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(57) ABSTRACT

A computer-implemented method of generating data indicat-
ing tension of oxygen and/or carbon dioxide in blood of a
preterm baby based upon data indicating brain activity of said
preterm baby, the method comprising receiving said data
indicating brain electrical activity of said preterm baby; pro-
cessing said data indicating brain electrical activity of said
preterm baby to generate activity data indicating length of at
least one period of relatively low brain activity; processing
said data indicating brain electrical activity of said preterm
baby to generate power data indicating power of a frequency
band of said data indicating brain activity of said preterm
baby; and combining said activity data and said power data to
generate said data predicting the tension of oxygen and/or
carbon dioxide in the blood of said preterm baby.
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BLOOD GAS DETERMINATION

[0001] The present invention relates to methods and appa-
ratus for estimating blood gas tension. More particularly, the
present invention relates to methods and apparatus for esti-
mating carbon dioxide and/or oxygen blood tension of pre-
mature babies.

[0002] Measurement of oxygen and carbon dioxide tension
in blood, that is the partial pressure of oxygen and carbon
dioxide in blood, is useful in many clinical settings. For
example, the tension of oxygen and/or carbon dioxide in the
blood of a person can be useful for evaluating whether the
person has problems with breathing, or for determining
whether ventilation of the person is working correctly.
[0003] Preterm babies often have difficulty breathing with-
out assistance and are ventilated to ensure that there is suffi-
cient gas exchange. Intensive care management of preterm
babies aims to ensure good oxygen and blood supply to tis-
sues around the body, and in particular to the brain. It is
known that carbon dioxide tension in the blood of a preterm
baby can affect blood flow to the brain of the preterm baby.
Oxygen and carbon dioxide tension in the blood are therefore
often monitored in preterm babies.

[0004] Oxygen and carbon dioxide tension in the blood ofa
preterm baby are typically measured by taking a sample of
blood from the baby. It is not desirable to take blood from a
preterm baby too often and as such a blood sample is typically
taken and tested every four hours. Whilst such tests on blood
samples provide an accurate indication of the oxygen and
carbon dioxide tension in the blood of a preterm baby, it is
desirable to be able to constantly monitor oxygen and carbon
dioxide tension in the blood of a preterm baby.

[0005] Another method of continuously monitoring oxy-
gen and carbon dioxide tension in the blood is by transcuta-
neous blood gas monitoring. However transcutaneous blood
gas monitoring requires skin heating and therefore repeated
changes of sensor location is required to avoid skin damage in
preterm babies which complicates the use of transcutaneous
blood gas monitoring in such subjects.

[0006] End-tidal carbon dioxide, indicating the level of
carbon dioxide released at the end of expiration, has previ-
ously been monitored in preterm babies, however the results
from studies using end tidal carbon dioxide monitoring are
conflicting, with some studies reporting good correlations
with blood carbon dioxide tension and others reporting clini-
cally unacceptable underestimation of blood carbon dioxide
tension with poor trending over time.

[0007] TImproved methods of determining the tension of
oxygen and carbon dioxide in blood are therefore desirable.
[0008] Itis an object of the invention to provide improve-
ments in systems and methods for determining the tension of
oxygen or carbon dioxide in blood.

[0009] According to a first aspect of the invention there is
provided a computer-implemented method of generating data
indicating tension of a carbon dioxide or oxygen in blood of
a preterm baby based upon data indicating brain activity of
said preterm baby. The method comprises receiving said data
indicating brain electrical activity of said preterm baby; pro-
cessing said data indicating brain electrical activity of said
preterm baby to generate activity data indicating length of at
least one period of relatively low brain activity; processing
said data indicating brain electrical activity of said preterm
baby to generate power data indicating power of a frequency
band of said data indicating brain activity of said preterm
baby; and combining said activity data and said power data to
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generate said data predicting the tension of said carbon diox-
ide or oxygen in the blood of said preterm baby.

[0010] By combining data in this way, it has been found that
an accurate indication of tension of the blood gas oxygen or
carbon dioxide, in blood of a preterm baby can be generated.
This realisation builds on the inventors previous work pub-
lished in “Effect of carbon dioxide on background cerebral
activity and fractional oxygen extraction in very low birth
weight infants just after birth”, Victor et. al., Pediatric
Research, Vol. 58, No. 3, 2005, in which relationships
between various EEG data metrics and blood carbon dioxide
tension in preterm babies during the first three days after birth
using one hour EEG recordings are described. Victor et. al.
concluded that lower levels of blood carbon dioxide tension
are associated with slowing of EEG and increased cerebral
fractional oxygen extraction but did not realise the significant
improvements in blood oxygen or carbon dioxide tension
estimation provided by the combination of data of the present
invention. That is, combining data as claimed provides
improved gas tension estimation.

[0011] Theterm preterm baby is intended to indicate a baby
that is born at less than 37 weeks gestational age.

[0012] The method may further comprise selecting an
activity data point of said activity data, said data point having
an associated time and selecting a power data point of said
power data having an associated time closest to said activity
data point. Combining said activity data and said power data
may comprise processing said selected activity data point in
combination with said selected power data point.

[0013] Combining said activity data and said power data
may comprise applying a first weight to said selected activity
data point and applying a second weight to said selected
power data point.

[0014] The frequency band may be a frequency band in the
range 0 Hz to 4 Hz. That is, the frequency band may be the
delta brainwave frequency band.

[0015] The power data may indicate power of said fre-
quency band relative to power of all frequency bands. Pro-
cessing said data indicating brain electrical activity of said
preterm baby to generate power data may comprise selecting
asubset of said data indicating brain electrical activity of said
preterm baby, and generating power data based upon said
subset of said data. The subset may be selected such that the
brain electrical activity is relatively stationary, that is the
frequency and amplitude components of the signal resulting
from the brain electrical activity remain relatively unchanged
in the subset of the data. The subset may be data indicating
brain electrical activity of said preterm baby during a prede-
termined time period, for example the subset may be a con-
tiguous subset of data points in a predetermined time period.
The predetermined time period may be approximately two
seconds, for example in the range one second to three sec-
onds.

[0016] In the Victor et. al. paper described above the rela-
tive power of delta EEG was generated using a 10-second
window. The inventors have realised that using a 10-second
window increases the likelihood of the EEG waveform being
non-stationary and violating one of the key assumptions of
the Fourier Transformation. The inventors have found that a
2-second window provides a sufficiently small frequency
resolution for neonatal EEGs that are generally sampled at a
low rate while also increasing the probability that the chosen
section of EEG data will be relatively stationary. Further-
more, the relative power of delta EEG band is not normally
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distributed when short periods of EEG data are analysed—
therefore the same regression model is not applicable for
continuous monitoring.

[0017] Theactivity data may indicate at least one interburst
period, that is a period of relatively low brain activity.
[0018] The method may further comprise processing said
received data indicating brain electrical activity of said pre-
term baby to filter artifacts. In the Victor et. al. paper
described above a 90” percentile of interburst intervals from
an hour of EEG recording was used such that no artifact
filtering was required. However by filtering artifacts the
inventors have realised that individual interburst periods can
be used with confidence which allows continuous monitoring
of gas tension.

[0019] Processing said received data indicating brain elec-
trical activity of said preterm baby to remove artifacts may
comprise processing said data indicating brain electrical
activity of said preterm baby to generate burst EEG data
indicating length of at least one period of relatively high brain
electrical activity; and filtering data from the received data
based upon a relationship between said burst EEG data and
said activity data. Processing said received data indicating
brain activity of said preterm baby to remove artifacts may
comprise processing said data indicating brain electrical
activity of said preterm baby to identify data outside of the
normal range of the energy of the brain activity. For example,
the artifact removal may be based upon a threshold value that
is determined by analysis of a training set of data that is
manually marked up by an expert. By automatically process-
ing the brain electrical activity to remove artifacts, improved
artifact removal is achieved.

[0020] The data indicating brain electrical activity of said
preterm baby may be electroencephalography data.

[0021] The invention can be implemented in any conve-
nient form. For example computer programs may be provided
to carry out the methods described herein. Such computer
programs may be carried on appropriate computer readable
media which term includes appropriate non-transient tangible
storage devices (e.g. discs). Aspects of the invention can also
be implemented by way of appropriately programmed com-
puters and other apparatus.

[0022] Embodiments of the invention will now be
described, by way of example, with reference to the accom-
panying drawings in which:

[0023] FIG. 1 is a schematic illustration of a system for
generating data indicating tension of carbon dioxide and/or
oxygen in the blood of a preterm baby in accordance with the
invention;

[0024] FIG. 1A is a schematic illustration of a computer of
the system of FIG. 1;

[0025] FIG. 2 is a flowchart showing processing to deter-
mine tension of carbon dioxide and/or oxygen in the blood of
a subject in accordance with the invention;

[0026] FIG. 3 isa flowchart showing part of the processing
of FIG. 2 in more detail;

[0027] FIG. 4A is a flowchart showing processing to gen-
erate interburst data suitable for use in the processing of FIG.
2

[0028] FIG. 4B is a representation of EEG data and illus-
trates generation of interburst data;

[0029] FIG.5is a flowchart showing processing to generate
relative power brain activity data;

[0030] FIG. 6 is a flowchart showing processing to pre-
process data;
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[0031] FIG. 7isarepresentation of EEG data and illustrates
pre-processing of data;

[0032] FIG. 8 shows data generated according to the inven-
tion,;

[0033] FIG. 9 illustrates data generated according to the
invention; and

[0034] FIG. 10 illustrates data generated according to the

invention and measured data.

[0035] Referring to FIG. 1, an Electroencephalography
(EEG) apparatus 1 is arranged to measure electrical activity
along the scalp of a preterm baby 2 using electrodes 3 placed
on the scalp of the preterm baby 2. Typically nine electrodes
are used which are placed on the scalp in accordance with the
international 10/20 System, although other numbers of elec-
trodes could be used although it has been found that a set of
five electrodes, for example at positions C3, C4, O1, 02 and
a ground electrode predict a blood carbon dioxide compa-
rable to nine electrodes.

[0036] A computer 4 is arranged to receive output data
generated by the EEG apparatus 1 indicating the measured
electrical activity along the scalp of the premature baby and to
process the output data to determine the tension of blood
carbon dioxide, measured in kilopascals/mm Hg, in the blood
of the preterm baby 2 and to generate an output 5 indicative of
the tension of blood carbon dioxide. For example, the gener-
ated output 5 may comprise an alarm signal when the value of
the tension of carbon dioxide in blood falls outside of a
predetermined range.

[0037] FIG. 1A shows the computer 4 in further detail. It
can be seen that the computer comprises a CPU 4a which is
configured to read and execute instructions stored in a volatile
memory 45 which takes the form of a random access memory.
The volatile memory 44 stores instructions for execution by
the CPU 4a and data used by those instructions. For example,
in use, the output data generated by the EEG apparatus 1 may
be stored in the volatile memory 4b.

[0038] The computer 4 further comprises non-volatile stor-
age in the form of a hard disc drive 4¢. The output data
generated by the EEG apparatus 1 may be stored on the hard
disc drive 4¢. The computer 4 further comprises an I/O inter-
face 4d to which are connected peripheral devices used in
connection with the computer 4. More particularly, a display
de is configured so as to display output from the computer 4.
The display 4e may, for example, display an indication of the
tension of blood carbon dioxide. Input devices are also con-
nected to the I/O interface 4d. Such input devices include a
keyboard 4f'and a mouse 4g, which allow user interaction
with the computer 4. A network interface 4% allows the com-
puter 4 to be connected to an appropriate computer network
so as to receive and transmit data from and to other computing
devices. The CPU 4q, volatile memory 4b, hard disc drive 4,
T/O interface 4d, and network interface 4k, are connected
together by a bus 4i.

[0039] Referring to FIG. 2, processing by the computer 4 to
determine an indication of the tension of carbon dioxide in the
blood of a preterm baby based upon output data generated by
the EEG apparatus 1 of FIG. 1 is shown. At step 51 activity
data interburst interval (IBI) is received. The activity data IBI
indicates duration of periods of relatively low brain activity,
sometimes referred to as interburst intervals, of the subject 2.
Activity data and the determination thereof is described in
detail below with reference to FIGS. 4A and 4B. At step S2
relative power data RP is received. The relative power dataRP
is a relative power spectral measure indicating the power of
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brain waves within a predetermined power range, for example
delta brain waves, relative to other waves and is described in
detail below with reference to FIG. 5. At step S3 tension of
blood carbon dioxide is determined based upon a relationship
between IBI and ARP, which is now described with reference
to FIG. 3.

[0040] At step S5 a data point ibi is selected from the
activity data IBI and at step S6 a point drp that corresponds to
the point ibi is selected from the relative power data RP. As
described below with reference to FIGS. 4A and 5, points in
the data IBI and points in the data RP are each generated from
time domain EEG data, typically with data normalisation as
described below, and the point drp that corresponds to the
point ibi is the point in the data RP having an associated time
closest to a time associated with the point ibi.

[0041] At step S7 the points ibi and drp are processed to
generate a predicted value for the tension of blood carbon
dioxide (pCQO,) according to equation (1):

pCO,=m+a(ibi)+b(drp) (1)
[0042] where:
[0043] m is a constant;

[0044] ais aconstant weight applied to the value ibi; and
[0045] b is a constant weight applied to the value drp.
[0046] Suitable values for m, a and b have been found to

be 6.320, 0.287 and -1.111 respectively, although it will
be appreciated that other values will provide suitable
results. For example, values in the range 1.938<m<10.
702, 0.003<a<0.571 and -2.174<b -0.048. The values
indicated above have been determined based upon
analysis of measured pCO, and ibi and drp from a data
generated from a plurality of preterm babies and it will
be appreciated that other suitable values may be deter-
mined in a corresponding way. Similar ranges of values
have been found for a reduced set of electrodes.
[0047] The data IBI and ARP are generated from EEG
output data which is processed to generate EEG data through
signal processing methods.
[0048] For example, the data IBI and ARP may be gener-
ated by placing nine electrodes on the scalp of the infant in
accordance with the International 10-20 System. Each EEG
recording contains 9 separate cerebral signals that includes
the fronto polar (Fp1, Fp2), occipital (01, O2), temporal (T3,
T4), and central (Cz, C3, C4) areas. The nine electrode signals
are arranged into a standard 12 channel observation pattern.
These channels included the following differential signals:
Fp2-T4, T4-02, Fp2-C4, C4-02, Fpl-T3, T3-O1, Fpl-C3,
C3-01, T4-C4, C4-Cz, Cz-C3 and C3-T3.
[0049] Alternatively, a subset of electrodes can be chosen
from the full set of nine electrodes, for example to reduce the
time of electrode application to the scalp of the infant. For
example, a frontal set consisting of five electrodes could
include channels Fp2-C4, Fp1-C3 and Cz as the ground. The
channels comprise time synchronized data upon which all
EEG feature calculations are performed.
[0050] The received channel data is split into two separate
processing branches and each branch carries the same signal
data to be filtered independently. One branch is filtered using
a 0.4 Hz 4" order Butterworth High Pass Infinite Impulse
Response (IIR) filter followed by a 30 Hz 6” Butterworth
Low Pass IIR filter. This filtered signal is used to calculate the
data IBI. The second branch is used for artifact detection and
is filtered using a 4™ order Butterworth IIR band stop filter
with cut off frequencies of 49-51 Hz, suppressing any 50 Hz
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electrical noise. The resulting signal may be further pre-
processed to remove artifacts as described below.

[0051] Referring to FIG. 4A, processing to generate the
data IBI is shown. At step S10 the possibly pre-processed
EEG data described above is received. The EEG data may
additionally be pre-processed as described below with refer-
ence to FIG. 6. At step S11 the data is processed to identify
bursts of activity in the data. A burst is identified from the
EEG data by identifying time periods in the data during which
the non-linear energy of the signal in any one of the channels
exceeds a predetermined threshold, where the non-linear
energy of the signal for a channel a, E_(n) is defined as
E, (n)=x,(n)x,(n-3)-x,(n-1)x ,(n-2), where x (n) is the sig-
nal value on channel a at point n. That is, a moving average
over a window length of three data points is used to determine
the non-linear energy E_(n). The value of E_(n) is further
smoothed using a moving summation window that sums
every sample value of E (n) over a one second period. This
process will delay the energy value of the signal by half a
second in real time. However, such delays are insignificant
given the smoothing of the IBI calculation that takes place.
[0052] The predetermined burst threshold used to identify
bursts in the data may be determined in any convenient way,
for example by analysis of data marked up by an expert to
indicate bursts and will typically vary depending on how
many electrodes are used in the system. For a 9 electrode (12
channel) system, a burst threshold value of 5932 has been
found to be optimal, although it will be appreciated that other
burst threshold values may be used. Interruptions of relatively
short duration, for example a duration of less than one second,
that occur during relatively long periods of activity or inac-
tivity, are ignored such that the relatively long period is not
divided by the relatively short period. The effect of an inter-
burst being split in two by an artifact is more pronounced the
longer the interburst interval. For example an interburst
period of 60 seconds would be split into two periods of 30
seconds if a short burst were to be left unsuppressed, whereas
a four second burst split into two equal parts would produce
two two second bursts. The longer interburst would have a
much greater impact on the equation and decrease the pre-
dicted CO, value.

[0053] At step S12 the bursts are processed to generate
burst data. For each burst identified at step S11 a point b is
generated having a time value corresponding to the end point
of the burst and an associated value indicating the length of
time of the burst.

[0054] At step S13 interburst intervals are identified by
determining time periods in the data during which no channel
exceeds the predetermined threshold. It will be appreciated
therefore that each time point in the data is either a burst or an
interburst and that interburst periods fall between bursts of
activity. At step S14 interburst data is generated in a manner
generally corresponding to the generation of burst data. That
is, for each interburst interval a data point 1bi is generated
having a time value corresponding to the end point of the
interburst interval and an associated value based upon the
length of the interburst interval. As illustrated below with
reference to FIG. 7, the burst data and the interburst data IBI
can be plotted based upon the time and value associated with
each point b and ibi respectively. The interburst data and burst
data may be smoothed based upon the plot at step S15 based
upon a moving average of the data. The moving average is
determined by taking a predetermined number of data points
either side of a point ibi and taking the average of all these
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points. A typical smoothing average window size is 51 points
ibi, which incurs a delay of 25 ibi time periods.

[0055] FIG. 4B shows five channels of the EEG data gen-
erated by processing the EEG output data output from the
EEG apparatus. In FIG. 4B three interburst intervals are indi-
cated, each interburst interval occurring on a different one of
the channels, although it will be appreciated that the EEG data
of FIG. 4B includes additional interburst intervals not indi-
cated. Each interburst interval is indicated on a channel of the
five channels shown, however it will be appreciated from the
description above that each interburst interval indicates a time
period in which the EEG signal of the EEG data does not
exceed a predetermined threshold on any one of the channels
of the EEG data, including any channels not shown.

[0056] Referring to FIG. 5, processing to generate relative
power data RP is shown. At step S16 EEG data is received.
The EEG data received at step S15 corresponds to the EEG
data received at step S10 of FIG. 4A. At step S17 the power of
the selected frequency band of the EEG data, typically the
delta frequency band, is determined The power of the selected
frequency band of the EEG data is determined by transform-
ing the EEG data from the time domain into the frequency
domain using a Fast Fourier Transformation and determining
the power of the data between predetermined frequencies for
atwo second window around each point such that the window
overlaps for a second for each consecutive point. For example
where the delta band is used, the power of the data between
0.5 Hz and 3.5 Hz is determined in a two second window
around each point. At step S18 the total power of all frequency
bands of the EEG data is determined for each point from the
frequency domain data and at step S19 the relative power data
RP is determined by dividing the power of the EEG frequency
band determined at step S17 by the power of all frequency
bands for each point to generate a value drp for each time
point of the EEG data.

[0057] As described above, the data IBI and data RP are
processed to determine values of pCO, providing an estimate
of the tension of carbon dioxide in the blood of the preterm
baby from whom the EEG data is acquired.

[0058] As indicated above, the EEG data may be pre-pro-
cessed to remove artifacts and pre-processing to remove arti-
facts will now be described with reference to FIG. 6. At step
S20 EEG data corresponding to the data resulting from pro-
cessing the EEG output data is received. At step S21 the EEG
data is processed to determine parts of the data that are due to
artifacts of the EEG generation process. Artifacts may be
caused for example by external contact with the electrodes 3
which may cause an electrical signal to be detected by the
EEG apparatus 1 that is not due to electrical activity of the
brain of the baby 2 and are detected by determining parts of
the EEG data that fall outside of the normal range of detected
energy threshold values.

[0059] A change in the energy of a signal may be detected
by a Non-Linear Energy Operator (NLEO) method. A pri-
mary NLEO equation proposed is

E(m)y=x(n=x(n+1)x(n-1)=4 sin?(Q)=AQ?

[0060] Where x(n) is the current (n™) sample of the signal,
Q is the frequency in radians s~ and A is the amplitude. The
second part of the equation highlights that the NLEO value is
dependent both on the amplitude and the frequency of the
signal.

[0061] Anupdated version of the NLEO spreads the depen-
dence of the NLEO value across an additional signal sample.
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This version of the NLEQO is less dependent on the current
sample and hence less prone to changes in noise:

E(n)=x(n-1)x(n-p)-x(n-q)x(n-s)

[0062] For purposes of attempting artifact measurement
embodiments of the invention may use the values 1=0, p=3,
g=1 and s=2, which results in the following secondary NLEO
equation:

E(m)=x(nix(n-3)-x(m-1)x(n-2)

[0063] The secondary NLEO equation is more sensitive to
changes in increasing frequencies than the primary NLEO
method. The secondary NLEO equation possesses a natural
notch filter at close to halfthe Nyquist frequency ofthe signal.

[0064] An artifact occurrence was estimated using the pri-
mary NLEO method. A sliding square window is convolved
with the NLEO calculations (E) to ensure that the NLEO
values transitioned more gradually between values with
respect to time. A large number of artifacts have been found to
have a majority of the power close to and greater than 1 Hz.
Hence, a window size that captured the change of the signal
over one second periods is considered to be acceptable. A
square window of size N=203 samples, which included the 3
sample signal advancement produced by the NLEO equation,
was used throughout all NLEO calculations. A summation of
the NLEO values over the window length creates a smoothed
NLEO value for each second of data. The calculation, per-
formed every sample, is shown below:

N+n-1

E®) oot = ), |
n=k

[0065] Artifact detection may be performed on a channel
by channel basis. That is, if a single channel exceeded a set
threshold, then that section of signal was tagged as artifact.
The marking of artifacts on individual channels may lead to
the reasonable assumption that signals on all other channels,
regardless of their features, were also induced by a non-
cerebral source. Hence, all channels may be be marked as
artifact and excluded from further signal analysis.

[0066] In embodiments of the invention a number of
method of artifact detection may be used, including:

[0067] The use of an amplitude threshold detector. The
amplitude detector may be arranged such that if the
maximum absolute value of any EEG channel exceeded
a set threshold, then the segment of the signal was
marked as artifact.

A=(max( eegChannels|)>threshold)

[0068] The use of the smoothed secondary NLEO equa-
tion. One embodiments use a bandwidth setting of the
range normally associated with EEG bursts, 0.1-15 Hz.
Another embodiment uses the whole bandwidth of the
EEG signal, 0-100 Hz. A 50 Hz notch filter may be
employed for the full bandwidth EEG setting to remove
any constant artifact caused by a high electrode contact
impedance. This artifact manifested itself as a constant
50 Hz signal that affected the overall artifact detection.
The maximum smoothed NLEO value across all chan-
nels may be compared against a threshold. Exceeding
the threshold acknowledged the presence of an artifact.
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[0069] Theuse of the primary smoothed NLEO equation
with a 50 Hz notch filter. Both the primary and second-
ary NLEO methods used can be summarised with the
following equation:

A=(Max(E(K), oomeq)threshold)

[0070] Ithas been found that the narrowband method (0.1-
15 Hz) may predict an artifact with 98% correct probability.
However the wide band primary NLEO method was consid-
ered, on average, to provide the highest correlation when
compared with manual markings of artifacts by clinicians.
[0071] At step S22 the parts of the data that are determined
to be due to artifacts of the EEG generation process are
filtered from the EEG data by pausing the processing of the
data until artifacts are no longer detected in the data, at which
point processing recommences.

[0072] At step S23 the data resulting from the processing of
steps S21 and S22 is processed to determine parts of the data
that indicate that the baby 2 is being stimulated at a time
indicated by that part of the data. Periods during which the
baby is stimulated are determined by identifying time points
in the data during which brain activity is relatively high and
can be determined based upon the ratio of value indicating
length of burst of a point b of the burst data to value indicating
length of interburst of a point ibi of the interburst data deter-
mined at steps S12 and S14 of FIG. 4A respectively for two
corresponding points b and ibi where two points b and ibi
correspond if they lie closest in time to one another. For
example periods at which the ratio b/ibi is greater than one
may be excluded although the value at which the ratio b/ibi
will vary depending on the value specified by the burst thresh-
old. That s, if the burst threshold is decreased the ratio will
increase due to more bursts being detected. Conversely, if the
burst threshold is increased the ratio value will decrease due
to the signal being classified as primarily interburst. At step
S24 the parts of the data that are determined to indicate that
the baby 2 is being stimulated are also filtered from the EEG
data by removing the data and at step S25 the filtered data is
output.

[0073] FIG. 7 shows an example of a mechanical artifact in
the EEG data that is to be removed. The data between lines 8
and 9 indicates a mechanical artifact occurring between times
associated with the lines, which is to be filtered. The data after
filtering is treated as a continuous dataset.

[0074] That is, where data associated with a measurement
time period is removed from the data at step S22 or S24, data
at a time immediately preceding the time period is removed
and immediately following the time period that is removed is
treated as occurring at consecutive time periods. Therefore,
artifact data creates a pause in the processing of the EEG and
prediction of blood carbon dioxide tension.

[0075] FIG. 8 shows data generated according to the pro-
cessing of FIGS. 4A and 5. A first trace labelled “Delta RP”
indicates the data RP, based upon the delta frequency band,
during a time period between 10:30:24 and 10:48:00 and a
second trace labelled “ibi (s)” indicates the data IBI during the
same time period. It can be seen that the values RP fluctuate
considerably, however a pattern of relatively low values for
points drp can be seen during a corresponding period of
relatively long interburst periods which illustrates a generally
inverse relationship between burst length and relative power.
[0076] The relationship and its significance with regard to
prediction of blood carbon dioxide tension is reiterated in
equation 1. In particular, the relationship between ibi and drp
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can be explained as follows. A reduction in carbon dioxide to
the brain has the effect of decreasing the observable ampli-
tude of the EEG signal such that interburst length generally
increases, and an increased interburst length therefore corre-
lates to an increased amount of cerebral CO,. When observ-
able EEG activity is occurring, indicating an increase in cat-
bon dioxide to the brain and causing generally lower
interburst length, the signal possesses predominantly low
frequency, high amplitude components with the higher fre-
quency components possessing much smaller amplitudes.
That is values of drp, indicating the ratio of low frequency
band relative to all other frequency bands, will increase. As
the signal enters into an interburst interval period, where the
signal is flat, the signals begin to reduce in amplitude. This
reduction in amplitude is visible in the lower frequency com-
ponents whereas the higher frequency components of the
EEG remain present. Therefore, as the signal becomes visibly
flat, the proportion of the low frequency signals to high fre-
quency signals is increased dramatically.

[0077] A third trace labelled “burst (s)” indicates length of
bursts in the data during the same time period corresponding
to the burst data determined at step S12 of FIG. 4A. A time
period beginning at a time 10:40:00 and lasting until around
10:46:00 can be seen in the data during which a large number
of bursts of relatively long length can be seen to occur and
during which interburst periods are relatively short. As
described above such a period of high activity is indicative of
aperiod of stimulation of the baby and as such is filtered from
the data. A fourth trace labelled “thresh” indicates whether a
threshold of burst length to interburst length has been
exceeded and it can be seen that during the period of high
activity the threshold is exceeded such that the EEG data
between 10:40:00 and 10:46:00 is removed from the data and
no blood carbon dioxide tension estimation is carried out
during this time period.

[0078] Typically it is desirable to continuously monitor the
tension of blood carbon dioxide. As such, typically the above
processing is carried out on EEG data that is continuously
generated from a baby. For example, the processing described
above may be carried out on EEG data that is continuously
received from a baby. It will be appreciated that in order to
generate interburst data used in the estimation of blood car-
bon dioxide tension a set of data over atime period is required
and as such the processing described above may be carried
out at relatively regular intervals, for example eachtime a data
point ibi is determined as described above with reference to
FIG. 4A.

[0079] FIG. 9 illustrates predicted CO, according to the
invention (PCQ,) inkPain ababy born at 27 weeks’ gestation
with normal cranial ultrasound scan. The EEG recording was
commenced at a time of 17:06. A clinician performed a cap-
illary blood gas at 17.37 (event A) which showed that mea-
sured blood CO, (pCQO,) was 5.25 kPa. The corresponding
PCO, at 17.37 using EEG was determined to be 5 kPa. The
baby was then extubated (taken off the ventilator) at 18.40
(event B). A rise in PCO, is recorded following extubation.
The clinician returns at 19.54 to repeat a capillary blood gas
(event C) which shows that the pCO, was 5.23 kPa. The
corresponding PCO, at 19.54 using EEG was determined to
be 5.5 kPa. Nursing staff handled the baby for routine baby
cares (nappy change etc) at 21.00 hours (event D). A rise in
pCO, is observed during this period when cares was per-
formed. The graph shows that PCO, is within 0.3 kPa accu-
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racy of blood pCO.,. It also shows that the trends/changes in
PCO, are consistent with what is expected in relation to
clinical events.

[0080] Where an observed offset is recorded between pCO,
and PCO, embodiments of the invention may include an
offset value which may be input by a user and applied to the
determined PCO, to correct toward the measured value of
pCO0, since the offset may be substantially constant for all
values of determined PCO,.

[0081] FIG. 10 illustrates a comparison between simulta-
neous transcutaneous carbon dioxide monitoring and pre-
dicted carbon dioxide monitoring (PCO,) using features of
neonatal EEG. FIG. 10 illustrates a section of continuous
prediction of carbon dioxide using features of neonatal EEG.
This predicted PCO, shows strong correlation with simulta-
neously measured transcutaneous carbon dioxide measure-
ments. Recordings were commenced at 15.30 and were car-
ried on for 1.5 hours. The trend in transcutaneous carbon
dioxide has been shown in FIG. 10a. Simultaneous trend in
PCO, over the same time is shown in FIG. 105,

[0082] Although specific embodiments of the invention
have been described above, it will be appreciated that various
modifications can be made to the described embodiments
without departing from the spirit and scope of the present
invention. That is, the described embodiments are to be con-
sidered in all respects exemplary and non-limiting. In particu-
lar, where a particular form has been described for particular
processing, it will be appreciated that such processing may be
carried out in any suitable form arranged to provide suitable
output data.

1. A computer-implemented method of generating data
indicating tension of oxygen and/or carbon dioxide in blood
of a preterm baby based upon data indicating brain activity of
said preterm baby, the method comprising:

receiving said data indicating brain electrical activity of

said preterm baby;

processing said data indicating brain electrical activity of

said preterm baby to generate activity data indicating
length of at least one period of relatively low brain
activity;

processing said data indicating brain electrical activity of

said preterm baby to generate power data indicating
power of a frequency band of said data indicating brain
activity of said preterm baby; and

combining said activity data and said power data to genet-

ate said data predicting the tension of oxygen and/or
carbon dioxide in the blood of said preterm baby.

2. A computer-implemented method according to claim 1,
further comprising:

selecting an activity data point of said activity data, said

data point having an associated time;

selecting a power data point of said power data having an

associated time closest to said activity data point; and
wherein combining said activity data and said power data

comprises processing said selected activity data point in

combination with said selected power data point.

3. A computer-implemented method according to claim 2,
wherein combining said activity data and said power data
comprises applying a first weight to said selected activity data
point and applying a second weight to said selected power
data point.

4. A computer-implemented method according to claim 1,
wherein said frequency band is a frequency band in the range
0Hzto 4 Hz.
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5. A computer-implemented method according to claim 1,
wherein said power data indicates power of said frequency
band relative to power of all frequency bands.

6. A computer-implemented method according to claim 1,
wherein processing said data indicating brain electrical activ-
ity of said preterm baby to generate power data comprises:

selecting a subset of said data indicating brain electrical

activity of said preterm baby, and generating power data
based upon said subset of said data.

7. A computer-implemented method according to claim 6,
wherein said subset is selected such that the brain electrical
activity is relatively stationary.

8. A computer-implemented method according to claim 6,
wherein said subset is data indicating brain electrical activity
of said preterm baby during a predetermined time period.

9. A computer-implemented method according to claim 8,
wherein said predetermined time period is about two seconds.

10. A computer-implemented method according toclaim 1,
wherein said activity data indicates at least one interburst
period.

11. A computer-implemented method according to claim 1,
further comprising:

processing said received data indicating brain electrical

activity of said preterm baby to filter artifacts.

12. A computer-implemented method according to claim 7,
wherein processing said received data indicating brain elec-
trical activity of said preterm baby to remove artifacts com-
prises:

processing said data indicating brain electrical activity of

said preterm baby to generate burst EEG data indicating
length of at least one period of relatively high brain
electrical activity; and

filtering data from the received data based upon a relation-

ship between said burst EEG data and said activity data.

13. A computer-implemented method according to claim
12, wherein processing said received data indicating brain
activity of said preterm baby to remove artifacts comprises:

processing said data indicating brain electrical activity of

said preterm baby to identify data outside of the normal
range of the energy of the brain activity.

14. A computer-implemented method according to claim 1,
wherein said data indicating brain electrical activity of said
preterm baby is electroencephalography data.

15. (canceled)

16. (canceled)

17. A computer apparatus generating data indicating ten-
sion of oxygen or carbon dioxide in blood of a preterm baby
based upon data indicating brain activity of said preterm baby,
the computer apparatus comprising:

a memory storing processor readable instructions; and

a processor arranged to read and execute instructions

stored in said memory;
wherein said processor readable instructions comprise
instructions arranged to control the processor to carry out the
method of:

receiving said data indicating brain electrical activity of

said preterm baby;

processing said data indicating brain electrical activity of

said preterm baby to generate activity data indicating
length of at least one period of relatively low brain
activity;

processing said data indicating brain electrical activity of

said preterm baby to generate power data indicating
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power of a frequency band of said data indicating brain
activity of said preterm baby; and

combining said activity data and said power data to gener-
ate said data predicting the tension of oxygen and/or
carbon dioxide in the blood of said preterm baby.

® 0% % % %
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