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INTRODUCTION
In recent years, strong evidence has grown up re-

garding the convenience of telemedicine solutions in 
several contexts [1]. The efficacy of many telemedicine 
systems was proved in terms both of clinical goals 
achieved and of economical factors [2]. Due to the 
dramatic progress and concomitant decrease in costs 
of electronics and telematics [3], several individuals 
have gained access to efficient, even wireless, com-
munication solutions [4]. For this reason, a strong in-
crease has become possible in a specific telemedicine 
area, which is telemonitoring outside the hospital, i.e. 
at patient’s home or very close to it [5-7]. 

Typically, home monitoring is adequate for chronic 
diseases, which require long term health care activi-

ties. Among these diseases, some are those related with 
respiratory problems, such as asthma or obstructive 
pathologies [8-10].

The medical instrument that we have recently de-
veloped relies in fact in the field of home monitor-
ing of patients with chronic respiratory diseases. It 
is able to measure or collect several parameters of 
clinical relevance, such as: i) blood oxygen satura-
tion and pulse rate; ii) oxygen level in the O2 unit; 
iii) parameters coming from external instruments: 
the most relevant are a spirometer, a capnometer, 
and a non-invasive blood pressure measuring de-
vice; iv) parameters from pulmonary ventilators, al-
so without any digital port for communication (old 
type ventilators). At prescribed time intervals, all 
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the stored data are then transmitted to a Web server 
directly through the Internet.

MATERIALS AND METHODS
Architecture of the medical instrument
The general architecture of the instrument is re-

ported in Figure 1. The instrument is made of a main 
board, including the main CPU and related electron-
ic components, and of several electronic units for the 
I/O functionalities of the instrument. Moreover, the 
main board has five slots, which allow insertion of 
five different electronic boards for parameter measur-
ing or interfacing to the external instruments. This so-
lution allows great flexibility and modularity: in fact, 
only the electronic boards necessary for the specific 
patient can be mounted, depending on the external 
instruments that the patient is connected to. 

Main CPU
The main CPU is based on the Rabbit 3000 micro-

processor. This microprocessor has an instruction set 
similar to that of traditional microprocessors (such as 
Z80/Z180), but with improvements that facilitate de-
velopment in C language. Rabbit 3000 is also equipped 
with several peripherals on-board (both serial and par-
allel ports, timers, real time clock, interface of “glue-
less” type to memory and to I/O devices).

Some components are directly connected to the 
main CPU: a 512 KB Flash chip for the firmware 
of the instrument, a 512 KB SRAM chip for storage 
of variables during firmware execution, the backup 
battery and the CPU supervisor, which acts as CPU 
watchdog, and possibly commutes between the nor-
mal power supply line and the backup battery.

Modem
The instrument is equipped with an internal modem, 

which allows direct access to the Internet through 

TCP/IP protocol, included in the main CPU firmware. 
The integration of the modem inside the instrument 
allows saving space at the patient’s home. The modem 
module matches all the requirements in terms of safety 
and of electromagnetic compatibility. Communication 
rate can reach 56 kbps. Other components are also 
part of the modem unit, for protection against peaks 
of current and of voltage (TVS diodes, one restorable 
fuse, and one varistor). It is also worth noting that for 
safety reasons the modem unit is electrically insulated 
from the external telephone line.

Ethernet interface
The core of the Ethernet interface is a controller 

produced by Realtek with full-duplex functional-
ity: it allows contemporary reception and transmis-
sion over a connection to an Ethernet hub. It sup-
ports three types of Ethernet networks: 10 Base-T, 
10 Base-2, 10 Base-5. For the physical connection 
to the Ethernet, the instrument is equipped with a 
special connector of RJ45 type, which also includes 
a filter for EMI reduction, and a separation block. 
Inclusion of these blocks already in the RJ45 con-
nector allows saving space on the main board.

USB interface
It is based on an USB port controller, which im-

plements the whole USB stack. It works both with 
USB 1.1 and 2.0 format. An USB filter is also in-
cluded, located between the port controller and the 
physical port connector, thus allowing ESD protec-
tion and EMI reduction: problems of interference 
are common on high speed lines (up to 12 Mbit 
per second) like those in an USB port. Moreover, 
a small EEPROM has been inserted, to store the 
Vendor ID and the Product ID, that each USB de-
vice must be equipped with. When the instrument is 
connected to a PC through the USB port, the latter 
acts as ”Host”, whereas the former acts as “Device”. 
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Fig. 1 | Block diagram 
of the telemedicine instrument.
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For this reason, the physical connector of the instru-
ment USB port is of the “B receptacles” type.

IrDA interface
The IrDA interface has two main functionalities. 

First, it allows sending commands to the instrument 
through the remote control: that could be of great 
convenience for patients with difficulties in move-
ments (or, even worse, always in bed), because it 
could be uncomfortable for them to reach the instru-
ment keyboard. Second, the IrDA interface allows 
connection to a notebook, PDA, or mobile phone, 
equipped with IrDA interface.

To realize communication with the remote control, 
the basic component is an IrDA encoder/decoder. This 
component transforms the signals from the IrDA to 
the UART format. It typically works at 9600 baud. 
Furthermore, to realize possible interface with a note-
book, PDA, and mobile phone, an IrDA stack con-
troller is used, produced by Microchip. This compo-
nent includes all the IrDA protocol layers, which are 
necessary to communicate with the above-mentioned 
devices. The transmission speed is 115200 baud.

Bluetooth interface
Bluetooth is currently the most promising technol-

ogy for wireless communication in an indoor envi-
ronment. The advantage of Bluetooth compared to 
IrDA (or infrared technology in general) is that the 
former does not require being in line of sight: within 
its communication range, also the presence of an 
obstacle (such as a wall) does not prevent communi-
cation, differently from infrared. 

Moreover, Bluetooth technology performs frequen-
cy hopping over 79 channels, each displaced by 1 MHz 
(in the ISM band, between 2.402-2.480 GHz), at 1600 
hops per second. Bluetooth protocols also implement 
other solutions related to security of the communica-
tion, such as data encryption and user authentication. 
All these features can be particularly convenient when 
managing sensitive data such as clinical ones. 

In the instrument, Bluetooth functionality was 
obtained through an OEM module with Bluetooth 
qualification. The module is interfaced to the main 
CPU through a serial port, and communication 

occurs through a high level protocol implemented 
on both sides. 

Speech unit
The speech unit can provide to the patient some 

vocal information about the instrument state, pos-
sibly related to some commands selected by the pa-
tient through the remote control of the instrument. 
Moreover, the health professional (GP, or special-
ist), which has seen the patient’s data through the 
Internet, can also send him a message related to the 
patient’s current state of health. Through the speech 
utility, the patient can listen to the message.

The core of the speech unit is a DSP audio proces-
sor: a stream of bit in MPEG format (MP3), in input 
to this component, is transformed in analog format. 
After proper filtering and processing the related sig-
nal can drive an acoustic speaker.

Other components of the main board
The main board is also equipped with connectors 

to a nine buttons keyboard, and to a graphic display 
(240×64 pixels). A slot is also present for MultiMedia 
or Secure Digital card, which allows memory expan-
sion to several megabytes.

Measuring and interface boards: general concepts
The main board is also equipped with five slots 

for insertion of the measuring and interface boards. 
The former are the blood oxygen saturation board 
and the ventilation board, whereas the latter are the 
spirometer board, the capnometer board and the 
non-invasive blood pressure (NIBP) board. Through 
the interface boards our instrument acts as a digital 
recorder, thus collecting the data measured by the 
connected external instruments. It is worth noting 
that the instrument slots are equivalent, and hence 
there is not a fixed slot for each measuring and in-
terface board: one board can be inserted in any of 
the five slots. That means maximum flexibility in the 
configuration of the instrument.

The main components, common to both measur-
ing and interface boards, are reported in Figure 2. The 
electric insulation of the measuring/interface board 
from the main board guarantees separation among 

Connector to slot on
main board

Electric
insulation

Microcortroller

Data memorySupervisor RS232 driver Connector to
external instruments Fig. 2 | Block diagram of a generic 

measuring/interface board.
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our instrument and the external instruments connect-
ed. Thanks to this architecture, an abnormal event in 
the main board (peak of voltage or current) will not 
propagate to the measuring/interface board, and vice-
versa. This is important for both the safety of all the in-
struments and, especially, of the patient. Furthermore, 
the separation between two external instruments con-
nected to our instrument is double: a first separation 
is present between the interface board related to one 
external instrument and the main board, and a second 
separation between the latter and the interface board 
related to the other external instrument. Insulation is 
realized through fast optoisolators for data lines, and 
through DC/DC converters.

The core of the measuring/interface board is a micro-
controller (PIC18F6620 component from Microchip), 
equipped with Flash and RAM memory, and several 
peripherals such as timers, serial ports, A/D convert-
ers, PWM signal generators. An additional memory 
for data storage (FRAM type) is also present. 

The RS232 driver is necessary in the case that a con-
version from TTL/CMOS level to RS232 level (0-5V 
to ±9V) is required for connection to the external in-
strument. In the case that the external instrument has 
outputs already in TTL/CMOS format, the RS232 
driver is excluded through a proper jumper. A proper 
connector is present on the board for physical con-
nection to the external instrument. Finally, several 
components are present for protection from abnor-
mal electrical events and for EMI reduction, similarly 
to what already reported for the main board.

The connection between the main board and the 
measuring/interface boards is driven by the main 
CPU: at prescribed intervals, it sends sequentially 
to the boards a query, asking for board state, and 
for possible presence of data coming from the ex-
ternal instruments. Depending on the answers from 
the boards, the main CPU performs the necessary 
actions, such as transmission of data collected from 
the boards.

Blood oxygen saturation board
Although the reported architecture is common for all 

the measuring/interface boards, some differences are 
present between the different boards. A special board 
is the blood oxygen saturation measuring board. In 
fact, it includes an OEM module from Nellcor, MP506 
(accuracy: ± 2 units for saturation in 1-100% range, ± 3 
units for pulse rate in 20-300 bpm range). 

By integrating this module, it is not necessary to 
connect to an external pulse oximeter to get blood 
oxygen saturation and pulse rate. The patient only 
has to wear a pulse oximetry probe (a finger probe, 
typically), which is connected directly to one con-
nector of the saturation board. 

A second connector is present in the saturation 
board, since it also allows connection to an O2 unit 
for measurement of the residual oxygen level.

Ventilation board
Another special board is the ventilation board. This 

board allows connection to all the ventilators, also 
those missing any electrical communication port. In 
fact, an air flow sensor is inserted into the patient’s 
circuit, i.e. inside the tube that brings air from the 
ventilator to the patient. This flow sensor provides 
a resistance to the air flow, through a proper lumen 
reduction. The flow sensor is then connected to the 
ventilation board, where a differential pressure sen-
sor measures the pressure difference at the extremi-
ties of the flow sensor. Since the flow resistance is 
fixed and known, an estimation of both espiratory 
and inspiratory patient’s air flow is obtained from 
the pressure difference. Other derived parameters, 
such as the the total volume of air inspired in a res-
piratory cycle, are then obtained at firmware level.

The ventilation board is indeed the most unusual 
board among those developed so far: in fact, it is 
a mixture of electronic components and connection 
lines, and of mechanic components and hydraulic 
tubes (Figure 3).

Fig. 3 | The ventilation board.



105teleMedIcIne deVIce In respIrAtory cAre

RESULTS
 Assessment of performance 
of the measuring/interface boards
The instrument was extensively tested in different 

configurations, both with one measuring/interface 
board only, and with several boards installed at the 
same time (up to five, accordingly to the number of 
slots in the main board). In fact, it is easy to open 
the instrument case, and insert the boards in the 
slots, as depicted in Figure 4.

We established some test procedures to evaluate 
the performance of the boards. To test the satura-
tion board, we performed test sessions lasting 18 
hours, where the instrument measured and stored a 
new sample of oxygen saturation and of pulse rate 
every second (the acquisition protocol can be select-
ed within a wide range of different protocols). 

In the first instants of the test session, the instrument 
was connected to a pulse oximetry simulator (Nellcor, 
SRC-MAX). First, the simulator value for saturation 
was set to 75%. The pulse rate was set to 60 bpm. A 
technician checked that the instrument displayed the 
values provided by the simulator, with error not higher 
than 1 unit for saturation and 3 bpm for pulse rate. 
Second, the test was repeated with simulator vales 
equal to 90% for saturation and 200 bpm for pulse rate, 
with the same acceptance criteria as before. Next to the 
end of the 18 hours test session, the two tests with the 
simulator were repeated. After test session end, results 
of the session were further controlled through a sim-
ple data visualization tool on a PC: the instrument was 
connected to the PC, and data downloaded and dis-
played. The total number of acquired samples for both 
saturation and pulse rate had to be as expected (3600 
samples per hour × 18 hours = 64800 samples).

Test sessions were also performed for the evalua-
tion of the ventilation board. To this purpose, we 
connected a commercial pulmonary ventilator to 
the ventilation board through the air flow sensor, 
and completed the experimental setup with a three 
liters balloon, simulating the patient (Figure 5). We 
imposed on the ventilator 15 breathes per minute, 
and air volume of 8 liters per minute. Then, we 
started the test session; again, each session lasted 18 
hours. At the beginning of the session, the techni-
cian checked on the instrument display that the res-
piratory rate and the inspiratory/expiratory volume 
were as expected. We accepted errors not higher 
than 5%. At the end of the session, collected sam-
ples were again checked on the PC, as well as the 
number of samples (15 samples per min × 60 min 
×18 hours = 16200 samples).

The interface boards for connection to a spirom-
eter, a capnometer and a NIBP device were tested 
with similar procedures (not reported here for brev-
ity). It must be noted, however, that in these cases 
our instrument only performs the acquisition of 
the measures provided by the external instruments. 
Therefore, possibilities of problems and abnormal 
behaviour were lower than in the saturation and 
ventilation board.

 Assessment of reliability of remote transmission 
through the Internet
A critical element among the instrument func-

tionalities is the remote transmission of the data 
through the Internet. In fact, due to the integrated 
TCP/IP protocol, the instrument can connect di-
rectly to a server over the Internet, and hence the 
collected data can be easily made accessible through 

Fig. 4 | Internal view of the instru-
ment, showing some measuring/inter-
face boards inserted vertically in the 
slots.
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a Web application. The data transmission can occur 
in two different modes: automatic mode, where the 
instrument transmits at a prescribed time, and man-
ual mode, where transmission is started by pressing 
a proper button on the keyboard. 

The communication sessions were proved to be ro-
bust, and usually were performed correctly. The in-
strument was configured to perform up to three at-
tempts of connection and transmission. In the case 
of any problem, however, an error code is stored 
within the instrument memory, and made accessi-
ble through the display. Examples of possible errors 
that were experimented during the tests are reported 
in Table 1. It is worth noting that more refined error 
information is stored into a log file, which is trans-
mitted to the server together with the data files. That 
allows remote diagnosis of technical problems pos-
sibly occurred. Afterwards, appropriate actions can 
be performed, if  necessary: since communications 
between the instrument and the server is designed to 
be bidirectional, it is possible to send to the former 

a new setup file, thus changing some instrument pa-
rameters, and also a new firmware version for both 
the main CPU and the microcontroller of the meas-
uring/interface boards.

Summary of test results
The results of all the tests performed over the in-

strument units produced between 2003 and 2005 
are reported in the Table 2. Apart for 2003 where 
only a few units were produced, in 2004 and 2005 a 
significant number of tests were performed over the 
produced units. It can be noticed that the percentage 
of test failure (score) was already low in 2004, and it 
decreased in 2005.

 
 Preliminary trials on patients
Some preliminary tests have been performed on 

fifteen patients with amyotrophic lateral sclerosis. 
The patients were informed about the aim of the 
tests, and gave their consent. The patients generally 
expressed positive comments about easiness in the 

Fig. 5 | Experimental setup for 
testing of the ventilation board 
(respiratory balloon, our instrument, 
a commercial pulmonary ventilator, 
from left to right, respectively).

Table 1 | Possible errors during the communication between the instrument and the Web server

Error code Meaning

1 The instrument has been switched off during the inizialization of the communication (before connection to the server)

2 Errors in the inizialization of the internal modem

3 Problems in the authentication to the Internet POP

4 Problems in resolving the IP address of the destination (the server)

-1
Connection timeout: the instrument is contacting the server, that is present on the Internet, but it does not answer within the 
expected time intervals

-2 Loss of connection: the instrument has connected regularly to the server, but connection has been interrupted for some reasons

-3
Request for connection closure by the server: the server has probably received unreliable data packets from the instrument, and 
hence decided to stop the connection

-4 Impossible to connect to the server (for unknown reason)

-5
Timeout during socket closure: the communication has occurred regularly, but during the closure of the connection an error has 
been detected
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use of the instrument and in making the proper set-
tings, thanks also to the big display. Furthermore, 
they particularly appreciated the presence of the re-
mote control, which made comfortable some opera-
tions from the bed, such as decreasing the intensity 
of display light and stopping the acoustic warning 
at sleep time. All the patients transmitted to the 
server several data, which the health professionals, 
with proper permissions, displayed through the in-
strument Web application. An example of data dis-
play for blood oxygen saturation and pulse rate is 
reported in Figure 6. It must be noted that all the 
patients were using a pulmonary ventilator. Related 
clinical parameters are reported in Table 3.

DISCUSSION
We developed a medical instrument for home mon-

itoring of patients with respiratory diseases. Indeed, 
several respiratory diseases can benefit from home 
monitoring solutions, such as asthma or obstructive 
pathologies [9, 10], but also less common problems 

Table 2 | Summary of test results on the instrument units 
produced in 2003-2005

2003 2004 2005

Non conformity during tests 0 28 6

Total of tests 12 1838 1796
Score 0.0% 1.5% 0.3%

Fig. 6 | Portion of the Web page in the instrument Web application displaying blood oxygen saturation and pulse rate data.

Table 3 | Parameters of pulmonary ventilation in the studied 
subjects. For each parameter the mean over a monitoring ses-
sion was computed in each subject; then, mean and standard 
deviation (SD) over the group were computed.

Mean SD

Inspiratory volume (ml) * 538 55.4

Expiratory volume (ml) * 530 51.0
Respiratory rate (bpm) 15.0 4.4
Maximum inspiratory flow (ml/s) 534 138
Maximum expiratory flow (ml/s) 563 152
Ventilation (l/min) 8.1 2.3
Maximum inspiratory pressure (cmH2O) 19.2 7.2

* during one breath.
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such as sleep apnoea [11] or post-operative recover 
after lung transplantation [12].

The instrument is a medical device compliant to 
the Directive 93/42/EEC. Since it is an active device 
for diagnostic purposes through non-invasive meas-
urements of physiological parameters for short time 
intervals, it was allocated in Class IIa. 

In several home monitoring platforms, transmission 
of clinical data from the patient’s home to the central 
database and, generally, communication between the 
patient and the health professionals, requires a per-
sonal computer or a similar device, such as a note-
book, palmtop computers or PDAs [9, 11, 13]: typi-
cally, the medical instruments collect the data of in-
terest and download them to the personal computer 
(via serial port or even wirelessly), and finally they are 
sent to the remote site. We can claim that direct, inde-
pendent functionality of remote data transmission is 
still quite rare in a medical instrument, except for tra-
ditional methods, such as transtelephonic transmis-
sion used especially for ECG monitoring [14], which 
however has several limitations and usually requires 
patient’s intervention. Conversely, our instrument is 
able to directly transmit the collected clinical data to 
the remote central database. In one of our previous 
home monitoring instruments, the transmission oc-
curred through the telephonic network in a point-to-
point configuration. That required several modems 
connected to the server at the remote site. In fact, 
since communication between modems is one-to-one, 
a sufficient number of modems must be present re-
motely to fulfil possible contemporary calls from the 
patients’ homes. Moreover, a long distance call could 
be necessary depending on the location of the patient’s 
home. These problems are overcome in the presented 
new instrument, where the included TCP/IP proto-
col allows transmission of data through the Internet. 
Here, the modem call is not to the remote server but 
simply to a local Internet POP, and at the remote site 
a Web server is present with sufficient bandwidth, but 
with no need of any array of modems. It is worth not-
ing that the data transmission can be both manual 
(by pressing a proper button) and automatic, at pre-
scribed time intervals: in the second case, no attention 
is required from the patient.

The instrument has been designed to act as a dig-
ital recorder of several clinical parameters. Some 
are measured directly, whereas other parameters 
are collected from external instruments. At the mo-
ment, the number of external instruments which 
can be connected to ours is limited. In particular, 
some instruments of interest in the monitoring of 
respiratory diseases have been considered (the most 
relevant are one spirometer, one capnometer, and 
one NIBP measuring device). On the other hand, 
any pulmonary ventilator can be interfaced, since 
the interface is realized at the patient’s circuit level, 
and this is another advantage of our instrument. 
Furthermore, due to the design of the instrument, 
interfacing different external instruments for future 
applications will be straightforward: new boards 

to be inserted into slots have to be developed only, 
without affecting the main board and the other in-
strument components. Therefore, other instruments 
for ambulatory or domiciliary use will be possibly 
connected, such as an ECG monitor, a glucometer 
or coagulation monitoring device, for possible ap-
plication of the home monitoring system in differ-
ent pathologies, such as diabetes [15]. In fact, we 
believe that several chronic diseases could benefit 
from home monitoring of some key parameters, es-
pecially if  the system is designed to be automatic for 
patients and with easy access to the measured data 
for the health professionals.

The instrument architecture, based on slots for 
insertion of the measuring/interface boards, allows 
flexibility and modularity: for each patient, only 
the boards needed for telemonitoring of his clini-
cal condition can be mounted, and that can lead to 
decreased system costs. The cost of telemedicine 
systems is in fact a crucial issue. The question about 
cost-effectiveness of telemedicine was posed already 
more than one decade ago. In fact, in [16], it was 
claimed that high amount of moneys were invested 
in telemedicine projects, but the cost-effectiveness 
was not proved also due to the difficulty in the esti-
mation of telemedicine costs. To this purpose, spe-
cific economic models have been developed, in the 
attempt to overcome the main difficulties related 
to the economic evaluation of telemedicine, such 
as underlying technology changing extremely rap-
idly and sample size of the telemedicine trials often 
small [17]. Despite of these efforts, economic evalu-
ation of telemedicine remain difficult, as recently 
noticed in [18]. Nonetheless, some reviews about 
the cost-effectiveness of telemedicine experiences 
were attempted. In [19], more than 500 articles on 
telemedicine were considered, and the conclusion 
was that no sufficient evidence was provided about 
cost effectiveness. However, it must be noticed that 
only a small percentage of the considered works 
(around 10%) provided economic considerations 
and hence were studied in the review. Furthermore, 
some other reviews provided different conclusions. 
In the already mentioned study [2], 66 articles were 
identified that included economic considerations 
of telemedicine experiences and comparison with 
a non-telemedicine alternative, and more than half  
of such experiences suggested that telemedicine had 
advantages over the alternative approach, also in 
economic terms. Similar results were also found in a 
more recent work by the same authors [20]. 

In conclusion, the cost-effectiveness of telemedi-
cine is still a subject for debate, but some positive 
evidences have been already shown. Our personal 
feeling is that telemedicine, and especially home tel-
ecare, will gain increasing diffusion in the next years, 
due to the concomitant factors of decreased cost for 
technology and ageing of population.
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