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First experience with a novel luminescence-based optical sensor
for measurement of oxygenation in tumors
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Background. The purpose of this preliminary study was to evaluate a novel luminescence-based fiber-op-
tic sensor (OxyLite system) for the measurement of partial pressure of oxygen (pO2) in tumors and for the
detection of changes in pO2 as a function of time. The new method was used simultaneously with the laser
Doppler flowmetry method for the measurement of relative tissue perfusion. 
Materials and methods. Blood perfusion and pO2 were measured continuously via fiber-optic sensors in-
serted into SA-1 tumors in anesthetized A/J mice. The changes in blood flow and oxygenation of tumors
were induced by transient changes of the parameters of anesthesia and by injection of a vasoactive drug hy-
dralazine. 
Results. Both optical methods used in the study successfully detected the induced changes in blood flow and
pO2. The measurements of pO2 were well correlated with measurements of microcirculatory blood perfu-
sion. In the majority of pO2 measurements, we observed an unexpected behavior of the signal during the
stabilization process immediately after the insertion of the probe into tumor. This behaviour of the pO2 sig-
nal was most probably caused by local tissue damage induced by the insertion of the probe. 
Conclusion. The novel luminescence-based optical oximetry can reliably detect local pO2 changes in tumors
as a function of time but some aspects of prolonged pO2 measurement by this method require further in-
vestigation.
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Introduction

Over many years, abundant evidence has been
accumulated that the oxygenation status in ex-
perimental and clinical tumors can influence
the response of these tumors to various thera-
pies, e.g. radiotherapy, hyperthermia, oxygen-
dependent chemotherapy, photodynamic
therapy and cell-mediated immunotherapy.1-3

The oxygenation status and hypoxia in partic-
ular are also important for the development of
malignant growth and for progression and
outcome of the disease.3 The ability to meas-
ure oxygenation status in individual tumors
would be very valuable for the selection of ap-
propriate therapy, treatment planning, and for
prediction of the treatment outcome.

Many different methods have been devel-
oped to measure different physiological pa-
rameters related to tumor oxygenation or to
tumor blood flow.4,5 In general, tumors are
poorly oxygenated in comparison to normal
tissues.1,3,5 The measurement methods
should therefore enable an accurate assess-
ment of very low oxygen levels. Extreme in-
tratumoral heterogeneity in oxygenation and
blood flow found in many experimental and
clinical tumors require an evaluation of oxy-
genation and blood flow in different regions
within the same tumor. Methods suitable for
continuous measurement are particularly
useful. They enable monitoring of changes in
oxygenation at one location. This could be
useful for at least two reasons. First, the ef-
fectiveness of treatment procedures targeting
tumor blood flow and oxygenation in individ-
ual tumors could be evaluated. Second, the
susceptibility of individual tumors to oxy-
genation- and blood flow-dependent therapy
could be evaluated before the therapy is ap-
plied. It is also desirable that the measure-
ment method of choice is noninvasive.

In the present preliminary study, we used
two optical measurement methods, which
fulfill some of the requirements mentioned
earlier in this text. One of them, the time-re-

solved luminescence-based optical oximetry,
presents a new approach for the measure-
ment of oxygen partial pressure in a tissue
and is an alternative to the well-established
polarographic needle oximetry technique.6,7

This method has only recently become com-
mercially available (OxyLite instrument,
Oxford Optronix, U.K.). There are two major
advantages of this new method over standard
polarographic method. First, the lumines-
cence-based sensor does not consume oxy-
gen; therefore, to monitor the changes in oxy-
genation as a function of time, it could be
kept in one place in a tissue. Second, its ac-
curacy is inversely proportional to oxygen
content in the tissue, which makes this
method of particular interest for the measure-
ment of oxygenation in tumors where low
oxygen content is typically encountered. The
other optical method used in our study, the
laser Doppler flowmetry, is not a new tech-
nique, but it has not been used extensively
for measurements in tumors. Laser Doppler
flowmetry enables the monitoring of micro-
circulatory blood perfusion changes.
Although microcirculation and oxygenation
in a tissue are related, simultaneous use of
both methods can give more information
about oxygen supply to a tissue than separate
use of a single method. Both methods are
minimally invasive and require only thin op-
tical fibers to be inserted into tissue.

Before a new method can be used with
confidence in experimental or clinical stud-
ies, its characteristics and limitations need to
be known and understood. The use of lumi-
nescence-based oximetry has been so far doc-
umented in very few reports. The main goal
of the present study was to get the first expe-
rience and to evaluate the usefulness of this
new optical method for a continuous meas-
urement of tumor oxygenation and for the de-
tection of short-term oxygenation changes.
The measurements were performed on SA-1
tumors in A/J mice under different conditions
modifying blood flow- and oxygenation.
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Materials and methods

Animals and tumors 

The female A/J mice purchased from Rudjer
Bošković Institute, Zagreb, Croatia, were
used in our study. The mice, 10 to 12 weeks
old, were kept in standard animal colony at
22°C and were fed and watered ad libitum.
The experimental tumor line that we used
was SA-1 fibrosarcoma (The Jackson Labo-
ratory, Bar Harbor, USA). Tumor cells for the
inoculation of solid tumors were obtained
from the ascitic form of SA-1 tumor in A/J
mice. Approximately 5×105 of viable cells
were re-suspended in 0.1 ml NaCl solution
(0.9%) and transplanted under the skin. Solid
subcutaneous tumors were grown dorsolater-
ally on the right flank of mice. Experiments
were performed 8 to 10 days after the trans-
plantation when the tumors reached the size
of approximately 100 mm3. The size of the tu-
mors was calculated using the ellipsoid for-
mula as V = πabc/6 where a, b, and c are three
mutually perpendicular tumor diameters
measured by a vernier caliper. At the end of
the experiments, the mice were euthanized
under anesthesia by cervical dislocation. The
experimentation on mice was conducted in
accordance with the pertaining legislation
and was approved by the Veterinary
Administration of Ministry of Agriculture,
Forestry and Food of Slovenia (permit num-
ber 323-02-156/99). 

Anesthesia

All experimental procedures and measure-
ments were conducted on anesthetized mice
in order to eliminate pain and discomfort in
mice and to minimize movements of non-re-
strained mice during long-lasting measure-
ments. Anesthesia was induced and main-
tained by inhalant anesthetic isoflurane
(Flurane-Isoflurane, Abbot Labs, U.K.). The
gas mixture of oxygen O2 and nitrous oxide
N2O (flow of each 0.6 l/min) containing

isoflurane at 1.7 % concentration was deliv-
ered to the mouse via a miniature facemask.
While anesthetized, the animals were kept on
an automatically regulated heating pad to
prevent hypothermia. Rectal temperature
was kept as close as possible to 37°C with
variations of up to 0.5°C during single meas-
urements and with the contact surface tem-
perature of the heating pad below 39°C.

Oxygenation and blood flow measurement 

Partial pressure of oxygen, pO2, was meas-
ured by the OxyLite 2000 instrument (Oxford
Optronix Ltd., Oxford, U.K.), a commercially
available implementation of a novel time-re-
solved luminescence-based optical oximetry.
The instrument has two independent chan-
nels for measuring pO2 and temperature. The
diameter of precalibrated optical probes is
230 µm. A thin wire thermocouple tempera-
ture sensor (diameter less than 100 µm) is at-
tached to each pO2 probe, which allows on-
line temperature correction of pO2 measu-
rements. The principles of this luminescence-
based optical method are described in more
detail elsewhere.6,8 Briefly, pulses of blue
light emitted by a LED diode are carried via
an optical fiber to ruthenium chloride lu-
minophore, which is incorporated in a sili-
cone rubber that is used to immobilize the tip
of the probe. The tip of the probe is placed in-
side the tissue where oxygenation is to be
measured. The incident light pulses induce
pulsatile fluorescence of ruthenium mole-
cules. The fluorescence decays in time be-
cause of collisions between the oxygen and
the ruthenium molecules. The life-time of the
excited fluorescence is inversely proportional
to pO2 in the part of the tissue that is in con-
tact with the tip of the probe. The pO2 can
therefore be calculated from the measured
life-time of the fluorescence using the so-
called Stern-Volmer relation.8

Relative blood perfusion was monitored
using a two-channel OxyFlo 2000 laser
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Doppler instrument (Oxford Optronix Ltd.,
Oxford, U.K.). Even though laser Doppler
flowmetry (LDF) can be applied entirely non-
invasively, we used thin invasive probes (di-
ameter 200 µm) in order to assess the perfu-
sion inside the tumor. LDF is an optical
method used to monitor local microvascular
blood flow in a tissue. Extensive literature ex-
ists on its theory and application.9,10 Briefly,
when a tissue is illuminated by a coherent
laser light, the light scatters on different tis-
sue structures. When photons are scattered
on moving structures, their wavelength is
slightly changed. This is the so-called
Doppler shift effect, which can be measured.
The predominant moving structures in a tis-
sue at rest are red blood cells. Their move-
ment, which results from blood flow, can be
detected by means of the Doppler shift effect.
The output signal of LDF is proportional to
the red blood cell perfusion which is defined
as the number of the red blood cells multi-
plied by the mean velocity of these cells that
move in the tissue sampling volume. The con-
stant of proportionality between the perfu-
sion and the detected LDF signal is unfortu-
nately different for each location even within
the same tissue. This means that all LDF
measurements are intrinsically of relative na-
ture and are quantified in arbitrary blood per-
fusion units (BPU).

Both instruments OxyLite and OxyFlo
were connected to OxyData data acquisition
unit (Oxford Optronix Ltd., Oxford, U.K.),
which enabled data storage to a PC via a SC-
SI connector. All signals were sampled and
stored at the frequency of 20 Hz.

Measurement protocol

Anesthesia in the mouse was started in the
induction chamber at a concentration of
isoflurane of 3 %. The mouse was then placed
on the heating pad in prone position. No
physical restriction was used. The anesthetic
gas was delivered via a miniature facemask.

The concentration of isoflurane was reduced
to 1.7 %, which provided stable anesthesia.
Rectal and surface temperature probes were
attached for control of the core temperature
of the mouse and of the surface temperature
of heating pad. Approximately four minutes
after the induction of anesthesia, the pO2
and the LDF probes were inserted into the
tumor through small superficial incisions in
the skin. The probes were inserted through
the incisions, pushed a few millimeters fur-
ther into the tumor and then slightly with-
drawn in order to minimize the pressure of
the tip of the probe on the surrounding tis-
sue. Although an exact positioning of the
probes was not possible, one pair of pO2 and
LDF probes was inserted in a peripheral re-
gion of the tumor and the other in a central
region of the tumor. Data recording was
started normally about five minutes after the
beginning of anesthesia. Special care was
taken throughout the measurement not to
move the probes or the mouse in order to
minimize the movement artifacts in recorded
signals. 

A typical measurement lasted between one
and two hours. In order to evaluate the appli-
cability of both measurement methods for the
detection of the changes in the blood perfu-
sion and oxygenation in tumors, different
procedures were applied. These procedures
to induce changes in blood flow and oxy-
genation were performed only after the
recorded signals had been stable for at least
ten minutes. Normally, the stability of all sig-
nals (two pO2 and two LDF) was reached be-
tween 20 and 40 minutes after the start of
anesthesia. 

The effect of hydralazine

An arteriolar vasodilator hydralazine (HYZ)
was injected i.v. at a dose of 2.5 mg/kg of
mouse weight. The solution for injection was
prepared from powdered HYZ (Hydrazino-
phthalazine, Sigma Chemical Co., U.S.A.) by
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dissolving it in sterile physiological saline
(0.9 % NaCl). The mice in the control group
were injected with sterile physiological saline
only. 

The effect of anesthetic concentration

Normal anesthesia was maintained by deliv-
ering isoflurane at a concentration of 1.7 % in
a steady flow of O2 (0.6 l/min) and N2O (0.6
l/min). For the purpose of evaluation of the
effect of anesthetic concentration on the
blood flow and oxygenation in tumors, the
concentration of isoflurane was increased to
3% for three minutes and then returned to the
normal level of 1.7 %.

The effect of euthanasic procedure

In order to evaluate the validity of measure-
ments, pO2 and blood perfusion were also
monitored during euthanasia of mice at the
end of experiment. First the delivery of O2
was eliminated from anesthetic gas mixture
while maintaining the flow of nitrous oxide
and isoflurane. Within two minutes after this
procedure, the mice stopped breathing. 

Results

A typical measurement

Both pO2 and blood perfusion were measured
at two locations in each tumor. In most cases
the data recording was started immediately
after all four probes were inserted into the tis-
sue and, in few cases, the data recording was
started just before the probes were inserted.
All this occurred within five minutes after the
start of anesthesia. The measurement lasted
between one and two hours. Figure 1 shows
an example of typical signals recorded simul-
taneously from one tumor during the first 40
minutes of measurement. Several important
features characteristic of all pO2 and LDF
measurements can be observed. 

After the insertion of the probes, the value
of pO2 in all measurements varied rapidly
(within one minute). It decreased from initial-
ly high level to zero or close to zero value. We
call this a decrease phase which cannot be ob-
served in Figure 1 because, in this case, the da-
ta recording was started after the insertion of
the probes. Following the decrease phase, two
different types of pO2 recordings were ob-
served. An example of the first type, we shall
call it a type I pO2 signal, is shown in Figure 1a.
In the type I measurements, the pO2 value re-
mained at zero or close to zero for a period of
time which varied between different measure-
ment locations, but in the majority of meas-
urements, it lasted about five minutes. We call
this a zero pO2 phase. Following the zero pO2
phase, the value of pO2 in the type I measure-
ments entered the increase phase during which
the value of pO2 was slowly increasing. The in-
crease phase lasted on average between 15 and
20 minutes. After the increase phase, pO2 val-
ue stabilized and remained mostly unchanged
thereafter unless some oxygenation-modifying
procedure was applied. We shall refer to this
final stage in type I pO2 measurements as to a
plateau phase. In most type I measurements,
pO2 continued to increase very slowly even
during the plateau phase but this increase was
much slower than the increase during the in-
crease phase. The type I pO2 measurement was
found in approximately 70 % of all measure-
ment locations in tumors.

In about 30 % of all pO2 measurements
performed, pO2 in tumors remained at zero
or close to zero level for the entire period of
observation after the initial decrease phase. An
example of this second type of pO2 recording,
we shall call it a type II pO2 signal, is shown
in Figure 1b. In comparison to the type I
measurements, the type II measurements are
characterized by a complete absence of the in-
crease and the plateau phases (compare the top
two graphs in Figure 1). 

It is very important to note that, in some
cases, both the type I and the type II pO2
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measurements were encountered within the
same tumor, as in the case presented in
Figure 1. In other cases, both pO2 measure-
ments in tumor resulted in either of the two
types, the type I or the type II measurement.
In order to obtain a representative pO2 value
for each type I measurement, we averaged the
raw pO2 signal in the plateau phase over a pe-

riod of five minutes. It is again important to
note that these averaged pO2 values in the
type I measurements varied extremely be-
tween tumors and also from one location to
another within the same tumor, from as little
as 1 mmHg to more than 40 mmHg in a few
cases. All tumor pO2 values at rest including
the averaged type II values were pooled to-
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Figure 1. A typical measurement consisting of two pO2 (a, b) and two LDF measurements (c, d) recorded simulta-
neously in the same tumor. The two distinct types of pO2 measurements can be identified (a, b). The first 40 min-
utes of recording from a single tumor are shown.



gether and are presented in a histogram in
Figure 2. The median pO2 value of 40 meas-
urements from 28 tumors was 10.3 mmHg. A
fraction of pO2 values below 2.5 mmHg was
40 %. 

Contrary to the pO2 signals, only one type
of LDF measurements was identified in tu-
mors (Figure 1c and 1d). All recorded LDF
signals became stable soon after the insertion
of probes. A zero or close to zero blood per-

fusion was never encountered, which again is
contrary to the pO2 measurements. Due to
the nature of LDF technique, the blood perfu-
sion measurements are extremely sensitive to
any kind of movement of probes relative to
the surrounding tissue. The “smeared” blood
perfusion signals in Figure 1 is a movement
artifact caused by a quasi-periodic breathing
of the mouse. This is shown in more detail in
Figure 3. The spikes in Figure 3 correspond to
inhalation and the “valleys” in between the
spikes correspond to exhalation. The true
blood perfusion is at the lower edge of the
“smeared” blood perfusion signals in Figure
1. The amplitude of the quasi-periodic com-
ponent in LDF signal, which could be even
bigger than the true perfusion component of
the signal, depended on the position of indi-
vidual LDF probes relative to the direction of
tumor movement caused by respiration.
Because of this, substantial differences in the
relative amplitude of the quasi-periodic com-
ponent in comparison to the true perfusion
level in different locations within the same
tumor were common (compare Figures 1c and
1d). 
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Figure 2. Distribution of all tumor pO2 values meas-
ured at rest (n = number of measurements). 

Figure 3. A close-up of a typical blood perfusion signal measured by LDF. The movement artifact caused by qua-
si-periodic respiration of the mouse is shown.



The effect of hydralazine

Within one minute after the injection of HYZ,
all type I pO2 and all blood perfusion signals
in tumor started to decrease (example in
Figure 4b, c, d). In five to ten minutes after
the injection, these signals reached the lowest
level. On average, pO2 decreased by 80 %
(n = 13) and blood perfusion decreased by
50 % (n = 17). HYZ also induced a decrease in
respiration rate and an increase in depth of

breathing in mice, thus resulting in increased
amplitude of the movement artifact in LDF
signals. In most tumors treated with HYZ,
type I pO2 signals and blood perfusion sig-
nals started to recover very slowly approxi-
mately half an hour after the injection of
HYZ. In the type II pO2 signals (Figure 4a) no
change was observed after the injection of
HYZ. No significant changes were observed
either in the type I pO2 signals or in the blood
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Figure 4. The effect of hydralazine on tumor pO2 (a, b) and blood perfusion (c, d). The vertical line shows when
hydralazine (dose 2.5 mg/kg) was injected. All recordings are from the same tumor.



perfusion signals in control animals which
were injected with physiological saline (ex-
ample not shown). The difference in the de-
crease of type I pO2 values in tumors between
HYZ-treated and control mice was highly sig-
nificant (p < 0.001; Mann-Whitney rank sum
test) as was also the difference in the de-
crease of blood perfusion between HYZ-treat-
ed and control mice (p < 0.001; Mann-
Whitney rank sum test). 

The effect of anesthetic concentration

An attempt was made to modify the blood per-
fusion and oxygenation in tumors by a tran-
sient increase and subsequent decrease of
isoflurane concentration in the inhalation mix-
ture. An example of the results in one tumor is
shown in Figure 5. About one minute and a
half after the increase of isoflurane concentra-
tion from 1.7 % to 3 %, the blood perfusion
started to decrease, as can be seen in both LDF
signals in Figure 5c and d. With the increase of
isoflurane concentration the respiration in
mice to become slower and jerkier, which re-
sulted in an increased amplitude of the move-
ment artifact in LDF signals. The decrease of
blood flow was closely followed by a decrease
in the type I pO2 signals (Figure 5a). When
isoflurane concentration was returned to nor-
mal level of 1.7 %, the blood perfusion started
to increase within a few seconds. After a delay
of about 1.5 minutes, the type I pO2 signal al-
so started to increase. While the LDF signals
asymptotically approached the pre-treatment
value, the type I pO2 signals usually ap-
proached the pre-treatment level after an over-
shot as can be seen in Figure 5a. No changes
at all were seen during the described proce-
dure in the type II pO2 signals (Figure 5b). 

The effect of euthanasic procedure

For the purpose of validation of the measure-
ments, pO2 and blood perfusion were also
monitored during euthanasic procedure. At

the end of each measurement, the flow of
oxygen to the inhalation mixture was termi-
nated while maintaining the flow of nitrous
oxide and isoflurane. A typical example of the
effect of this procedure on pO2 and blood
perfusion can be observed in Figure 6 which
shows the last four minutes of recorded sig-
nals in one tumor. The type I pO2 signals and
blood perfusion signals rapidly decreased.
This occurred within one minute after the
shutdown of oxygen flow to the vaporizer.
The decrease of pO2 always occurred approx-
imately ten seconds before the decrease of
blood perfusion. The bottom level of pO2
reached after the death was always close to
zero in the range of -0.6 to +0.3 mmHg. The
type II pO2 signals (Figure 6b), which were
close to zero value during the whole period of
observation, remained unchanged during this
procedure. In the majority of cases, the bot-
tom level of blood perfusion reached after
death was slightly above zero value. 

Discussion

The time-resolved luminescence-based optical
method used in our study is a new method that
has only recently become available on the mar-
ket. Its use has been reported by few authors
so far.6,7,11-13 Most authors report on evalua-
tion of the new method by comparing this
method to other techniques for measuring tis-
sue oxygenation, in particular to the well-es-
tablished polarographic oximetry. By many re-
searchers, the polarographic oximetry and its
implementation in Eppendorf Histograph in-
strument is considered to be the “golden stan-
dard” for pO2 measurements in experimental
and clinical tumors. A generally good correla-
tion between the results of polarographic
method and the new optical method was
found in tumors,6,13 but there were also dis-
crepancies between the two methods in cer-
tain conditions and in different tissues.11,13

These discrepancies arose from differences be-
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tween the two methods such as the underlying
physical principle of measurement, dimension
of the probe, tissue sampling volume, and con-
sumption of oxygen by the sensor.

A typical measurement

In our study, individual values of pO2 meas-
ured with the novel luminescence-based

method at rest prior to any blood perfusion-
and oxygenation-modifying procedure were
scattered in the range of 0 to above 40
mmHg. The great inter- and intratumoral
variability in oxygenation observed in our
study is in agreement with the well-docu-
mented inter- and intratumoral variability of
many experimental and clinical tumors.14

The histogram of all measured pO2 values at
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Figure 5. The effect of transient change in anesthetic concentration on tumor pO2 (a, b) and blood perfusion (c, d).
The two vertical lines show when concentration of isoflurane was changed. All recordings are from the same tumor.



rest (Figure 2) shows a commonly encoun-
tered distribution of pO2 values in tumors
with the majority of pO2 values close to zero.
However, we did not expect the multiphase
behavior found in the type I pO2 measure-
ments (Figure 1a).

The most probable reason for the observed
phenomenon is the direct effect of the inser-
tion of the probe on the tissue oxygenation.

Steinberg et al. evaluated the injury caused by
the insertion of polarographic pO2 probe into
tumor tissue in different tumor models.15

They found clear histological evidence of tis-
sue destruction and extravasation of erythro-
cytes around the insertion channel in tumor
tissue caused by the insertion of probe. On
the other hand, Schramm et al. provided his-
tological evidence for compressed microves-
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Figure 6. The effect of euthanasic procedure on tumor pO2 (a, b) and blood perfusion (c, d). The vertical line shows
when oxygen supply to inhalation mixture was terminated. All recordings are from the same tumor.



sels in the vicinity of the tip of polarographic
sensor inserted into the rat muscle tissue.16

The capillary compression increases the per-
fusion resistance of the passing erythrocytes,
decreases the oxygen-carrying capacity of
capillaries and, thereby also the oxygenation
of the tissue in direct contact with the probe.
It is also possible that the insertion of the
probe into the tissue causes the vasoconstric-
tive reaction and subsequent deoxygenation
of the tissue.13

The following hypothesis may explain the
type I pO2 signals. The insertion of the probe
undisputedly injures the tissue in the imme-
diate vicinity of the insertion channel. Some
capillaries are ruptured and others can be oc-
cluded; a vasoconstrictive reaction in the tis-
sue can occur. All these physiological chan-
ges can decrease the oxygen delivery to the
tissue in the immediate vicinity of the tip of
the probe. This tissue might therefore be se-
verely deoxygenated immediately after the in-
sertion of the probe. This deoxygenated state
probably corresponds to the zero pO2 phase in
the type I pO2 measurements (Figure 1a). In
the period that follows, this tissue could be
re-oxygenated due to gradual restoration of
microcirculation. Gradual reoxygenation is
probably reflected in the increase phase in the
type I pO2 measurements. In case of the type
II pO2 measurements, pO2 of the tissue is
most probably so low that no further deoxy-
genation and subsequent reoxygenation
could be observed after the insertion of the
probe.

The multiphase behavior of the type I pO2
signals was never experienced in our blood
perfusion measurements. This difference be-
tween generally well correlated LDF signals
and type I pO2 signals can be explained by a
much larger tissue sampling volume in case
of LDF measurement than in pO2 measure-
ment. LDF samples a tissue volume of the or-
der of a cubic millimeter. The actual tissue
sampling volume for the new time-resolved
luminescence-based method is unknown, but

is much smaller than the tissue sampling vol-
ume of LDF. The measured pO2 values reflect
local oxygenation in a very small part of tis-
sue surrounding the tip of the probe. It is be-
lieved that this method samples pO2 in the
cells and intercellular space in direct contact
with the tip of the probe, which means a vol-
ume of about 400 cells only.7 The tissue far-
ther away from the insertion channel, which
is not affected by the insertion itself, should
therefore contribute significantly to the LDF
signal but not to the pO2 signal. 

To our knowledge, the unexpected multi-
phase behavior of pO2 has been so far report-
ed only in a recent paper by Seddon et al..13

Our results are in excellent agreement with
their results even though Seddon et al. per-
formed their measurements on non-anes-
thetized and physically restrained mice.
Other authors using OxyLite system have not
reported this phenomenon.6,7,11,12

The effect of hydralazine

The results of our study showed that hy-
dralazine at a dose of 2.5 mg/kg significantly
reduced blood flow and oxygenation of SA-1
fibrosarcoma tumors in A/J mice. The effect
was seen in all tumors in case of LDF meas-
urements and in case of all type I pO2 meas-
urements (Figure 4). The amplitude and dy-
namics of the decrease in blood perfusion
after the injection of HYZ obtained in our
study are in direct agreement with the results
obtained with LDF by other authors in vari-
ous mouse tumor models after the injection
of HYZ.17-20 Our measurements of pO2 by
means of the novel time-resolved lumines-
cence-based optical oximetry showed a pro-
nounced decrease of pO2 after the injection
of HYZ. On average, pO2 decreased by 80 %
from the pretreatment level. This decrease
was well correlated to the decrease in blood
flow measured by LDF. Our results are also in
agreement with the results of Okunieff et al.21

who showed that metabolic rate in experi-
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mental mouse tumors as measured by 31P-
NMR spectroscopy was significantly de-
creased by HYZ at a dose similar to ours. In
their study the decreased metabolism caused
by the lack of oxygen was demonstrated by
the decrease of organic phosphates and in-
crease of inorganic phosphates. Hydralazine
is an effective peripheral vasodilator that has
been used in the treatment of hypertension in
humans.22 It relaxes arteriolar smooth mus-
cle, thereby effectively reducing the peripher-
al vascular resistance and decreasing blood
pressure. In these conditions, the organism is
trying to maintain normal blood flow in vital
organs and tissues by “stealing” the blood
flow in less vital tissues.21 This “steal phe-
nomenon” is responsible for the demonstrat-
ed decrease in blood perfusion in tumors. In
our preliminary study we provide direct evi-
dence of markedly decreased tumor oxygena-
tion caused by the decrease in blood perfu-
sion after the injection of hydralazine.

The effect of anesthetic concentration

Anesthetics undoubtedly affect a number of
parameters of physiological conditions in
mice. Isoflurane used in our study is a recom-
mended anesthetic for small animals due to
its minimum side effects, stable anesthesia,
and wide safety margin. Isoflurane produces
little or no depressant effect on cardiovascu-
lar system but it causes some respiratory de-
pression.23 Nitrous oxide, which was used to-
gether with oxygen to deliver isoflurane to
anesthetized mice, has no significant effects
neither on cardiovascular nor respiratory sys-
tem.23 Despite these facts, it was shown that
a transient increase in concentration of isoflu-
rane from 1.7 % (concentration used for main-
tenance of long-term stable anesthesia) to 3 %
(concentration used for induction of anesthe-
sia) produced a significant decrease both in
the blood perfusion and in oxygenation of tu-
mors (Figure 5). Both variables decreased
with similar dynamics. When isoflurane con-

centration was returned to normal level, there
was a delay between the increase of blood
perfusion increase and that of pO2. This can
be explained by the delivery-limited oxygen
consumption in low pO2 conditions. All addi-
tional oxygen delivered by the increasing
blood flow was readily consumed until oxy-
gen delivery became abundant. When this
happened, pO2 also started to increase. The
demonstrated effect of the change of anes-
thetic concentration indicates that: i) anes-
thetic conditions should be kept as constant
as possible during the prolonged measure-
ments of tumor blood perfusion and oxy-
genation; and ii) the values of tumor pO2
measured under anesthesia are probably not
entirely representative of the pO2 in non-
anesthetized conditions.

The effect of euthanasic procedure

Tumor pO2 and blood perfusion were moni-
tored during euthanasic procedure in order to
verify if the measurements were valid. The re-
sults were as expected: the blood perfusion
and type I pO2 signals both decreased when
oxygen supply to inhalation mixture was ter-
minated (Figure 6). It is noteworthy to men-
tion that the decrease in pO2 preceded the
decrease in blood perfusion by several sec-
onds. This is a consequence of the decreased
oxygen delivery in the presence of the still
functioning blood flow. The value of type I
pO2 signals in all measurements dropped to
zero level (as it should at death). However, in
the majority of LDF measurements, there was
still some residual blood perfusion signal
present after death. This fake “blood perfu-
sion” signal experienced in the absence of
true blood flow is the so-called biological zero
signal which is usually observed in laser
Doppler measurements. The principle of
laser Doppler flowmetry is based on the
measurement of movement of red blood cells.
In case of biological zero, the movement de-
tected is predominantly Brownian motion
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(thermally induced random motion) of vari-
ous structures in the tissue.9 In the laser
Doppler signal picked up from the living tis-
sue, the ever-present biological zero compo-
nent is outweighed by a much stronger com-
ponent originating from the true blood flow.
In our measurements in tumors, the biologi-
cal zero level detected after the death of the
mice was normally less than 5 % of the total
signal level detected in tumor at rest.

Conclusions

The first very important finding of the pres-
ent study is that two distinct types of pO2 sig-
nals were encountered in tumors. Only the
type I measurements resulted in pO2 values
different from zero and, only in the type I
measurements, the effect of oxygenation-
modifying procedure could be seen. It is how-
ever possible that a procedure, which in-
creases oxygenation, might convert some of
the type II pO2 measurements to the type I
measurements. The second very important
finding is that it takes a considerable amount
of time before the type I pO2 signals stabilize
in the plateau phase. Reliable measurements of
pO2 changes can only be performed after the
signal has entered the plateau phase. But it
remains to be seen whether and to what ex-
tent the pO2 value measured in the plateau
phase represents the true pO2 as it was before
insertion of the sensor.

In our preliminary study using a novel
time-resolved luminescence-based method
for measuring the tissue oxygenation in com-
bination with a well-established laser Dop-
pler flowmetry, we have shown that both
methods can be effective in the detection of
local oxygenation and blood perfusion
changes in tumors. Good correlation between
the signals of both methods was found as it
should be found since oxygenation in tissue
depends on tissue microcirculation. It is im-
portant to note that these two methods are es-

sentially showing different things and that
their respective tissue sampling volumes are
very different. Therefore, the results of one
method can only supplement, but not replace
the results of the other. Based on our results,
we conclude that the interpretation of some
aspects of pO2 measurements with the novel
luminescence-based method requires further
investigation.
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