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Abstract

Object Periods of brain tissue ischemia are common after
severe head injury, and their occurrence and duration are
negatively correlated with outcome. Accurate and reliable
measurement of brain tissue oxygenation (B;p0,) may be a
key to improve patient outcome after severe head injury.
Knowledge of stability and accuracy of the B;;pO, systems
is crucial. We have therefore conducted a bench test study
of new Neurovent-PTO® (NV) and Licox® (LX) oxygen
tension catheters to evaluate the sensor accuracy, response
time to different oxygen tensions, response to temperature
changes and long-term stability.

Methods For all experiments five new fluorescent NV
sensors and five new electrochemical LX sensors were
used. The catheter probes were placed into a container filled
with a buffer solution. The solution was equilibrated with
five high precision calibration gases. The accuracy of the
probes was recorded after an equilibration period of 20 min
in O, concentrations of 5, 10, 20, 30 and 40 mmHg at 37.0+
0.2°C. The probe response to an increase in temperature
from 37.0°C to 38.5°C to 40.0°C in two different gases
with O, concentrations of 10 and 20 mmHg were analysed.
We also recorded the time for reaching 90% of a new
oxygen concentration level when switching from one
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concentration to another. Finally, to test if there was a
time-dependant drift in pO, recordings, all sensors were left
in 10 mmHg O, solution for 10 days, and recordings were
taken every 24 h.

Results In all gas concentrations, NV and LX sensors
measured pO, with high accuracy and stability in vitro
(mean differences from calculated values were for NV
0.76-1.6 mmHg and for LX —0.46-0.26 mmHg). Both
sensors showed a shorter response time to pO, increase (for
NV 56422 s and for LX 78+21 s) compared to pO,
decrease (for NV 131£42 s and for LX 215+63 s). NV pO,
values were more stable for changes in temperature, while
LX sensors showed larger standard deviations with increas-
ing temperature (the difference from the calculated values
in 19.7 mmHg O, at 40°C were for NV probes between 0.5
and 1.7 mmHg and LX between —2.3 and 1.9 mmHg). Both
sensors gave stable results with low standard deviations
during long-term (10 days) use, but with a slight elevation
of measured pO, levels by time.

Conclusions Both NV and LX were accurate in detecting
different oxygen tensions, and they did not deviate over
longer recording times. However, LX needed a significantly
longer time to detect changes in pO, levels compared to
NV. Furthermore, LX probes showed an increased standard
deviation with higher temperatures.

Keywords Licox - Neurovent-PTO -
Brain tissue oxygenation - Accuracy - Neurointensive care -
Traumatic brain injury

Introduction

Periods of brain tissue ischemia are common after severe
head injury, and their occurrence and duration are nega-
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tively correlated with patient outcome [4-7, 11, 15, 22, 23].
Continuous measurement of intracranial pressure (ICP) is a
standard monitoring procedure in patients suffering from
severe traumatic brain injury (TBI) [1, 13]. Current
management of severe head injury is based on reduction
of elevated ICP. Elevated ICP is observed in about half of
the patients with traumatic brain injury [1, 16, 18-20].
Brain tissue partial oxygen pressure (B;pO,) sensors,
introduced by the Rotterdam group, have been used for
the last decades [14]. These sensors provide additional
information of brain pathophysiology allowing detection of
critical brain ischemic episodes [10, 11]. Multimodality
monitoring and targeting of both ICP and B;pO, is
associated with reduced patient mortality rate after severe
TBI [19].

Accurate and reliable measurements of brain tissue
oxygenation may be one of the keys to improve patient
outcome after severe head injury [8, 17, 19]. However,
reliability of probe accuracy, long-term drift and response
time needs to be determined. Two types of sensors are
available based on different technologies: a Clark type of
electrochemical probe (Licox®, LX) and a fluorescent fibre
optic sensor (Neurovent-PTO®, NV). The Licox system
measures B;pO, and temperature, whereas the NV sensors
additionally measures ICP.

The performance of the LX and NV sensors under
standardised in vitro conditions are not very extensively
described in the literature, with only a few studies in vitro
for the LX and no studies for the NV sensor. Therefore, we
have conducted a bench test study of the new Neurovent-
PTO and Licox catheters to confirm the sensor accuracy,
response time, response to temperature changes and long-
term drift.

Materials and methods

For all experiments five fluorescent sensors (Neurovent-
PTO®, Raumedic multiparameter sensor, Munchberg,
Germany) and five electrochemical (Licox® (n=3) and
Licox-PMO® (n=2), brain oxygen catheter-micro-probe,
Integra Neurosciences Ltd., Hampshire, UK) sensors were
used.

The fluorescent multiparameter NV sensor contains three
optical sensors for oxygen tension (pO,), ICP and temper-
ature in one catheter probe. The NV probe has a diameter of
1.65 mm and pO, sensitivity area ~22 mm? (data provided
by manufacturer). The electrochemical Clark type LX
sensors has a diameter of 0.8 mm, sensor length of
150 mm and a pO, sensitive area of 13 mm? (data provided
by manufacturer). The NV sensors do not need to be
calibrated. For LX probes an individual chip card for each
probe was used for calibration.
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The catheter probes were placed into a liquid filled
container (Equilibrator Tonometer, RNA Medical, Devens,
MA, USA) filled with a buffer solution (Equil plus, RNA
Medical). The solution was equilibrated with five high
precision calibration gases (AGA, Enkoping, Sweden),
containing different O, concentrations (Table 1). Baromet-
ric pressure was recorded daily before each test by using a
blood gas machine (ABL 800 Flex, Radiometer Copenha-
gen, Bronshegj, Denmark). The solution was kept at 37.0+
0.2°C for the complete monitoring time except for during
the response to temperature experiments. Temperature was
measured by two precision temperature probes (Equilibrator
Tonometer integrated probe, RNA Medical and Physitemp
TH-5, Clifton, NJ, USA). Temperature was raised using a
warming box (Innova 4300, New Brunswick Scientific, NJ,
USA) as shown in Fig. 1. NV and Licox-PMO sensors
measure temperature from its multiparameter probe and
calculate pO, automatically. Licox probes have an addi-
tional probe for temperature measurements.

Accuracy tests

The equilibrator was filled with buffer solution and bubbled
with each calibration gas for a 30-min equilibration. After
each equilibration all sensors were left in the buffer solution
for 20 min with continuous measurements of pO,. The
value of pO, obtained at the end of the 20-min period was
used to determine the accuracy of the probe. The solution
was kept at 37.0+0.2°C for the complete monitoring time.

Response time

The time for the sensors to reach a new level after a change
in pO, gas concentration was defined as the response time.
At first the sensors were kept for 20 min in pre-equilibrated
liquid solution with 10 mmHg pO, gas and then placed in
solution equilibrated with 40 mmHg pO, gas for another
20 min. The time it took for the sensor to change from
10 mmHg to 90% of 40 mmHg was recorded, denoted the
90% response time. After reaching the 90% level (i.e.
36 mmHg) the sensor was replaced in the 10 mmHg gas
solution, and the 90% response time was again recorded,
i.e. the time it took the sensor to reach 11 mmHg. The

Table 1 Gas concentrations used in the study

Calibration gas pO,mmHg % O, % CO, % N,
1 5 0.687 5.6 93.7
2 10 1.42 5.6 93

3 20 2.81 5.6 91.6
4 30 42 5.6 90.2
5 40 5.6 5.6 88.8
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Fig. 1 The experimental setup for the in vitro pO, study showing the
NV (7) and LX (2) monitors collecting the data from oxygen sensors.
Two temperature probes (3) measured the temperature in the
equilibrator (4), which was inserted in the warming box (5) and
bubbled with high precision O, gases (6)

temperature was kept constant at 37.0+0.2°C during the
experiment.

Response to temperature changes

To measure the sensor response to temperature changes two
calibration gases were used (with 10 and 20 mmHg O,).
After the equilibration period the probes were left in the
buffer for 20 min for both gases. For each gas concentration
the temperature in the solution was changed starting from
37.0°C to 38.5°C and 40.0°C. At each temperature the pO,
was measured for an additional 20 min.

Long-term drift test

To test if there was a time-dependant drift in pO, recordings
two NV and two LX sensors were used, and readings were
recorded after 24, 48, 72, 96, 120, 144, 168, 192, 216 and
240 h in pre-equilibrated gas with 10 mmHg O,. The
solution was bubbled continuously and kept at 37.0£0.2°C
for the complete monitoring time.

Statistical methods

Data are presented as means + standard deviation. A ¢ test
for dependant samples was run to assess the significances
of any differences. For all the results the threshold of
significance was set at a p value of 0.05. The calculations
were done using Statistica® 8.0. Regarding the long-term
drift test, an overall test for the effect of time was made
with an analysis of variance model, for NV and LX
separately. Factors in the model were probe and time.

Results
Accuracy of pO, sensors

There was no technical failure during the calibration of any
of the probes. The pO, accuracy measurements for the
sensors using five different oxygen concentrations are
shown in Fig. 2 and Table 2. In low (~5 mmHg) oxygen
gas concentration (the exact O, was calculated to
4.86 mmHg, depending on the barometric pressure), the
mean readings for NV probes were 5.62+0.14 mmHg,
which was 0.76+0.14 mmHg higher than the calculated O,
value. LX probes showed a more accurate mean value of
5.12+£0.71 mmHg, i.e. 0.26+0.71 mmHg higher than the
reference value. When comparing the probe that gave the
lowest oxygen value with the probe that gave the highest
oxygen value, the spread was 8% of the true oxygen partial
pressure for NV, whereas for LX the spread between the
probes was 35% at this oxygen concentration. In ~10 mmHg
oxygen concentration (10.02 mmHg calculated), the readings
were for NV 10.82+0.50 mmHg and for LX 10.20+
1.04 mmHg. When measured in ~20 mmHg oxygen (with
a calculated value of 19.78 mmHg), the NV showed 20.74+
0.76 mmHg and the LX probes gave 19.36+0.99 mmHg. In
higher oxygen concentrations (with a calculated oxygen
value of 29.76 mmHg), NV showed 31.16+£0.62 mmHg and
LX 29.92+1.33 mmHg. With oxygen concentration of

Accuracy
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Fig. 2 The accuracy test for LX and NV sensors was performed with
five high precision oxygen gases. The figure show measured oxygen
tension in mmHg with LX and NV sensors compared with the
reference (calculated) value. LX and NV values are shown as mean +
standard deviation and mean+1.96xSD. Statistically significant
difference between measured and calculated O, value (*»<0.05)
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Table 2 Calculated and measured pO, values using the NV and LX
oxygen sensors

Gas pOycalculated (mmHg) pO,measured (mmHg)

NV LX
1 4.85+0.05 5.62+0.14 5.12+0.71
2 10.0£0.08 10.82+0.50 10.2+1.04
3 19.78+0.10 20.74+0.76 19.36+0.99
4 29.76+0.24 31.16+0.62 29.9+1.33
5 39.72+0.29 41.32+0.77 39.82+1.26

~40 mmHg (39.72 mmHg calculated), the NV mean read-
ings were 41.32+£0.77 mmHg and for LX 39.82+
1.26 mmHg. Thus, in all gases the mean deviation from
the calculated pO, was very small, for NV 0.76-1.6 mmHg
and for LX —0.46-0.26 mmHg. For all gas concentrations,
the small difference between NV readings and the calculated
value were significant (p<0.05). For LX sensors, there were
no significant difference between the calculated value and
the recorded value. However, this was mainly an effect of the
larger variation and spread in LX sensors, making the
standard deviation larger.

Response time

When changing from low (10 mmHg) to high (40 mmHg)
oxygen concentration, the NV sensors reacted fast in four
of five probes, within 36-55 s. In one NV probe it took 95 s
for the 90% response time. For all five probes the mean was
56+22 s (Fig. 3). The LX probes reacted somewhat slower
in the same test, ranging from 45 to 103 s (mean 78+21 s;
Fig. 3).

Figure 3b reflects the 90% response time when switch-
ing sensors from high oxygen concentration (40 mmHg) to
low (10 mmHg). This test took longer time for both types
of sensors. NV sensors needed 131+42 s and LX sensors
215463 s; this difference was significant (p<0.05).

Long-term drift

For long-term measurements (240 h), probes were inserted
in the equilibrated tonometer containing gas with 10 mmHg
oxygen concentration, and readings were taken every 24 h.
The pO, in the equilibration gas was calculated depending
on the barometric pressure for each day (mean value + SD=
10.02+0.11 mmHg, in absolute values ranging between 9.8
and 10.2 mmHg).

Individual NV sensors read pO, between 9.6 and
11.8 mmHg (mean value = SD=10.83+£0.59 mmHg), as
shown in Fig. 4. Individual LX sensors read between 10.0
and 13.0 mmHg pO, (mean value = SD=11.09+£0.74 mmHg).
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There was a significant difference between the calculated
value and the NV probe measured values (p=0.0003).
However, there was no trend towards a time-dependant
increase or decrease in estimations. Instead, we observed only
minimal fluctuations over time. For LX probes there were no
statistical difference (p=0.36) between calculated and mea-
sured oxygen values due to larger variations between the
probes.

Response to temperature changes

To detect the sensor response to temperature changes, the
tonometer was equilibrated with two different oxygen
concentrations (10 and 20 mmHg), and the temperature
was raised from 37.0°C to 38.5°C and to 40.0+0.2°C. With
the oxygen concentration of 10 mmHg, the pO, value for
NV probes were slightly higher at all temperatures (ranging
between 10.82 and 10.94 mmHg) compared to the
calculated value (9.92-10.02 mmHg; Fig. 5a). For LX
sensors the mean value of 10.0+0.63 mmHg was equal to
the calculated value. At higher temperatures (38.5—40.0°C),
the standard deviations increased for LX probes up to
1.20 mmHg.

With 20 mmHg oxygen concentration, the pO, measured
was different for both NV (p<0.05) and LX (NS; Fig. 5b).
In all measurements, the LX probes read lower mean values

Response time from low (10 mmHg) to high (40 mmHg)
oxygen concentrations and reverse
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Fig. 3 The response time for LX and NV sensors. Time (seconds)
needed to reach 90% of expected (calculated) pO, value when
switching probes from a low (10 mmHg) to high (40 mmHg) oxygen
concentration and from b high (40 mmHg) to low (10 mmHg) oxygen
concentration. NV was significantly faster than LX in the response
from high to low oxygen concentration. Data of LX and NV are shown
as mean + standard deviation (SD) and mean+1.96xSD. Statistically
significant difference between LX and NV response time (*p<0.05)
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Fig. 4 Long-term drift test for
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(18.9 to 19.14 mmHg), and the NV probes read higher
mean values (20.74-20.78 mmHg), compared to the
calculated value (19.7+£0.1 mmHg). As temperature became
higher, LX sensors standard deviation increased from 0.4 to
1.55 mmHg, while the NV probes standard deviation
decreased from 0.76 to 0.44 mmHg.

Discussion

Measurement of brain tissue oxygenation may be an
important contribution to the neurointensive care of head
injured patients. In order to safely use and interpret data
from commercial available systems for BpO, measure-
ments, we wanted to test the sensors regarding accuracy of
absolute values, drift over time, variation with temperature
and response time of changes in pO,.

There are some clinical and experimental studies
regarding the reliability of local brain tissue pO, sensors
showing accurate, safe and stable measurements [2, 3, §, 9,
12, 20, 22, 23]. However, there are only a few in vitro
studies for electrochemical LX sensors [2, 8] and no studies
for fiberoptic NV sensors. In clinical practice it is crucial to
safely differentiate ischemic (5—-15 mmHg) from normal
(20-50 mmHg) pO, values [18, 21, 22], and therefore there
is a need for in vitro validation studies of the monitoring
devices.

To determine pO, system accuracy, sensitivity drift,
response time and response to temperature changes, we
used the same experimental setup for both sensors (LX and
NV), similar to previous studies [2, 8]. To avoid technical
errors, high precision O, gases were used, temperature was
controlled, and the pO, value in the tonometer solution was
calculated depending on atmospheric pressure.

1 2 3

Accuracy

Our tests confirmed that both LX and NV oxygen probes
were highly accurate in measuring the oxygen partial
pressure at different clinically relevant oxygen concentra-
tions. In all gas concentrations, the LX sensors mean value
were the closest (0.1-0.42 mmHg) to the reference value,
though with relatively high standard deviations (0.71—
1.33 mmHg). On the other hand, NV probes read slightly
higher mean values (0.76-1.6 mmHg), not significantly
different from LX, but with higher precision, i.e. less
standard deviations (0.14-0.77 mmHg). We conclude that
both sensors, even though based on different technologies,
read partial oxygen pressure ranging from low to high
concentration satisfactorily good and both systems are
clinically eligible. The results from the LX sensors are
comparable with recent data from Hoelper et al. [8]. To our
knowledge, there is no previous independent report using
NV sensors.

When the measured values were compared with the
calculated oxygen values in low oxygen concentrations (5
and 10 mmHg), our data for the electrochemical LX probes
showed a difference between 2.1% and 5.3%, which should
be compared with previous data from the study by Dings et
al. [2] where the difference was between —4.5% and 9.0%.
For the NV probes in our study the difference from
calculated values ranged between 4.0% and 10.2%. Neuro-
trend® (NT), another fibre optic oxygen sensor system,
showed differences between 4.8% and 25.87% in the study
by Dings et al. [2]. However, the experimental setup was
quite different between ours and their study. For example,
Dings et al. evaluated the sensors in a pO, of 0 and
42.7 mmHg but without using a buffer solution and not
correcting pO, for local barometric pressure [2].
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Response time

The pO, sensor response time is an important clinical
factor. We analysed the response time to reach the pO, level
from low (10 mmHg) to high (40 mmHg) oxygen
concentration. The experimental setup was similar to the
study reported by Hoelper et al. [8], but different oxygen
concentrations were used (7.13 to 57.03 mmHg) in their
study. In the low to high oxygen response test, the LX
sensors (in our study) required 78.2+21 s compared to 129+
27 s in the study by Hoelper et al. [8]. The fibre optic
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sensor response time was practically the same for NV in our
study (56.2+22 s) and NT used in the other study (55+19 s)
[8]. When going from high to low oxygen concentration in
our study, both LX and NV sensors needed longer response
time, LX sensors 215+£63 s and NV 131+42 s. In Hoelper
et al. [8], LX needed 174+26 s and NT 98439 s.

The results from the two studies cannot be compared
directly due to different oxygen concentrations used, but the
results are relatively consistent and illustrate the magnitude
of the response time needed for the different systems, that
the response time is shorter for NV and NT (fiberoptic
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systems) compared to LX (electrochemical system) and that
the response time is longer from high to low oxygen
concentration for all systems. It is obvious that the response
time is good enough for the clinical situation for all
systems.

Long-term drift

Of major clinical importance is the question whether there
is a drift in sensor accuracy over time. In clinical practice,
an observation period for B;pO, of 7-10 days is to be
expected. In our test of long-term drift we measured the
accuracy for 10 days under stable conditions. We found that
both LX and NV catheters performed well during this
period, with a mean pO, difference from the calculated
value of less than 1 mmHg, which is supported by the
results from Hoelper et al. [8] who did a 5-day long-term
drift test in ~20 mmHg oxygen concentration. Although the
in vitro long-term drift tests showed stable levels, the
stability after long-term use in patient needs to be assessed.

Response to temperature changes

In clinical studies using the LX system, Stocchietti et al.
[21] observed brain tissue pO, changes related to changes
in brain temperature. We therefore wanted to study the
influence of temperature in the range between 37.0°C and
40.0°C in two different oxygen levels. The results showed
that there was no temperature effect on NV probes. With
the LX system an increased standard deviation was
observed with increasing temperature. In the clinical
situation, this must be considered when the brain tissue
oxygen value approaches the assumed critical threshold
level.

Conclusions

LX and NV sensors measured pO, with high accuracy and
stability in vitro, but the precision was higher for NV
sensors. Both sensors showed a shorter response time to
pO, increase compared to pO, decrease. LX sensors needed
a significantly longer time to detect changes in pO, levels
compared to NV. NV pO, values were stable for changes in
temperature, while LX sensors showed less accuracy with
increasing temperature. LX and NV sensors gave stable
results with low deviations during long-term (10 days)
use.
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