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Abstract: Critical care medicine is the specialty that cares for patients with acute life-threatening illnesses where intensiv-
ists look after all aspects of patient care. Nevertheless, shortage of physicians and nurses, the relationship between high
costs and economic restrictions, and the fact that critical care knowledge is only available at big hospitals puts the system
on the edge. In this scenario, telemedicine might provide solutions to improve availability of critical care knowledge
where the patient is located, improve relationship between attendants in different institutions and education material for
future specialist training. Current information technologies and networking capabilities should be exploited to improve in-
tensivist coverage, advanced alarm systems and to have large critical care databases of critical care signals.

INTRODUCTION

In many areas of medicine, physicians can often postpone
decisions about patient care until they have been debated in
committees; however, in critical care medicine, physicians
must constantly take both general and specific decisions.
Moreover, critical patients are nearly always undergoing
different treatments and procedures. Although timely deci-
sions are required for both decisions and procedures in criti-
cal care, the type of training that will enable the physician to
reach them is different in each case. Short-term, specific
training will enable staff to make procedures; however, the
clinical skills and judgment required for decision making can
only be acquired with years of experience.

Closed intensive care units (ICUs), i.e. those in which
critical care specialists take charge of patients, have better
outcomes than open units [1]. Thus, one might expect closed
units to gradually replace open units. However, a survey of
intensive care chiefs in Canada revealed that no specialists
were present in about 50% of the units and that specialists
were only present a few hours each day in another 25%. In
fact, 90% of the units did not meet the staffing standards
recommended by the Society of Critical Care Medicine [2].
This situation is apparently worse in the United States [3, 4].

There are several reasons for this problem. First and
foremost, there is a dire shortage of critical care specialists.
To make matters worse, even if enough specialists were
available to staff intensive care units, it is unlikely that the
system could afford it. This makes it extremely difficult for
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most hospitals to implement a model in which an intensivist
is always present in the unit. And, given unparalleled growth
in the demand for intensive care coupled with limited or null
growth in the number of intensivists, this situation will only
become worse and worse unless there is a profound change
in the current paradigm [5].

However, the problem begins far before admission to the
ICU. Critical care often begins in an ambulance. The emer-
gency department is the main route of access to the hospital:
excluding admissions for births, 55% of all hospital admis-
sions go through emergency departments [6].

In this scenario, one might expect more resources to be
assigned to emergency departments to counterbalance in-
creasing demand for emergency services. Unfortunately, this
has not happened. In fact, budgetary limitations have even
led to reduced funding [7-11].

Organizational problems also abound. Transfer teams are
poorly integrated with hospital emergency departments,
leading to inefficient use of the available resources and de-
lays in diagnosis and treatment that can cost thousands of
lives. For example, more than half a million ambulances are
turned away from emergency departments in the United
States each year [12].

Medical emergencies are a growing problem. Statistics
from the Department of Health of the United Kingdom show
that emergency consultations have increased at an annual
rate of 6% since 1994. To deal with this growth, diverse
strategies have been employed with the aim of optimizing
the use of resources. One such strategy involved changing
from a first-in first-out system, where patients are visited in
the order in which they arrive, to a system that assigns prior-
ity in function of the patient’s degree of emergency. This
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solution, however, is not without problems. In a scenario
with limited resources, faster attention to emergencies leads
to delays in attending the remaining patients. Since the popu-
lation became aware of this system of prioritization, emer-
gency calls have increased 8% yearly (about 30% more than
visits to the emergency department). This means that false
emergency calls, practically unheard of in the mid 1990s,
now account for about 20% of all emergency calls (1.1 mil-
lion false emergencies in 5.6 million calls per year) [13].

Another, compounding problem is that emergency de-
partments also suffer from a shortage of qualified staff, so
that the number of units staffed by physicians has slowly
decreased.

The impact of delays in attending trauma victims has
been known for nearly a century. An analysis of the mortal-
ity of French soldiers in the first world war showed that 10%
of the soldiers who were resuscitated within an hour of being
wounded died compared to 75% of those who were resusci-
tated 8 hours after being wounded [14]. These data seem to
have influenced Dr. R Adams Cowley in postulating the
“golden hour” concept. Even if a particular time frame does
not seem to be based on hard evidence [15]. It is clear that
delays in resuscitation have a profound impact on outcomes.
With time, evidence has accumulated that rapid attention is
critical not only for trauma victims but also for cardiovascu-
lar emergencies, neurological emergencies, acute attacks in
chronic respiratory disease, and sepsis.

In June 2006, after three years’ work, a commission des-
ignated by the United States Institute of Medicine presented
the results of a study about the future of medical emergen-
cies [16-18]. Their principal recommendations could be
summarized in four points:

. Integration of the different stages in patient care. Care
for patients with medical emergencies, from the pre-
hospital stage to hospital discharge, should be inte-
grated, and changes from one stage to another should
ideally be imperceptible.

. Proper channeling. Not all hospitals are appropriate
for all patients: both the needs of the patient and the
specialties and services available at a hospital vary
widely. A system that works correctly should refer
each patient to the most appropriate institution avail-
able.

. Guarantee of best practice according to current
knowledge. In each stage of care, the patient should
receive the best treatment available. This involves
two principal aspects: not only is it necessary to guar-
antee what is done but also when it is done.

. Possibility of evaluating the results of the system. The
system can be considered to be working properly only
if it can be shown that its results meet expected qual-
ity standards. Therefore, the system should be
planned so that its results can be easily measured and
compared. Ideally, the system should contain tools to
enable the cause of errors and malfunctioning to be
determined so that they can be corrected.
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THE PROBLEM OF RISING COSTS

When healthcare expenditures are analyzed, two points
become clear:

. These expenditures are astronomical and they repre-
sent a very high percentage of the GNP in all the sys-
tems studied.

. These expenditures are rising faster than ever.

Healthcare expenditures in the United States increased by
6.9% in the year 2007 (twice the rate of inflation), reaching
2.3 trillion dollars, which represents 16% of the GNP. Al-
though these figures seem alarming, future projections are
much worse. It is estimated that by 2016 healthcare expendi-
tures will reach 4.2 trillion dollars; if the economy grows at
the rate predicted when the growth in expenditures was esti-
mated (early 2008), healthcare expenditures will represent
20% of the GNP (and a much higher percentage if the cur-
rent financial-economic crisis results in a recession)[19].
This is a problem not only for the national budget but also
for the individual worker’s budget: in 2007, the average
worker spent $1400 more on healthcare than in 2000 [20].
Unless a radical change occurs, in 2008 the current trend will
result in healthcare expenditures that surpass families’ ability
to save, placing families in debt or forcing them to reduce
expenditures in other areas [21]. In a survey conducted by
the Wall Street Journal and NBC, nearly half of those sur-
veyed named the cost of healthcare as their main concern
[22].

Studies show that the main reason that people give up
medical coverage is the high cost involved [20] and econo-
mists have found a good correlation between increases in
healthcare costs and decreases in medical coverage in the
population [23].

To explain these disproportionate costs (especially in a
system where 47 million people have no medical coverage
[24], numerous arguments have been put forth: inefficiency,
excessive administrative costs, poor administration, inade-
quate care (with an enormous increase in costs due to medi-
cal error), waste of resources, and fraud. In the analysis of
avoidable expenditures, apart from the need to develop a
more efficient system with lower administrative costs, one
point that stands out is the need to reduce medical error. A
report from the United States Institute of Medicine [25]
shows the severity of the problem: not only does medical
error kill between 44, 000 y 98, 000 persons per year in the
United States (where 43, 458 deaths were attributable to ve-
hicular accidents and 42, 297 to breast cancer), but it also
costs the system between 17 and 29 billion dollars per year.

Although the system in the United States seems highly
inefficient (the United States spends six times more money
per capita on the administration of healthcare resources in
comparison to countries in Western Europe [26] the situation
is also alarming in other developed countries. Healthcare
costs represent 10.9% of the GNP in Switzerland, 10.7% in
Germany, 9.7% in Canada, and 9.5% in France [24].

A bed in the ICU costs eight times as much as bed in a
general ward [27] and personnel costs account for 64% of
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these costs [28]. Considering these points, it is evident that
with the current paradigm, the shortage of specialists is not
the only reason why ICU staffing often fails to meet the
standards proposed in international recommendations: even
if enough specialists were available, the system probably
would not be able to pay them.

The care and monitoring of critical patients in critical
care units (ICU), operating rooms and emergency depart-
ments have evolved in the framework of the model in which
the specialist is present in the same place as the patient. The
specialist must be physically near the patient not only to per-
form medical acts and procedures but also to monitor the
patient’s evolution, deal with monitor alarms, access the
clinical history, see the medical images, and finally take the
appropriate decisions. Whereas a physician must be physi-
cally present to perform procedures such as placing a central
venous line or intubating a patient, there is no reason why
the rest of the physician’s responsibilities cannot be fulfilled
from a remote location. Moreover, considering that the level
of skills and training necessary for these two types of tasks
are clearly different, there is no reason why the same person
should be in charge of carrying out both kinds of tasks. Thus,
the shortage of specialists might give rise to an alternative
arrangement. In this model, a paramedic or physician-in-
training is physically present with the patient while a special-
ist is on call to assist with those problems that go beyond the
training and experience of the professional who is present.
This model has been implemented alone or as a complement
to the traditional arrangement (usually to cover nights,
weekends, and holidays). While this is a good alternative for
dealing with a complex task in a less-than-ideal situation, it
has at least two obvious flaws:

1. The staff present with the patient must be able to de-
tect a problem to be able to call for help. Paradoxi-
cally, detecting problems is one of the tasks that re-
quire the most training.

2. When the specialist is called in, he or she must take
decisions on the basis of clearly limited sources of in-
formation. Elements like the shape of the airway
pressure curve, the variation in pulse pressure, the
profile of the capnogram, the ventilatory pattern, the
medical images, the EKG can only be considered
through information transmitted by staff with less
training. This increases the risk that potentially valu-
able information will be lost and adds to the level of
uncertainty associated to the decision.

The second problem can be solved by changing the type
of connection between the specialist and the less experienced
staff physically present with the patient. If the voice connec-
tion is replaced or supplemented by a data connection, it is
possible to transmit all the information necessary to enable
decision making in a way that closely resembles the hands-
on paradigm.

Telemedicine can also help resolve the first of the two
problems. Intelligent aggregating (using automatic processes
and intelligent alarms) could alert the specialist to potentially
dangerous changes in the patient’s status even when less
experienced staff would not be able to detect a problem.

In addition to the direct advantages discussed above,
telemedicine can bring indirect benefits to this scenario. The
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most refined telemedicine systems should integrate informa-
tion from the hospital information system, including the data
from monitoring devices. The acquisition and standardiza-
tion of these signals would dramatically increase the seman-
tic value of medical registers. More importantly, this infor-
mation could be used for other purposes.

CURRENT ALARM SYSTEMS

Whereas only 10% of patients admitted to ICUs require
major interventions, 77% are admitted solely for monitoring
purposes [29], and ICUs are equipped with devices that can
monitor physiological variables of interest. As the response
time to dangerous events is crucial, monitoring systems
normally sound an alarm to alert staff to potentially risky
situations. Despite technological advances in this area, the
situation remains far from ideal:

The technologies used by monitoring systems produce
signals with variable signal-to-noise ratios (SNR), which
means that the reproducibility of these signals is also vari-
able. Furthermore, device manufacturers’ main concern is to
eliminate false negatives (in which a true event goes unde-
tected) while false positives (sounding an alarm when there
is no real risk to the patient) are accepted as a necessary
though annoying evil. However, the combination of a low
threshold for alarms and noisy signals has generated a seri-
ous problem in critical care units. Even in the operating
room, where patients are usually deeply sedated and often
under the effects of muscle relaxants, Kestin et al. found that
only 3% of the alarms corresponded to an event that repre-
sented a real risk to the patient [30]. The situation is worse in
the ICU, where patients tend to be awake and occasionally
agitated (producing noisier signals). In a pediatric ICU, Law-
less [31], found that less than 6% of the 2, 176 alarms acti-
vated during the observation period were clinically impor-
tant, yielding a positive predictive value of 7% for pulse
oximeters, 16% for capnographs, 3% for ventilators, and 5%
for EKGs. With an average of 4.3 devices with monitoring
capabilities per patient [32], and up to 10 alarms per device
[33], the magnitude of the problem is evident. Three aspects
are of particular concern:

1. The frequency of false alarms is probably one of the
reasons why the response to alarms is often delayed
(or nonexistent). In 2002, the Joint Commission on
Accreditation of Health Care Organizations reviewed
23 cases of death or severe lesions associated to me-
chanical ventilation: they found that the problem was
related to delayed attention to alarms or failure of
alarms to activate due to inappropriate parameter set-
tings in 65% (not a single case of equipment malfunc-
tioning was detected) [34]. One survey of 23 anesthe-
siologists and vascular surgeons [35] found that only
heart rate and blood pressure alarms were configured
(apparently the rest were turned off) and with such
extreme limits that even definitely dangerous situa-
tions would not be detected. Moreover, even in this
scenario, personnel tolerated alarms sounding for as
long as 10 minutes before responding [35].

2. ICU patients and staff are exposed day and night to
noise levels above the 45Db recommended by the
Environmental Protection Agency, with peaks of
90DD (typical of measurements taken 10m from a ma-
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jor highway) [36]. This has been related to the poor
quality of sleep of ICU patients [37], and burnout in
ICU nurses [38].

3. Staff attending false alarms costs money.
SOPHISTICATED ALARM SYSTEMS

Incorporating more complex algorithms into current
monitoring systems could substantially alleviate the prob-
lems caused by alarms:

1. To date, signals have been treated as if they were un-
related. Even though the signals from the EKG and
respiratory plethysmography are measured by the
same sensors, malfunction of one of the electrodes
usually sets off a low-level EKG alarm (electrode dis-
connected) and a maximum level plethysmographic
alarm (“Apnea”).

2. Furthermore, a specialist rarely considers data from a
single device in isolation. Understanding physiologi-
cal and pathophysiological phenomena requires a
more global vision: considering bradycardia, hyper-
tension, and increased intracranial pressure together
provides much more information than sum of its
parts. Although each of these elements can result
from multiple causes, the combination of the three al-
terations drastically reduces the level of uncertainty
and points to the Cushing reflex. Once again, having
the signals available for measurements, calculations,
and inferences brings added value in telemedicine.

3. Occasionally, temporal variations in vital parameters
provide more information than the parameter alone. A
heart rate of 90 bpm is completely normal in some
circumstances; however, if it was 60 bpm an hour ear-
lier, there may be cause for concern.

An advanced telemedicine system that can acquire sig-
nals from different devices would make it possible to in-
crease the degree of integration.

Once the information is acquired from the monitoring
devices, alarms are no longer limited to sounds emitting
from a patient’s bedside (or from the nursing station). The
telemedicine device can employ diverse gateways to send
alarms to e-mail addresses, paging devices, cell phones, etc.
Moreover, in addition to alerting a remote specialist to a po-
tentially dangerous event, a system of scalable alarms can
come into effect if the problem is not solved within a deter-
minate time frame--for example, sending an SMS to a super-
visor (or activating the remote monitoring system).

Specialists’ Recommendations

The final aim of programming an alarm is to improve
patients’ safety. However, in an environment where qualified
human resources are scare, merely sounding an alarm about
a potentially dangerous event does not guarantee that this
objective will be met. Thus, incorporating medical informa-
tion acquired from specialists into monitoring systems could
help us understand these phenomena and suggest solutions
for these problems. The level of integration achieved and the
quality of the structuring of the information in the medical
records will determine the usefulness of the information ac-
quired.
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Calculating Parameters

Sometimes, it can be very useful to combine elements
from different monitoring devices. Measuring the volume of
expired CO2 (rather than the pressure of CO2 in expired
gases, usually available) enables the approximate state of the
patient’s metabolism to be estimated, and some parameters
calculated from volumetric capnography provide information
about the condition of the lungs and cardiovascular function.
If the information from the ventilator flow sensor were com-
bined with information from the patient’s capnograph
(nearly always available in mechanically ventilated patients),
information about the volume of expired CO2 would be eas-
ily available without the need for additional equipment.

Automatic Curve Analysis

Current monitoring systems show waves and values. Al-
though alarms typically sound in function of values, analyz-
ing curves can provide much more information. For instance,
the appearance of a P2 wave greater than the P1 wave in the
intracranial pressure trace can alert to a decrease in intracra-
nial compliance, persistent airway flow at end-expiration can
confirm the presence of autoPEEP, a marked variation in the
pulse pressure can suggest the usefulness of intravenous
fluid loading, etc. Specialists usually analyze curves at the
bedside, but making sense of curves normally requires ex-
tensive training. However, once the information from the
signals from the devices has been acquired by a telemedicine
system, it is relatively simple to implement automatic proc-
esses to evaluate these phenomena and the information. For
this purpose, it is important for the information to be avail-
able in a format independent of the manufacturer of the
monitor or ventilator.

INTEGRATING TELEMEDICINE AND E-LEARNING
SYSTEMS

At least nowadays, one part of staff training - the part
centered on the acquisition of skills - requires the physical
presence of both teacher and pupil. However, much training
involves the acquisition of the theoretical knowledge that
makes up most of the curriculum, and this objective can be
accomplished equally through either traditional or e-
Learning arrangements.

Given the potential consequences of medical errors,
healthcare professionals receive extensive training and are
expected to maintain errors to a minimum. Case-based learn-
ing systems (medical residency programs, for example) yield
the best results. However, these systems are labor intensive
and consume enormous amounts of resources and time. Fur-
thermore, this kind of learning can increase patient morbidity
and mortality. This is where e-Learning can help most.
Computer simulations can replicate the intellectual processes
involved in case-based learning.

In the late 1990s, Brandon Hall, editor of e-Learning
Magazine, predicted that 50% of training in 2003 would in-
volve some kind of electronic training. According to the In-
ternational Data Corporation, in the United States alone, the
volume of e-Learning business in 2003 was over 11 billion
dollars, reflecting a sustained annual growth of approxi-
mately 83% over a five-year period. Although the corpora-
tive sector accounts for most of this growth, the advent of
cheaper, more powerful computers, together with more and
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better specific programs, has brought these tools to the aca-
demic environment.

E-Learning comprises many different strategies with very
different levels of technological development. At one end of
the spectrum, e-Learning is nothing more than the delivery
of electronic documents for office applications (text files,
electronic forms, slide presentations). In this approach, com-
puters merely change the way contents reach students; the
characteristics of the learning process remain unchanged. At
the other end of the spectrum, sophisticated simulation sys-
tems allow the rules of the process to be changed, facilitating
case-based learning. Unfortunately, in most simulations sys-
tems the number of cases that can be introduced is limited
during the programming stage.

Integrating telemedicine and e-Learning systems could
be highly advantageous. The system would make it possible
to save interesting cases and to construct a teaching library.
Cases in the library might include information about the
problem and solutions tested to enable the posterior analysis
of the actions undertaken and the effects brought about by
different maneuvers or changes. Thus, rather than simula-
tions, this approach would enable learning based on real
cases as well as on the mistakes made.

Cases could be enriched by attaching notes, commentar-
ies, summaries from the clinical history, audio layers with
messages including recommendations from specialists, etc.
to the registers (to the extent that these elements can be ag-
gregated as superimposed layers, the original registers re-
main unchanged).

All the information about the use of the material (view-
ing, commentaries, invitations, questions) could be regis-
tered and ready to be exported to any e-Learning system.

TECHNICAL REQUIREMENTS
Communication Channel

A communication channel is a medium through which
information is transmitted between two points. Some charac-
teristics of the communication channel determine the func-
tionalities that can be expected from a telemedicine system.

Bandwidth of the channel is its capacity or the amount
of data that the medium can theoretically transmit in a given
time. As available bandwidth is not unlimited, any applica-
tion that transmits information between two points must be
designed with these limitations in mind. The ideal system is
scalable and adaptable to the capacity of the different chan-
nels through which the system functions; in other words, it is
a system that is capable of taking advantage of the maximum
capacity of the medium used for the transmission of the in-
formation.

Dataflow is the continuity or fluidity of transmission
during the communication. The flow measures the real per-
formance of the channel; it depends on the bandwidth and
the delay in delivering the information that the medium can
guarantee in practice. Dataflow is even more important than
bandwidth: in systems that transmit information in real time,
in which constant updating is crucial, flow is what really
determines the suitability of the channel. Whereas dataflow
in fixed networks generally has upper and lower limits, the
problem is worse in mobile networks because it is practically
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impossible to guarantee a minimum dataflow due to aspects
like coverage or network congestion. Therefore, systems that
function through mobile networks must be designed with the
limitations of this medium in mind, such as oscillations in
the dataflow of the channel and even loss of the connections.

Telemedicine systems handle sensitive data that must
operate on channels that can guarantee the security and pri-
vacy of the information. There are diverse methods to main-
tain the security of a system, among others, the use of virtual
private networks (VPN), encryption techniques, or certifi-
cates and digital signatures.

Accuracy

In any system for the practice of telemedicine, the value
of the information transmitted depends on its quality, repre-
sentation, and reliability. In these critical systems, all data
with questionable quality, representation, or reliability are
worse than worthless because they could lead to medical
errors and consequent risks. Both the channel and the system
used are essential for ensuring the validity of the information
in these terms.

Whenever waves and not only isolated values are trans-
mitted, it becomes essential to identify the minimal informa-
tion that defines the profile and characteristics of the curves.
The characteristics of current communication channels (with
the corresponding restrictions regarding capacity and
dataflow) make it essential to determine the minimum vol-
ume of data required for a complete and unequivocal repre-
sentation of the waves transmitted.

Interface

It is equally important to present the information in a way
that facilitates the reading of these curves. The telemedicine
system’s interface, the nomenclature of the waves, and the
type of presentation should be homogeneous; therefore, they
should be independent of the devices generating the signals.
In these cases, it is best if the system handles the homogeni-
zation of these signals and their processing (their interpola-
tion and the adjustment of the different clocks) to ensure a
clear, totally synchronized presentation that reliably repro-
duces the original curves. Another desirable factor to im-
prove readability and facilitate comprehension is the integra-
tion of diverse sources under the same interface. This can be
achieved by constructing systems capable of handling all the
tasks or, more frequently, of guaranteeing the communica-
tions among different systems responsible for solving punc-
tual problems.

Standards

Communications among different systems can be ensured
through standards for the storage and communication of
data. Although its implementation is far from complete, HL7
(Health Level 7) is a set of standards for the electronic ex-
change of medical information that will probably become the
standard in telemedicine. HL7 encompasses clinical and ad-
ministrative information; its most commonly used specifica-
tion is a messaging standard for the electronic interchange of
healthcare data between systems and subsystems on the one
hand, and between these and the hospital information system
(HIS) on the other. This makes it possible, for example, to
assign specific tests or results to a specific patient in the HIS
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or in the corresponding system. The storage standard is even
less well defined, with the exception of the DICOM (Digital
Imaging and Communication in Medicine) format, which is
widely used for images. Although DICOM was initially cre-
ated for the management, storage, printing, and transmission
of medical images, its definitions have been expanded to
include other types of data, such as physiological waves
(DICOM Waveform). Taking into account DICOM’s enor-
mous level of penetration and the number of viewers avail-
able, it is likely to become the storage standard for other data
apart from medical images.

Synchronizing capture and ensuring sufficient definition
not only help make all these signals easier to understand,
they are also essential to enable these signals to be used for
research, teaching, expert systems, and data mining.

CONCLUSIONS AND IMPLICATIONS

Telemedicine has obvious advantages: it enables special-
ists to attend patients that need them in situations where hu-
man resources are unavailable or economically unviable.
Nevertheless, these direct advantages can even be surpassed
by the indirect advantages related to the possibility of acquir-
ing, normalizing, synchronizing, and storing medical signals.
In the very near future, it will be possible to amplify the
reach of alarm systems, improve their specificity, and enable
the setting off of qualitatively different alarms: in addition to
emitting sounds at the patient’s bedside, e-mails, SMS, or
pager messages can be sent immediately or according to a
predefined scaling system when problems are not satisfacto-
rily solved. Not only will this change the way medical
knowledge is applied, but also they way knowledge itself is
produced. Applying data-mining techniques to large data-
bases of medical signals can generate huge amounts of in-
formation and lead to a new strategy for formulating hy-
potheses to be tested with the scientific method. Further-
more, this would make it possible to explore the signals in
ways that are impossible with the naked eye, such as signal
analysis in different temporal domains, of which frequencies
are probably the most widely known. It is even reasonable to
expect that these analyses might reveal systematic alterations
in one or more signals before the onset of an event. Thus, we
can consider the possibility of emitting alerts about events
that might occur as well as those that have already occurred.
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