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Abstract

This study develops a mathematical model for calculating the tumour
oxygen consumption rate and investigates the correlation with tumour

volume. Near-infrared spectroscopy (NIRS) was used to measure changes
of oxygenated haemoglobin concentration (A[HbO,]) before and after
potassium chloride (KCl) induced cardiac arrest. Measurements were made
in five 13762NF mammary adenocarcinomas implanted in female adult
Fisher 344 rats, while the anaesthetized rats breathed air. After 5-10 min of
baseline NIRS measurement, KCI overdose was administered intravenously
in the tail. NIRS showed a significant drop in tumour vascular oxygenation

immediately following KCI induced cardiac arrest. The tumour oxygen
consumption rate was calculated by fitting the model to the measured
A[HbO,] data, and a relationship between the tumour oxygen consumption
rate and tumour volume was analysed using linear regression. A strong
negative linear relationship was found between the mean tumour oxygen
consumption rate and tumour volume. This study demonstrates that the
NIRS can provide an efficient and real-time approach to quantify tumour
oxygen consumption rate, while further development is required to make it

non-invasive.

1. Introduction

The physiology of solid tumours is highly complex and largely
associated with multiple physiological parameters, such as
tumour blood flow, blood volume, blood oxygen saturation,
tissue oxygen tension (pO,) and oxygen consumption. It
is known that tumour microvasculature is often abnormal,
leaky and having distended capillaries and sluggish flow
[1-3]. Hypoxic regions exist in almost all solid tumours,
and tumour oxygenation greatly affects tumour growth,
malignant progressions, tumour prognosis and therapy
efficacy. Therefore, understanding the various physiological
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parameters of solid tumours is significant for better strategies
and efficacy in treating solid tumours in the near future.

Over the past decade, substantial studies have been con-
ducted in both laboratory and clinical settings to non-invasively
investigate tissue/tumour vascular oxygenation [4-8] and
blood flow [9, 10] using near-infrared (NIR) spectroscopy
(NIRS) and imaging. Several studies were also reported on
tumour pO; heterogeneity [11] and on comparisons between
tumour vascular oxygenation and tumour pO, using animal
tumour models during hyperoxic gas interventions [12, 13].
Regarding tissue oxygen consumption, considerable efforts
have been made in developing techniques for measuring skele-
tal muscle oxygen consumption (V O,) during rest and exercise
with and without vascular occlusion [14-18]. More recently,
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extensive attention has been paid to quantitative relationships
among neuronal activity, oxygen metabolism and haemody-
namic responses [19-22]. While various mathematical mod-
els for computing or interpreting haemoglobin concentrations
have been proposed [23-25], the approaches for calculations
of oxygen consumptions in human muscles versus in the brain
during cortical activation are quite diversified.

In principle, tumour oxygen consumption is quite
different from regular muscle or brain oxygen consumptions,
which warrants separate studies targeting on tumour oxygen
consumption. In this regard, little is known about tumour
oxygen consumption even in animal models, or its relationship
to tumour kinetic parameters and tumour volume. Some
earlier studies indicated that oxygen consumption rates of
breast tumours in vivo were intermediate between normal
tissues with low metabolic rates and normal tissues with
quite high activities [26]. Steen er al [27] found out that
the oxygen consumption rate of the rat brain was higher
than that of 9L gliosarcoma by comparing pre-sacrifice and
post-sacrifice sO, (haemoglobin oxygen saturation) values.
While a few reports recently appeared in the literature on
determination of the tumour oxygen consumption rate through
in vitro measurements using a standard Clark-type oxygen
electrode [10, 28], overall knowledge and investigation on
tumour oxygen consumption is still limited and much needed.

It would be desirable to develop a non-invasive technique
or methodology to quantify tumour oxygen consumption rate;
however, it would be still acceptable to conduct invasive studies
if significant knowledge on tumour oxygen consumption can
be explored. In this paper, we report a novel methodology to
quantify the tumour oxygen consumption rate using an invasive
approach, to be done by the end of regular tumour experiments
when the animals had to be sacrificed. In the experiment,
we took the NIR readings from the animal tumours 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 haemokinetics of tumour vascular
oxygenated haemoglobin concentration [HbO;,]. The model
describes changes in tumour oxyhaemoglobin concentration
A[HbO,], as a function of time. Specifically, the mathematical
model is developed in such a way that the measured A[HbO;] is
directly associated with the tumour oxygen consumption rate,
which can be further correlated with the tumour volume. In this
paper, we will report (1) A[HbO,] measurement using NIRS
from the animal tumour models, in common with our previous
work [12,29], (2) the development of the mathematical model
for computing the tumour oxygen consumption rate and (3) the
investigation of the relationship between the tumour oxygen
consumption rate and tumour volume.

2. Materials and methods

2.1. Calculations of tumour [HbO; ] and [Hb Jora

The principle of tissue NIRS is that concentrations
of oxygenated haemoglobin [HbO,] and deoxygenated
haemoglobin [Hb], respectively, are the only significant
absorbing materials in the tissue within the NIR range
(700-900 nm). When the measured sample, such as a tumour,

has a mixture of oxygenated and deoxygenated haemoglobin,
the modified Beer—Lambert law can be written as [30-32]

OD" = {gfy,[Hb] + &f;,0, [HPO, 1}, (1)

where OD* is the optical density or absorbance at
wavelength A, eﬁb and af_‘lboz are the extinction coefficients at A
for molar concentrations of [Hb] and [HbO,], respectively and
[ is the optical path length. By employing two wavelengths
at A1 and X,, both [HbO;] and [Hb] can be determined by
measuring the light absorbance at the two specific wavelengths
provided that the values for gﬁb and 8?%02 are known:
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It follows that changes in [Hb] and [HbO;] are given by:
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e AOD* — gt AOD™
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where AOD* represents a change in optical density at the
specific wavelength, A and equals log(Ag/At). Ap and At
correspond to light intensities measured under the baseline and
transient conditions.

Equations (4) and (5) seem straightforward mathemati-
cally and have been used for several decades by biochemists to
quantify A[Hb] and A[HbO;] in laboratory spectrophotomet-
ric measurements. However, close attention needs to be paid
to the values of ¢ for in vivo haemoglobin determination, since
¢ values were often expressed on a basis of per haeme whereas
the haemoglobin molecule has four haemes. Therefore, there
exists a factor of 4 between the commonly published ¢ values
and the ¢ values to be used in equations (4) and (5) for in vivo
measurements [33,34]. Furthermore, the optical pathlength,
[, should be proportional to the source and detector separation,
d, with a differential pathlength factor (DPF) [35,36], i.e.
[ = d x DPF. We previously utilized the ¢ values given by
Zijlstra et al [37] which were expressed on a haeme basis and
assumed that the DPF values were constant at the two wave-
lengths. For A; = 758 nm and X, = 785nm, equations (4)
and (5) gave the following empirical relationships based on
system calibration using liquid phantoms [12]:

A[HbO:]
_ —10.63 - log(Ap/A1)™* +14.97 - log(Ap/A1)"®
= y i
(6)
8.95 - log(Ap/AT)® — 6.73 - log(Ag/Ar)"®
A[Hb] = og(Ap/At) 0g(Ap/Ar) ’
d
@)
A[HbJora = A[Hb] + A[HbO, ]
_ —1.68 -log(Ap/Ar)7® +8.24 - log(Ap/A1)"® ®

d
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Figure 1. Schematic set-up of one-channel, NIR, frequency domain IQ instrument for tumour investigation in vivo. Two fibre bundles were
used to deliver and detect the laser light, at 758 and 785 nm, which were transmitted through the implanted tumour. The overdose of KCl
was administered by tail vein injection after 5-10 min of A[HbO,] baseline measurement.

The factor 4 in ¢ relating to 4 haemes and the DPF values are
essentially constants and do not affect the dynamic features of
the tumour A[HbO,]. For simplicity, thus, we did not include
them in these equations and used arbitrary units for A[Hb] and
A[HbO,] since the focus of this study is on relative changes
of A[HbO,] between the baseline conditions and response to
KCl injection. The error estimation due to the assumption of
constant DPF has been given in [29].

2.2. One-channel NIRS system

A dual-wavelength (at 758 and 785nm), one-channel NIR
system (NIM Inc., Philadelphia, PA) was used (figure 1).
A radiofrequency (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
fibre optic probe, it was transmitted through the tumour tissue
and then collected by a second fibre 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
1&Q chip served as a frequency mixer, giving high and low
(near dc) components. The measured dc electrical signals
at the / and Q branches, Ipc(A) and Qpc(A), contained the
quantities of optical amplitudes, A()), and phase, 6()), that
passed through the tumour tissues [38]. Both A(A) and 6(2)
can be recovered through the dc output readings at the / and
Q branches, as

A =/ T(Mpe + 0, (%a)
1 { 2M)pe

0L = ! , 9

(A) = tan (I(A)Dc) (9b)

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 6 ()) are that
(1) the diffusion theory was not valid for use in this case due to
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the finite size and heterogeneity of solid tumours, and (2) only
the modified Beer—Lambert law was applied for the calculation.
In the calculation, we employed only the measured values of
A(ML) at the two selected wavelengths and substituted them
in equations (6)—(8) to compute changes in tumour vascular
[HbO,] and [HbJiotar-

2.3. Animal tumour model and its response to KCl injection

Rat mammary adenocarcinomas 13762NF were implanted in
skin pedicles on the forebacks of adult female Fischer 344
rats (~250g, n = 5), as described in detail previously [39].
Relatively large tumours (~1.2—1.5 cmin radius or ~7—14 cm?
in tumour volume) were used to ensure that the NIRS
interrogated only the tumour tissue rather than the surrounding
normal skin tissue. The rats were anaesthetized with 200 ul
ketamine hydrochloride intraperitoneal (100 mg ml~'; Aveco,
Fort Dodge, IA) and maintained under general gaseous
anaesthesia with air (1.0 litre min~!) and 1.0% isoflurane. Hair
around the tumours was cut with scissors to improve the NIR
light transmission and the three orthogonal diameters were
measured by caliper to estimate tumour volume. The rats were
placed on their sides in an animal bed and stabilized using
tape to reduce potential motion artefacts caused by breathing
movements. The body temperature was maintained at about
37°C by a warm water blanket connected to a water pump
(K-MOD 100, Baxter Healthcare Co., Deerfield, IL). A fibre
optic pulse oximeter (Nonin Medical Inc., Plymouth, MN)
was placed on the front foot to monitor arterial haemoglobin
saturation (s,0;) 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,] measurement (5-10min),
while the rats were breathing air, they were given an overdose
of KCI (1 gkg™! in saline) i.v. in the tail. Without disturbing
the position of the light source, detector or tumour, the
changes in the tumour vascular [HbO,] and total haemoglobin
concentration ([Hb]o) Were continuously monitored during
and after cardiac arrest for about 40 min by NIRS.
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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. Tumour oxygen
consumption rate VO, and mean tumour oxygen consumption
rate VO, were computed for five rat tumours, respectively, by
fitting the mathematical model with the measured A[HbO,].
Relationships between those parameters and tumour volume
were analysed using linear regression.

3. Development of a mathematical model for
tumour oxygen consumption rate

3.1. Dynamic changes of tumour [HbO,] caused by KCI
injection

We previously [29] applied Kety’s approach [40] to evaluate
tumour haemodynamics by using HbO, intervention as a
tracer, but we did not consider the effect of tumour oxygen
consumption. In this study, we included the tumour oxygen
consumption rate in our haemodynamic model. In principle,
the rate of change of HbO, in tumour vasculature should
be equal to the rate at which the HbO, 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
tumour cells consume oxygen. In common with our previous
approach [29], we assumed a one-compartment model:
tumour vasculature is well mixed with respect to oxygen so
that a mass balance equation for HbO, can be written by the
following chart. Specifically, if [HbO,] is the oxyhaemoglobin
concentration in the tumour at a given time ¢, the general
conservation of mass equation for [HbO, ] can be schematically
depicted as:

Rate of decreas'e of Inflow of
oxyhaemoglot?ln =| oxyhaemoglobin
concentration in tumour from artery
vasculature
Outflow of Consumption rate of
— | oxyhaemoglobin |—| oxyhaemoglobin by
to vein tumour cells

By using Fick’s law of diffusion, the above schematic
diagram can be written mathematically as
d[HbO;] (10)

dr

where [HbO;,] = [HbO,](¢) (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 ‘%mgiue), [HbO;]a and [HbO,]y are
oxyhaemoglobin concentrations in the arterial and venous
blood in the tumour, respectively and « is defined as the
oxyhaemoglobin dissociation constant (min~").

In equation (10), we assumed that the oxyhaemoglobin
dissociation rate is equal to the tumour oxygen consumption
rate at the steady state. This assumption is based on the
following: deoxyhaemoglobin and oxygen molecules normally
combine to form oxyhaemoglobin through a loading reaction
that occurs in the lungs. Oxyhaemoglobin, in turn, can be

= f - [HbOz]a — f - [HbO:]y — « - [HbO],

dissociated to deoxyhaemoglobin 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+02 Hb02. (11)

in tissue capillaries

The direction of the reaction depends largely on two factors:
(1) the pO, of the environment and (2) the affinity of
haemoglobin for oxygen. A high pO, drives the equation to the
right promoting oxygen loading, whereas low pO; in the tissue
capillaries drives the reaction to the left to promote oxygen
unloading. The affinity of haemoglobin for oxygen does not
change appreciably over a short period of time (minutes).
Since the rat died rapidly by KCl-induced cardiac arrest, the
reaction went to the left to unload oxygen because of lack of
oxygen supply from incoming blood. The oxygen dissolved
in the plasma and diffused to the surrounding tumour 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. Asa
result, no further oxyhaemoglobin molecules were transported
either to or from the tumour vasculature. Mathematically, this
means that the tumour blood perfusion rate f is O after KCl
administration. Equation (10), therefore, simplifies to

d[HbO,]
dar

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

—k - [HbO,]. (12)

[HbO:]l,—o = [HbO2]o, 13)

where [HbO,]y is the initial baseline value (pre-KCl admin-
istration) of oxyhaemoglobin concentration. Rearranging and
integrating equation (12) gives rise to an exponential solution

dIHbO, ] = —/Kdl = [HbO,](t) = C -e7™™, (14)

[HbO:]

where C is the constant of integration. By applying the initial
condition, equation (13), we obtain the solution as follows:

[HbO,](1) = [HbO2]o - e ™. 5)

Equation (15) indicates that following KCl-induced
cardiac arrest, tumour vascular [HbO,] decreases exponen-
tially with time and this process is characterized by the
dissociation constant x and the initial oxyhaemoglobin con-
centration [HbO, ]y, both of which can be determined by fitting
equation (15) to the experimental data.

Furthermore, it is useful to introduce the mean lifetime 7,
defined as the average time that an oxyhaemoglobin molecule
is likely to survive before it is dissociated from oxygen. The
number of oxyhaemoglobin molecules that survive to time ¢ is
[HbO;](#) and the number of oxyhaemoglobin molecules that
dissociate between ¢ and ¢ + d¢ is |d[HbO,]/d¢| - dz. Thus, the
theoretical mean lifetime t is

Jo~t - 1d[HbO, ] /dt| - dr
T = 0
Jo7 1d[HbO, 1 /dt] - dt

; 16)
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where fooo |[d[HbO;]/d¢| - dt gives the total number of
oxyhaemoglobin molecules that are dissociated after KCl
administration and fooc |d[HbO,]/d¢| - dt is equal to [HbO;]o.
Evaluating equation (16) gives

Jo 1+ [HbO2 ] - (—k) - &7 - dr
T =

Jo7 [HbOL]o - (—k) - e7*" - dt

1k [7° (kt) - e~ - d(xt 1

_ Wedy ten k) _ 1 an

Jo e - d(kr) K

Equation (17) indicates that the mean lifetime t is simply
the inverse of the dissociation constant « and is just the time
constant of equation (15), which, therefore, can be rewritten as

[HbO,] () = [HbO,]o - e~/". (18)
Since we only measure relative changes of [HbO,], we can
express A[HbO,] as

A[HbO,] = [HbO,] — [HbO1]o = —[HbO Jo(1 — &™*/).
19)

In this way, both quantities of [HbO, ]y and t can be obtained by
fitting equation (19) with the experimental data taken from the
changes in [HbO,] caused by KCl-induced cardiac arrest. As
seen from this equation, when the measuring time is long, i.e.
t — 00, the stabilized A[HbO,] reaches the value of [HbO,]y.

3.2. Tumour oxygen consumption rate VO,

It is perhaps more important and significant to compute
the tumour oxygen consumption rate VO, from A[HbO,],
because it reflects tumour oxygen consumption and metabolic
activities. Tumour oxygen consumption rate VO, is
determined by taking the first order derivative of equation (15)
with respect to time ¢,

t/t

. d
VO2(1)] = | - [HbO2]o - e /")

_ ’ [HbOz]lp  _
=|-—— "¢
T
_ [HbO,](1)
T

) (20)

which reflects the number of oxyhaemoglobin molecules that
are dissociated per unit time at a particular time t. The
‘minus’ sign reflects the opposite direction between a decrease
in [HbO,](¢+) and an increase in VO,(z). This equation
shows that the tumour oxygen consumption is proportional
to the concentration of [HbO,] in our experimental case in an
opposite direction. In particular, equation (20) permits direct
quantification of the regular tumour oxygen consumption rate,
VO, (t = 0) as being [HbO,]y/7, which can be obtained by
fitting equation (19) to our experimental data. Furthermore,
taking the logarithm of equation (20) leads to
. —t .

In|VO,| = 7+ln|V02 @ =0), 21
where VO, has been taken as an absolute value to obtain
logarithmic expressions. This equation demonstrates a linear
relationship between the logarithm of magnitude of the tumour
oxygen consumption rate and time after the KCl injection with
a slope being the inverse of the time constant of A[HbO,]
decay following cardiac arrest.

2686

To facilitate the comparison of the tumour oxygen
consumption rates as a function of tumour volume, we
also computed an absolute value of mean tumour oxygen
consumption rate as follows:

< 1 T [HbO
[VO,| = 7/ [HbO2Jo ce 7T dp,
T 0 T

(22)

where 7 is the time that it takes for oxyhaemoglobin
concentration to drop to a steady or asymptotic minimum value.
In order to evaluate the integral, we made an approximation:
T = 37 because the tumour oxyhaemoglobin concentration
dropped to 5% of its initial value within 37, and the error
introduced by this approximation was minimal. Evaluating
equation (22) with T = 371 gives

- 1 (3 [HbO 1 / [HbO
|V02|=—f ﬂﬁ””dt%f [HbO:1 . (23)
3t Jo T 3 T

Both equations (20) and (23) indicate that the quantity
([HbO;]o/t) has an important physiological significance,
representing the transient and mean tumour oxygen
consumption rate and reflecting the metabolic activity of the
tumour.

4. Experimental results

Figure 2(a) shows the KCl effects on tumour vascular A[HbO;]
and A[Hb], for a representative mammary adenocarcinoma
13762NF (12.7 cm?®). The exponential appearance of the curve
matches the solution to the mathematical model, equation (19)
and A[HbO,] dropped sharply and significantly by 0.8723 £
0.0002 (p < 0.0001). In contrast total haemoglobin
concentration, [Hb]a, decreased by 0.0870 £ 0.0001, only
10% of the change in [HbO,]. This indicates that total tumour
blood volume remained relatively constant, when compared to
[HbO,] during the course of the experiment. This also shows
that the assumption of blood flow f = 0 after the KCl injection
was reasonable. By fitting equation (19) to the data, [HbO, ]
and T were found to be 0.880 4= 0.005 and 0.691 =+ 0.004 min,
respectively. Figure 2(b) shows the time course profiles of
tumour vascular A[HbO,] and A[Hb]y for a second tumour
(15.7 cm?). In this case, A[HbO,] dropped by 1.444 £ 0.005
(p < 0.0001), while A[Hbla dropped by 0.488 =+ 0.002.
As for the first breast tumour, the magnitude of the drop in
A[Hb]iorar Was much less than that in A[HbO,]. The values
of [HbO; ]y and 7 were determined as 1.192 4 0.008 min and
1.36 £ 0.02 min, respectively, based on equation (19). For the
five tumours, a strong linear relationship was found between
tumour [HbO,]y and tumour volume (figure 3) and between
the mean lifetime (7) and tumour volume (figure 4).

Figure 5 shows the relationships between the tumour
oxygen consumption rates, VO,, as a function of time and
tumour volume. To better separate the curves, the data only
for the first 4 min after the KClI injection were plotted. Each
curve was obtained by substituting corresponding [HbO;]
and t values to equation (20). The same relationships were
replotted in figure 6 on a semilog graph, giving straight lines
of slope 1/t according to equation (21). From these two
figures, it appeared that smaller tumours had greater oxygen
consumption rates before and right after the KCI injection. It
is more significant and important to be able to estimate the
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Figure 2. Effects of overdose KCl injection on tumour vascular
A[HbO,] and A[Hb], for two breast tumours: (a) 12.7 cm® and
(b) 15.7 cm®. A[HbO,] dropped rapidly and significantly

(p < 0.0001). Both A[HbO,] and A[Hb]y, are in arbitrary units.
The error bars indicate measurement uncertainties and are labelled
at selected locations. (Some of them are too small to be seen.)
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Figure 3. Relationship between tumour [HbO; ], and tumour
volume for five mammary adenocarcinomas 13762NF.
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Figure 4. Relationship between time constant T and tumour volume
for five mammary adenocarcinomas 13762NF.

tumour oxygen consumption rate when the rats were alive.
Considering that the rats were alive at t = 0, VO, (alive)
was determined by setting ¢+ = 0 in equation (20). Thus,
VO, (alive) = VO,(t = 0) = [HbO,]y/t. Figure 7 shows

1.5

o
3

Tumour O2 Consumption Rate (a.u.)

Time (min)

Figure 5. Relationships between the tumour oxygen consumption
rates, |V O;|, as a function of time and tumour volume.
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Figure 6. Relationship between tumour oxygen consumption rates,
|V O3], as a function of time and tumour volume plotted on a
semilog scale.
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Figure 7. Relationship between tumour oxygen consumption rate at
t =0, |VO,(0)| and tumour volume.

a strong (R = 0.86) inverse linear relationship between
V0,(0) and tumour volume, indicating clearly that the larger
the tumour, the smaller is its oxygen consumption rate.
Furthermore, figure 8 shows the relationship between the mean
tumour oxygen consumption rate VO, and tumour volume
after the KCl injection. Again a significant correlation was
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Figure 8. Relationship between the mean tumour oxygen
consumption rate |V O,| and tumour volume after KClI injection.

found (R = 0.86), suggesting that on average the tumour
oxygen consumption rate decreases with an increase in tumour
volume.

5. Discussions and conclusion

We developed a mathematical model for computing the oxygen
consumption rate in tumours and used NIRS to investigate
the oxygen dynamics during KCl-induced cardiac arrest.
Although the procedure was invasive, we did not add additional
invasiveness for the animal experiment 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 the tumour oxygen
consumption rate. Of course, this methodology has no
relevance in human studies, but the knowledge gained here
can be useful in understanding solid tumour physiology and is
highly relevant for future improvements in tumour treatment.

The NIR signal has been found to be very sensitive to
changes in tissue oxygenation in small blood vessels such
as arterioles, capillaries and venules [41-44]. These are the
places where the oxygen is consumed by tumour/tissue cells.
In this study, Fick’s Law was applied to extract and quantify
the tumour oxygen consumption from the tumour oxygenation
dynamics, since the rats died rapidly so that the tumour
metabolism or oxygen consumption was not coupled to the
tumour blood flow. The overall shapes of the A[HbO,] curves,
as seen in figures 2(a) and (b), were similar to those obtained
by Steen etal [27], who used subcutaneously implanted rat
OL gliosarcoma and pentobarbital overdose. Time constant
analysis showed that the time constant of oxygenation, t,
determined here was of the same order as reported by Steen
et al, and that T was related to tumour oxygen consumption.
Moreover, the observation that the magnitude of the drop in
A[Hb]or1 Was much less than that in A[HbO;] may indicate
that the decrease in rat tumour A[HbO;] was caused mainly
by tumour oxygen consumption rather than by a decrease in
total tumour blood volume.

We noted that tumour [HbO, ]y and tumour volume have
a strong, positive linear relationship, as given in figure 3. This
correlation makes sense, intuitively, because it simply mani-
fests the fact that the larger the tumour, the more oxygenated
haemoglobin is included in the tumour volume. The positive
linear relationship between the mean lifetime (7) and tumour
volume (figure 4) indicates that, on average, the time that an
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oxyhaemoglobin molecule is likely to survive before it is dis-
sociated to yield a deoxyhaemoglobin molecule and four free
oxygen molecules increases with increasing tumour volume.
The close correlation between t and tumour volume suggests
that tumour blood perfusion is becoming increasingly poor
as the tumour increases in size, leading to increased tumour
hypoxica with increasing tumour volume.

As shown in equation (20), the tumour oxygen
consumption rate VO, is an exponential function of ¢ and
is dependent on both the initial tumour oxyhaemoglobin
concentration [HbO; ]y and the time constant T. This means
that the tumour oxygen consumption rate VO, decreases
exponentially with time after KCl administration.  This
phenomenon may be explained as follows: as oxygen is
being depleted by tumour cellular metabolism, the oxygen
concentration or oxygen tension (pO,) gradient across tumour
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 alower oxygen tension gradient results in decreased
oxygen diffusion and thus, less oxygen is available for tumour
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 oxyhaemoglobin [25, 45-48]. Also,
anegative linear relationship between the mean tumour oxygen
consumption rate VO, and tumour volume (figure 8) has been
observed, consistent with previous reports [49,50] that larger
tumours have lower oxygen consumption. This might be
attributed to larger necrotic fraction.

As mentioned in section 1, there are numerous
developments 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 the tumour oxygen consumption rate. The
newly developed models for tissue oxygen consumption are
relatively complex [23-25], without quantitative association
between the tumour consumption rate and the measured NIR
haemodynamic parameters. Our study reported in this paper
fulfils the need to develop a simplified mathematical model
for extracting the tumour oxygen consumption rate from the
NIR measurement. While our model is promising, it needs
to be validated in our future studies. 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 tumour 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
the local area, perturbs local tissue vasculature and creates
difficulties 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,] without the specific values of tumour
DPF, the calculated tumour oxygen consumption rate in this
paper can be treated more appropriately as a tumour oxygen
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consumption index. The methodology has the potential to
provide absolute quantification of tumour VO, through NIR
haemodynamic measurements once we develop a way to obtain
tumour DPF.

While this study demonstrates the possibility of evaluating
oxygen consumption rates of tumours by NIRS following
KCI 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 [52] for renal cell carcinoma in patients prior
to resection. It should be possible to estimate the tumour
oxygen consumption rate without sacrificing rats, if we could
quantify the blood in-flow and out-flow of the tumours. This
might be achieved by introducing a respiratory challenge,
such as altering inhaled gas from air to carbogen or oxygen.
Indeed, the time course of A[HbO,] after KCI administration
is not unlike that observed in switching from hyperoxic gas
breathing to air as we have reported previously for rat breast
and prostate tumours [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 pO, 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 the tumour oxygen
consumption rate. Using a multi-channel NIRS will allow
intratumoural 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 tumours [6,57]. Once the NIR imaging approach
is taken by employing multiple sources and detectors for
the measurement, imaging reconstruction algorithms allow
us to resolve and detect the tumours that are not superficial
[6,8,58-61].

In summary, the tumour oxygen consumption rate was
calculated by fitting the newly developed model to the
measured A[HbO,] data. A strong negative linear relationship
was found between the mean tumour oxygen consumption
rate and tumour volume, indicating that larger tumours have
smaller mean oxygen consumption rates. This study further
demonstrates the utility of NIRS as an effective, real-time
means to investigate the tumour oxygen consumption rate,
while further developments are required to make it non-
invasive in the future.
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