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Abstract— Endotracheal tubes (ETT) are kept in
position using inflatable cuffs. The pressure of the
cuff needs to be higher than a minimum value to
hold the ETT in place. However, pressures exceeding
20mmHg produce damage of different degrees on
the trachea. This paper shows an experimental net-
work of wireless and low power nodes for monitor-
ing the pressure of ETT cuffs (ETTC). All nodes
communicate wirelessly through an RF link with a
central station that displays values on a PC and gen-
erates alarms if values are beyond the limits pre-
scribed by the physician. The system was tested to
monitor the condition of several patient ETTC in a
coronary intensive care unit of the “Hospital Privado
del Sur”, in Bahia Blanca, Argentina.
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I. INTRODUCTION

Endotracheal intubation is regularly used to establish an
open airway in the trachea, which can be used to force
ventilation and also as part of an anesthesia delivery
system (Mansfield e al. 1993). The tube is inserted in
the trachea and is kept in place through the use of an
inflatable cuff (see Fig. 1). The cuff is inflated to a cer-
tain pressure externally in order to prevent gas leak and
pulmonary aspiration. If the pressure of the cuff is ex-
cessive, then damage might occur on the mucous and
submucous membrane by the restriction of the capilar
blood flow. On the other hand, insufficient inflation of
the cuff increments the risk of broncoaspiration (Esca-
lante and Andrade, 2005).

Fig. 1. Endotracheal tube and inflatable cuff. A syringe is usually
located at the end of the smaller tube to inflate the cuff. The pressure
sensor is located at this point.
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The pressure of the tracheal capilary perfusion has
been estimated to require 22 mmHg and follows a pro-
portional law with respect to the balloon pressure (Gan-
ner, 2001). As reported in Escalante and Andrade
(2005) the mucous membrane turns pale at 30 mmHg,
white at 37 mmHg, and blood circulation stops at 45
mmHg. These numbers suggest that blood flow is ini-
tially affected by balloon pressure levels around 22
mmHg (Braz et al., 1999) and that there exists complete
blocking of tracheal capillaries at 37 mmHg. Pressures
in excess of the perfusion pressure of mucosa and sub-
mucosa might lead to loss of mucosal ciliar (Klainer et
al., 1975), ulceration, bleeding, tracheal stenosis (Ber-
lauk, 1986), and tracheoesophageal fistula (Staufer et
al., 1981).

In Herrera-Carranza (1997), the authors recommend
the use of tubes of appropriate size, with a diameter
greater than 30mm in adults; if this recommendation is
followed, then a pressure of approximately 20mmHg in
the cuff produces an effective seal. However, even if the
initial ETTC pressure is low, a series of factors might
increase it; for example, the use of nitrous oxide, a
gaseous anesthetic commonly used in post anesthesia
care units and intensive care units (Braz et al., 1999)
due to the diffusion of nitrous oxide into the cuff (See-
gobin and van Hasselt, 1984). In addition, in this paper
we present experimental evidence showing that in pa-
tients who are mechanically ventilated, the positive end-
expiratory pressure (PEEP) set by the machine increases
the ETTC pressure significantly.

The results reported in Escalante and Andrade
(2005) and Curiel et al. (2001) strongly suggest that
monitoring the pressure of the ETT cuffs (ETTC) re-
duce tracheal pain after intubation. In Escalante and
Andrade (2005) two groups were analyzed. A first
group was monitored three times a day, and the pressure
was maintained at 20 mmHg. The second group was not
monitored. Twenty four hours after extubation 30% of
patients of the first group had moderate pain and 70%
no pain at all, compared with 80% of moderate pain and
20% with no pain at all in the second group. The case
reported in Curiel ef al. (2001) showed that after 24
hours 10% of patients with ETTC pressures less than
42mmHg showed tracheal pain, in contrast with 53.3%
of patients in the case where the ETTC pressures ex-
ceeded 42mmHg. The results reported in Guyton et al.
(1997) suggest that patients with ETTC in excess of
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25mmHg may be at risk for ischemic tracheal injury,
even if proper cuff inflation techniques are used. A
study performed in a Hospital in Sao Paulo, Brazil,
(Braz et al., 1999) showed that ETTC pressures in in-
tensive care units and post anesthesia care units are rou-
tinely high and that most professionals are unaware of
this problem. In view of these factors, several authors
have emphasized the need for regular ETTC pressure
monitoring (Braz et al., 1999; Fernandez et al., 1990 ).

In this paper we report an experimental network of
wireless sensor nodes that can be used to monitor the
pressure of ETTC in several patients at the same time.
Every node has a pressure sensor with low power con-
sumption conditioning electronics, and a wireless inter-
face that transmits the pressure information to a central
computer, or to a similar node in the network. The sys-
tem has been demonstrated in the “Hospital Privado del
Sur”, in the city of Bahia Blanca (Argentina), in a coro-
nary intensive care unit. The system is currently work-
ing in such a way that nurses can monitor data from all
intubated patients on a computer screen. The sampling
time can be programmed at will, and alarms are gener-
ated every time the pressure is outside the limits pre-
scribed by the doctors.

II. NODE AND SENSOR NETWORK
DESCRIPTION

Sensor networks have emerged as a consequence of the
evolution of integrated circuit technology that permits
the integration of sensors, conditioning and processing
electronics and wireless transmission units in a small
volume, sometimes even in a single chip (Chong and
Kumar, 2003). The underlying idea behind sensor net-
works is to have a large number of cheap and small vol-
ume sensors that can collectively monitor activity in a
given area. Minimization of volume in the design of the
node directly implies that the node energy supply will
be minimum (small batteries or solar cells), therefore
the need to make all devices with extremely low power
consumption. Several examples have been shown in the
literature illustrating applications of sensor networks in
medical care (Chong and Kumar, 2003; Shnayder et al.,
2005, Fulford-Jones et al., 2004, Malan et al., 2004;
Myung et al., 2003). The use of sensor networks for
patient care has several advantages (Airespace, 2004).
One advantage is an increase in the available time be-
tween healthcare professionals and patients, due to the
reduction of the time needed for administrative tasks.
Another advantage is improved decision making, given
that doctors have more information and real time access
to patient records, drug information, and medical re-
ports; indeed, having electronic records for patients help
significantly to reduce errors in identification, medica-
tion, monitoring, location, etc. The availability of con-
tinuous monitoring of the patient’s vital statistics -even
if the doctor is away from the patient- permits an im-
proved attention and a rapid response to condition
changes. This factor contributes not only to an improved
patient safety, but also to an increased sense of safety,
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since the patient knows that he is being constantly
monitored.

The trend is to design low power, minimum size
sensors for monitoring vital patient variables (Myung et
al., 2003), such as temperature, pressure, glucose level,
electrocardiogram (ECG) (Fulford-Jones et al., 2004),
pulse, arterial pressure, etc., and transmit the data wire-
lessly to a central unit that can interface with a local
network (Malan ef al., 2004). To the best of the authors
knowledge, no results have been reported about sensor
networks for ETTC pressure monitoring.

The node reported in this paper has three main parts:
a pressure sensor, conditioning electronics, and a wire-
less interface to communicate data (see Fig. 2). For the
measurement of the ETTC pressure, the selected pres-
sure sensor was the Motorola MPX2010 due to its small
size and pressure range. This sensor is based on a resis-
tive differential bridge with two membranes.

/ Ll it RN MR
Fig. 2. Sensor pressure board (top) showing the connection between
the pressure sensor and the cuff, the wireless board (bottom) and the
battery (right).

Fig. 3. Five stations during the calibration procedure.

The pressure range is 0 to 74.98 mmHg, and for 10V
power supply datasheets indicate an output voltage
range of [0mV 25mV] (sensitivity of 333
pV/mmHg). In order to reduce the power consumption,
and make the sensor electronics compatible with the
conditioning electronics and the wireless interface, the



Latin American Applied Research

sensor was evaluated at 3V. At this voltage supply, the
sensitivity is 110 uV/mmHg and the current consump-
tion is 1.95mA. In addition, the noise was characterized
with an INA 110 based amplifier and was found to be
38 nV/\NHz or 18V RMS over a bandwidth of 240KHz.
These pressure sensors characteristics have variations.
This is illustrated in Table 1, where the measured out-
puts of five test units to five different pressure levels are
listed. This evidences the need for a calibration proce-
dure prior to the installation of the the units. Figure 3
shows a picture of the calibration setup, where all sen-
sors were measured and compared using a column of
Hg.

Table 1. Pressure sensor variations

Press. Sensor1 Sensor Sensor Sensor Sensor
mmHg [mV] 2[mV] 3[mV] 4[mV] 5[mV]
50 7,019 5,25 5,24 5,340 5,550
40 5,562 4,230 4,300 4,470 4,380
30 3,308 3,240 3,101 3,400 3,290
20 2,147 2,140 2,020 2,307 2,740
10 1,160 1,090 1,247 1,090 1,154

A differential two-stage preamplifier based on the
low power TLV 2382 operational amplifier from Texas
Instruments, that features a current consumption of 7uA,
was used to condition the signal from the sensor. The
schematic is shown in Fig. 4.

The analog output of the preamplifier is sent to a
second board, which has a wireless station based on a
chipconn CC1000 RF chip (433MHz) and an ATMEL
Atmega 128L low power microprocessor. The micro-
processor has an 8-bit A/D converter that performs a
digital conversion of the preamplifier output. This data
is available to the RF chip that can transmit it to the
central station on request. The RF chip can transmit data
reliably over distances exceeding 100m at a speed of
4.8KB/s. The message sent over the radio is 17 bytes
long, and the structure is detailed in Table 2.
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Fig. 4. Schematics of preamplifier. This circuit amplifies the signal
from the pressure sensor with a current consumption of 7uA per op-
erational amplifier.

The central station is a receiver based on the same
RF chip, and is connected to a standard PC using the
RS232 port. The sensor is in sleep mode during normal
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operation and wakes up at intervals that can be pro-
grammed by the user. Once the sensor is up, it transmits
the information and goes back to sleep. All values are
displayed on the computer using a Matlab™ application;
Fig. 5 is a snapshot of the application screen showing
the data measured by the five pressure sensors during a
calibration experiment in the lab (no patient involved)
where the reduction of pressure was intentionally pro-
duced.

Table 2. Message structure

Field Description Size [Bytes]
Destination Addres to destination node 2

address

ID Node identification number 1

Group ID Group within the network 1

Message Body message length in bytes 1

length

Data to be transmitted: node 12
ID, pressure, node clock, base
station clock.

Body message
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The most important source of power consumption in
the proposed sensor network is due to the power con-
sumed by the communication RF link during transmis-
sion time. Therefore, it is critical to reduce the commu-
nication activity to a minimum. For debugging and test
purposes, sampling times of 100ms and 6s were used.
However, once installed permanently in the hospital, the
sampling period can be reduced significantly, given that
changes in ETTC pressure occur with very slow time
constants. Sampling intervals of 10 minutes or more are

appropriate.
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Fig. 5. Graphical interface displayed on the computer, showing the
data from five different units'. Samples are taked every 6s.

! As the interface was intended to use in Argentine hospitals, all labels
and indications are in Spanish.
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Current consumption during data transmission is
30mA and the time necessary to transmit the sensor
information is 3.6ms. The microprocessor takes 3ms to
perform an A/D conversion and assemble the packet,
and during this period consumes 15mA. In this period,
we need to add the 2mA of the pressure sensor plus pre-
amplifier electronics®. Therefore, if data is transmitted
once every ten minutes, the equivalent current consump-
tion of the node would be 7, = 30x107 -3.6x10°
/(10x60) + 17x107 - 3x107 /(10x60) = 180nA + 85nA
= 265nA. One battery of 2000mAH can sustain this
consumption for several decades. The system (micro-
processor + RF chip) current consumption in standby is
26uA, which for the same battery implies an operation
time of 12 years. However, a custom digital state ma-
chine with a very slow clock can be designed to control
the system, reducing the standby current consumption to
tens or a few hundreds of nanoamps.

III. EXPERIMENTAL MEASUREMENTS IN AN
INTENSIVE CARE UNIT

In order to demonstrate the operation of the units, an
experiment was conducted in one of the Intensive Care
Units of Hospital Privado del Sur. The unit together
with a battery was placed in a box (see Fig. 6), with an
external antenna connection and a tube to interface with
the ETT cuff. The box was connected to an intubated
patient (see Fig. 7), who was mechanically ventilated,
and data was recorded for a period of two hours.

Figure 8 shows the data recorded during the experi-
ment. The sampling time was set to 100ms in order to
see the variations produced by the patient respiration.
The PEEP of the mechanical ventilation machine was
set to 5 mmHg. Under these conditions the average
ETTC pressure was 28mmHg.

containing one station and the battery. The box has a
connector for the RF antenna and the tube to interface with the ETT
cuff.

Fig. 6. ox
At some periods of time, the PEEP of the machine
was changed by the physician, and this caused the in-

crease in the ETTC pressure. This effect can be clearly
appreciated as peaks in Fig. 8 (the drop in the middle of

% The power supply of the preamplifier stage is activated by the mi-
croprocessor only when the unit is on, and not all the time.
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the sequence corresponds to an intentional stop). The
PEEP of the machine can be set up to a maximum value
of 20 mmHg. Figure 8 shows that high values of PEEP
can produce up to 50mmHg in the ETTC, and evidences
the need for adjustment under these circumstances.
Figure 9 shows data recorded during a shorter period
of time of 20 seconds. The periodical variations are the
result of the positive and negative pressures exerted by
the ventilation machine. Actually, this data allows the
estimation of the ventilation period, around 4 seconds,
which coincided with the period set by the machine.

Fig. 7. Picture of mechanically-ventilated patient with the monitoring
unit connected.
mmHg

50

56 565 57 575 58 5.85

Time [s]
Fig. 8. Data logged over a period of two hours of operation at a sam-
pling time of 100ms. Peaks correspond to variations in PEEP. The
drop in the middle of the sequence corresponds to an intentional stop.

59 595 B 6.05 6.1

* 10

2

IV. DISCUSSION

An experimental sensor network has been proposed for
monitoring the ETTC pressure of patients in a health-
care environment. Nodes have been built using low
power electronics and wireless interfaces. A central
computer is connected to the network of sensors, and
requests information from the individual sensors with a
frequency that can be programmed. Limit values can be
programmed by the physicians in order to generate
alarms when the pressure falls outside them.
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Fig. 9. Value of ETTC pressure (relative to ambient pressure) meas-
ured during an interval of 20s of a patient with mechanically assisted
ventilation.

The prototype built, together with the relatively low
sampling rate required by this application, permits us to
conclude that ETTC sensing nodes without battery re-
placement are possible. Integration of sensor and elec-
tronics in a single chip, or a system-on-package, will
permit the miniaturization of the node. This will in-
crease the robustness of the sensor -a factor of impor-
tance because patient movements occur frequently, and
might disconnect or damage the device- and it will also
reduce the cost.

As evidenced by the results in the literature, frequent
monitoring and adjustment of ETTC pressure contrib-
utes to minimize intubation damage, and therefore to
improve patient’s health and comfort. The proposed
system provides an automated way to detect those
ETTC that need pressure adjustment without requiring
attention or time from the healthcare professionals. In-
deed, this mechanism could be used by a machine to
automatically keep the ETTC pressure correct. More-
over, as the need for manual pressure measurement is
eliminated the system provides a convenient platform to
perform more intensive medical studies, in a more effi-
cient way, with a larger number of patients and for
longer periods of time than those reported so far (Esca-
lante and Andrade, 2005; Curiel et. al., 2001; Braz et.
al., 1999).
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