the perfusion rate gap between the well perfused region and poorly perfused region became
much smaller than that at day 0. At Day 5, changes in [HbO 2] during oxygen intervention do not show any bi-phasic
behavior anymore, and it was fitted by a single-exponential model. This may indicate that most of tumor cells and/or
tumor vasculature in the well perfused region are possibly destroyed by the effect of CTX, resulting in quite different
hemodynamic behavior.

5. CONCLUSION

In conclusion, we have conducted this study to show the possibility of using NIRS to monitor tumor hemodynamics in
response to chemotherapy by comparing the changes in tumor vascular oxygenation before and after CTX treatment.
The heterogeneity of tumor vasculature was easily observed by quantifying the blood perfusion rate and vascular
coefficients at four different locations of the tumor. Tumor hemodynamics has been significantly changed before and
after CTX treatment compared to the saline-treated control group, showing high possibility of the NIRS system to be
used as a monitoring tool for cancer treatments. Our future studies will include the development of NIR imaging systems
to obtain a map of tumor hemodynamic changes from whole tumor, allowing us to predict the efficacy of tumor
treatment.
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