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Abstract The non-surgical management of patients with trau-
matic brain injury is the treatment and prevention of secondary
insults, such as low cerebral perfusion pressure (CPP). Most
clinical pressure monitoring systems measure pressure relative
to atmospheric pressure. If a patient is managed with their head
tilted up, relative to their arterial pressure transducer, then a
hydrostatic pressure gradient (HPG) can act against arterial
pressure and cause significant errors in calculated CPP.

To correct for HPG, the arterial pressure transducer
should be placed level with the intracranial pressure trans-
ducer. However, this is not always achieved. In this chapter,
we describe a pilot study investigating the application of
speckled computing (or “specks”) for the automatic monitor-
ing of the patient’s head tilt and subsequent automatic calcu-
lation of HPG. In future applications this will allow us to
automatically correct CPP to take into account any HPG.
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Introduction

The non-surgical management of patients with traumatic
brain injury (TBI) is the treatment and prevention of second-
ary insults, such as low cerebral perfusion pressure (CPP).
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CPP is the net pressure gradient that allows blood to flow to
the brain. Under normal conditions, the brain autoregulates
its blood flow to ensure a constant flow, despite blood pres-
sure. However, these homeostatic controls are often lost after
head injury. Areas of the brain that are ischaemic, or at risk
of becoming ischaemic, are critically dependent on main-
taining CPP. If CPP becomes too low then further, secondary
brain injury can occur. For this reason, the widely applied
Brain Trauma Guidelines [2] for the management of TBI
suggest the maintenance of CPP at 50-70 mmHg. CPP can
be calculated by subtracting intracranial pressure (ICP) from
the patient’s mean arterial pressure (MAP):

CPP = MAP - ICP

In most modern neuro-intensive care units, ICP readings are
taken by an ICP monitor, which is inserted through the
patient’s skull and placed in the lateral ventricle or directly
into the brain parenchyma [7]. However, these clinical pres-
sure monitoring systems measure pressure relative to atmo-
spheric pressure. A problem with using fluid-filled catheter
transducer systems to monitor ICP is the necessity to correct
for hydrostatic pressure gradient (HPG). Often the external
strain gauge transducer is zeroed at the same level as the
arterial pressure transducer. If the patient is managed in the
horizontal position, there is no column of fluid between the
sites of the two pressure monitors. If a patient is managed
with their head tilted up relative to their arterial pressure
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transducer (i.e. the arterial pressure transducer is not moved
to the same height as the ICP monitor) then an HPG is cre-
ated. The net effect of the HPG is that it acts against the
arterial pressure and can cause significant errors in calcu-
lated CPP if not corrected. For example, in a man of average
height, if the distance between the transducers is 40 cm, the
difference in height is 20 cm and the head is tilted at 30°,
then an HPG of 14.9 mmHg is created; this results in an
error of 25 % in the subsequent CPP reading.

To avoid errors in CPP, it is recommended that the arterial
pressure transducer be positioned at the level of the external
auditory meatus (EAM) and not at the level of the heart [5].
However, clinical practice surveys have found that blood
pressure measurements are often still recorded at the level of
the heart [4, 6]. Many centres attempt to correct for HPG by
instructing the bedside nurse to move the arterial pressure
transducer so that it is at the same height as the ICP trans-
ducer; however, it can be difficult to achieve a high level of
accuracy doing this manually. Existing fluid-filled catheter
transducer system technology for measuring HPG does not
lend itself well to either ease of use or low monitoring atten-
dance by bedside nurses in the intensive care environment.
What is required is nonintrusive technology that can detect
the position of a patient’s head, allowing for automatic cor-
rections of CPP to be made.

In this work we describe an investigation into the applica-
tion of speckled computing [8], for the automatic monitoring
of a patient’s head position relative to an arterial pressure
transducer. Speckled computing is a term for the use of very
small sensors (or specks) that are able to sense and process
information, and to communicate wirelessly with each other
or a base station. The use of speckled computing in medicine
has previously been demonstrated in the accurate remote
monitoring of respiratory rate and flow in patients [1, 3].

Fig.1 Positioning of prototype specks

Once we are able to establish a patient’s head position using
speckled computing it is hoped that we can use this information
to automatically calculate HPG and to subsequently generate
more accurate CPP readings. This paper describes the initial
pilot study applying this technology and evaluates the accuracy
of HPG values generated from prototype software.

Materials and Methods

Four subjects and one dummy subject had a prototype speck,
contained in a plastic case measuring approximately 5 x
3 cm, placed on their head just above the EAM, and another
prototype speck placed on their chest wall approximately
level with their heart (Fig. 1). The distance between the chest
speck and the subject’s neck and head was recorded. Each
speck contains a triaxial accelerometer that is sampled by an
on-board analogue-to-digital converter and transmitted using
a transceiver.

A fluid-filled catheter, attached to a pressure transducer
and connected to a patient monitoring system, was placed on
the subject’s head to generate a value for the HPG associated
with head position. The bed was tilted through a series of
head-up tilt positions and the reported HPG was noted. The
head-up tilt positions ranged in increments of 5 mmHg from
0 to 25 mmHg (a total of five readings per subject).

Throughout each of the head-up tilt positions, each speck
continuously reported its position via Bluetooth to a base sta-
tion. A computer program was developed to interpret the
data reported by the specks, calculating the height of the
patient’s head and the patient’s HPG.

Each speck reports data in a vector consisting of three
planes {x,y, z}. At the start of each experiment, when the bed
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was flat, the specks are zeroed, resulting in the following vec-
tor: {0, 0, 0} for each speck. As the bed is tilted, a speck ends
up at the coordinate x = {i, j, k}. To automatically determine
the height of the patient’s head from these readings, the com-
puter program proceeds through the stages described below.

Smoothing the Data

As the raw positional data reported by the speck is at a high
frequency, to reduce the complexity of this data, a moving
average algorithm is applied to smooth the data and reduce it
to one reading per second (1 Hz).

Scaling the Speck Vectors

The vectors that are returned from the two speck devices
are localised to their own coordinate systems. While this is
fine for the calculation of angles that are independent of the
real world coordinate, this is not the case for our applica-
tion; consequently the vectors from each speck need to be
scaled appropriately. Assuming that the lengths of the head
and body segments have been measured and are equal to L,
and L respectively and the vectors returned by each speck
are Sj and i , then the resultant vector for both body and
head position is:

h

h respectively: x = § + §

h

To convert each speck vector to the world coordinates
they are scaled by L/||S¢|| and L, /||S,|| respectively:
_Lgy b g
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Calculating the Change in Angle

After scaling the vectors, the reference vector is consid-
ered to be the first row of positional data taken from the

speck. Subsequent vectors of speck data are then com-
pared against the reference vector to determine the
change in angle. The following equation captures this

calculation:
6= cos™ (—}.x“f J
(EalNE|

Calculating the Hydrostatic Pressure
Gradient

For each vector comparison, the resulting change in angle is
converted into radians and from this the height of the patient’s
head is calculated. This height value is then used to calculate
the HPG at that moment in time.

HPG(in mm Hg) = (height (in metres) X gravity
x density of blood)/133

Results

The HPG value calculated by the computer program was
compared against the HPG recorded during the experiment.
Figure 2 shows a typical output from this comparison.
Table 1 displays the average difference between the actual
HPG (in mmHg) and the automatically generated value in
each of the bed tilt positions for each subject. Although the
specks continuously reported the positional data throughout
the duration of the experiment, we have only compared the
HPG values during the stable middle third of data reporting
for each bed tilt; the other two thirds of data were likely to be
associated with the movement of the bed between bed tilt
positions.

The difference between HPG values varied throughout
each experiment and ranged from approximately 0—15 mmHg
in the dummy subject and subjects 1, 2 and 4. As to be
expected, the dummy produced the strongest results as there
is little or no noise generated by other movements of the sub-
ject. When the experiment is performed on the other subjects,
there is slightly more noise generated by subtle movements to

Table 1 Average difference (in mmHg) between the actual hydrostatic pressure gradient (HPG) and the HPG generated in the experiment per-

formed without a pillow

Dummy Subject 1 Subject 2 Subject 3 Subject 4
Head tilt position 1 -1.581 1.105 15.260 28.09 -2.387
Head tilt position 2 —1.455 1.187 12.761 21.982 -5.123
Head tilt position 3 -2.153 -0.183 11.32 15.456 -2.284
Head tilt position 4 -1.97 -2.976 12.17 0.139 —6.091
Head tilt position 5 -3.105 -2.647 9.415 —8.878 -3.398
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Fig.2 Human subject number 3
(no pillow)
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take into consideration. In subject 3, we recorded much
higher error rates. However, during this particular experi-
ment, the speck positioned on the subject’s head became
loose during the experiment and at times lost attachment to
the subject, leading to inaccurate readings being generated.

Discussion

Standard practice in the management of TBI includes the opti-
mization of CPP [2]. Manual adjustment of the arterial pres-
sure transducer introduces the risk of error in this measurement.
Technology that could automate the calculation of the HPG
would result in continuous correction of CPP for patient posi-
tion changes and could reduce the demand on nursing time.

The early work reported here is encouraging; the technol-
ogy clearly has the potential to enable accurate recording of
HPG (Fig. 2). However, for each subject, at times, the calcu-
lated HPG was significantly over- or underestimated compared
with the actual HPG. This may be because the specks became
loose, or because we are reporting position data during the tran-
sition from one bed tilt position to another, which will not be
accurately recorded until the bed is in position. Future work
plans include repeating this experiment with an increased num-
ber of participants and tighter experimental controls.

Speckled computing also has the future potential to be
applied to a number of other areas in the treatment of TBI, for
example, in the automatic monitoring of respiratory rates [3],
the automatic detection of other types of patient movement
(e.g. a patient being turned in the bed) and the automatic detec-
tion and recording of treatments administered to a patient.
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