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Abstract

The need for better acquisition and monitoring of patient physiological information within
and outside of healthcare settings is especially important, as our healthcare system prepares to
care for an aging population of more critically ill patients. Monitors serve several purposes,
including: identification of shock and abnormal cardiac physiology, evaluation of cardiovas-
cular function, and/or to allow for optimizing titration of therapy. An important function of an
effective monitoring device is the reliable detection of abnormal physiology. Despite much
research on the use of monitoring techniques in critical care, there is little evidence to support
improved outcome related to routine use of monitors. Mainstays of invasive monitoring in the
ICU include central venous pressure monitoring and arterial pressure monitoring, with pul-
monary arterial monitoring reserved for occasional patients with multisystem disease. Recent
trends in monitoring have included development of less invasive monitoring techniques that
yield a number of cardiovascular parameters potentially useful to clinicians. New noninvasive
measures of tissue perfusion (e.g., StO,) have significant potential for identification and treat-
ment of pathophysiologic states resulting in inadequate tissue perfusion. Developers of new
monitors, despite facing regulatory requirements that are less stringent than those of drug
manufacturers, will increasingly be expected to demonstrate clinical efficacy of new devices.
In the final analysis, the most important “monitor” is a caring healthcare provider at the patient
bedside carefully evaluating the patient’s response to intervention and therapy.
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All exact science is dominated by the idea of approximation (Bertrand
Russell, 1870-1972)

23.1 History

The treatment of shock is closely related to healthcare
workers’ experience during times of war. Ambroise Pare, a
French military surgeon practicing during the sixteenth
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century, first described ligature to control bleeding in 1545.
Experiences during World War I resulted in a clear under-
standing of the need for operative interventions for bowel
perforation, with this operative intervention available due to
the accessibility of general anesthetics. The discovery of
blood types by Karl Landsteiner in 1901 (for which he
received the Nobel Prize in 1930) enabled the safe and
practical use of blood transfusions by medical providers
during World War II, thus allowing resuscitation of combat-
injured casualties. Advances utilized in the Korean War
included new surgical techniques such as vascular anasto-
mosis and new medical therapies including renal dialysis.
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The use of positive pressure ventilation and renal dialysis
was broadened during the Vietnam War due to the develop-
ment of complications of resuscitation in patients with pre-
viously nonsurvivable injury, including acute respiratory
distress syndrome and/or renal failure.

The first described use of an intensive care unit (ICU) as
a separate area to care for patients was in the early 1950s, as
a result of a poliomyelitis epidemic in Denmark. The first
coronary care unit was established in Kansas City, KS, in
the early 1960s with the observation that new techniques of
cardiopulmonary resuscitation could reduce mortality in
patients suffering myocardial infarction. Their use expanded
to postsurgical patients during the mid-1960s, as more com-
plicated surgery mandated a closer observation of patients
and more aggressive interventions in the ICU. More specifi-
cally, physiological monitoring displays were introduced in
the ICU in the 1970s, and, unfortunately, they have not
changed substantially since then. In contrast, the last four
decades have seen significant efforts and resources expended
toward improving data display design in high-risk fields,
such as aviation and power plant control. These efforts have
yielded marked improvement in the safety and efficiency of
air travel and nuclear power plant operations.

Our ability to care for sicker patients has also improved.
The first “monitors” were the five senses of the physician.
Lanneac described the first stethoscope as an extension of the
sense of hearing in the late eighteenth century. The develop-
ment of neurosurgery as a specialty in the early twentieth cen-
tury and the need to monitor blood pressure during these
operations led to development of the sphygmomanometer. The
need to monitor the physiology of astronauts in space led to
the capability of continuous EKG and other types of monitors.
EKG was one of the very first technical approaches to monitor
patient physiology and was clinically developed by the British
cardiologist, Sir Thomas Lewis, in 1908. Some of today’s
most innovative monitors still employ elements of Lewis’
original strip chart (for a more complete history of the EKG,
see Chap. 19). ICU monitoring techniques developed over the
last four decades have resulted in a significant improvement in
our overall understanding of cardiac physiology and patho-
physiology. The last three decades have seen a plethora of
invasive and noninvasive monitoring tools developed for criti-
cal care use. Despite these tools, the most important tool avail-
able to the clinician remains his/her five senses, mandating a
careful examination of patients on a daily routine basis.

23.2 Goals of Monitoring
23.2.1 Diagnosis of Shock
Many monitoring strategies relate to identification of shock;

therefore, an important issue is the clinical definition of
shock. In the final analysis, shock can be simply defined as
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Table 23.1 Commonly used clinical end points of resuscitation

Heart rate

Blood pressure

Mentation

Skin perfusion

Urine output 50 cm*/h

Normal lactate/acid base status

Appropriate response to therapeutic interventions

inadequate oxygen delivery to a tissue bed, resulting in
decreased adenosine triphosphate (ATP) production and flux
at the mitochondrial level related to decreased oxidative
phosphorylation. Therefore, the ideal monitor for diagnosis
of shock would be able to identify the rate of ATP produc-
tion and turnover. Unfortunately to date, such a monitor
does not exist for routine clinical use; hence, clinicians use
common clinical end points to identify shock and other
associated abnormalities in patients. A list of commonly
used clinical monitoring end points is listed in Table 23.1. It
requires an astute clinician to balance the sometimes contra-
dictory findings identified during evaluation of the patient
and to develop an appropriate treatment strategy. An impor-
tant component of this process is frequent reevaluation of
the patient to assess results of the initial intervention.
Importantly, a response to intervention contradictory to ini-
tial evaluation should prompt reconsideration of the initial
diagnosis.

23.2.2 Evaluation of Cardiac Function

Another reason for consideration of advanced monitoring is
for frequent evaluation of cardiac function. In particular,
serious illness in patients with underlying cardiac disease
(e.g., cardiomyopathy, congestive heart failure, congenital
heart disease, etc.) may require a careful titration of therapy
to prevent decompensation. Situations that commonly result
in invasive monitoring of patients include serious infectious
episodes, planned major operations, and/or decompensation
of the underlying disease.

23.2.3 Titration of Vasoactive Therapy

Many patients receive advanced monitoring due to hemody-
namic instability (i.e., hypotension or severe hypotension) or
due to the need to titrate vasoactive therapy for other thera-
peutic purposes (e.g., optimization of cerebral perfusion in
patients with neurologic insult). Most vasoactive agents have
short half-lives, requiring frequent titration of therapy to
achieve monitoring targets. This need mandates accurate,
continuous monitoring of blood pressure (or other end point),
typically via an invasive route.
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Fig.23.1 Different monitors
used in the ICU. Heart rate,
arterial blood pressure, and
mechanical ventilation
settings (fop). Intravascular
temperature manager, ECHO,
and perfusion monitors
(below)

An important, but frequently unstated, reason for invasive observation after initial evaluation may allow ongoing manage-
monitoring in the critically ill patient is to allow a more definitive ment of the patient’s issues with the clinician away from the bed-
diagnosis and/or end point for treatment. This more definitive side, allowing the clinician to perform other duties (Fig. 23.1).



402

23.3 Monitors: Do They Help?

Despite the common reliance on monitors in the modern
ICU, a number of monitoring end points commonly used
have not demonstrated consistent benefit with respect to
patient outcome, including continuous EKG monitoring,
pulse oximetry, pulmonary artery catheters, and/or intracra-
nial pressure monitoring. For example, with regard to pulse
oximetry, Pedersen et al. in the Cochrane database systems
review of 2003 [1] noted that “the conflicting subjective and
objective results of the studies, despite an intense method-
ological collection of data from a relatively large population
(>20,000 patients) indicates that the value of perioperative
monitoring with pulse oximetry is questionable in relation to
improved quality outcomes effectiveness and efficacy.”

Another randomized nonblinded study was performed in
2006 [2] which was designed to compare the effects of con-
tinuous and standard monitoring of pulse oximetry on patient
outcomes in 1219 subjects. Ochroch and colleagues observed
that there was no difference in the rate of ICU readmission
from postcardiothoracic surgery care floor, mortality, or
overall estimation of costs of hospitalization between the
CPOX and standard monitor groups. The same can be said
regarding pulmonary artery catheters. Shah et al. [3] noted
that “despite almost 20 years of randomized controlled trials,
a clear strategy leading to improved survival with a pulmo-
nary artery catheter has not been devised.” This has led to the
near abandonment of the use of pulmonary artery catheters
in many institutions.

Fig.23.2 Tele-ICU. The
workstation arrangement in
the tele-ICU may vary, but
usually there are between 5
and 7 monitor screens
displaying real-time patient
data, including vital signs,
medications, lab results, and
the patient’s entire medical
history
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One nuance with regard to monitors is that the use of such
devices will not change the outcome for a fatal disease if
there is no treatment available for the disease [4]. For instance,
while you can monitor the progression of end-stage organ
function in a patient with metastatic cancer, it is unlikely that
utilizing a monitor to guide therapy in such a patient will
affect the ultimate survival outcome of the patient.

On the other hand, one positive bit of evidence demon-
strating beneficial effects for physiologic monitoring relates
to the significant decrease in anesthesia-related deaths over
the last two decades. Anesthesia care is currently highly
dependent on multiple physiologic monitors. As monitors
have become increasingly utilized during anesthesia, the
anesthesia-related mortality rate of 1 per 20,000 anesthetics
reported in the late 1970s has decreased to a rate of 1 in
300,000 anesthetics at the turn of the century. Most knowl-
edgeable clinicians in this area would agree that much of this
decrease in mortality is related to both better understanding
of pathophysiology and more widespread use of continuous
monitoring.

23.3.1 What About Telemedicine?

Telemedicine applied to the ICU is an innovative approach to
providing critical care services and to treating critical ill
patients, especially those residing in broad or remote geo-
graphic areas (Fig. 23.2). Rosenfeld et al. published, in 2000
[5], the first feasibility study of telemedicine. Their study
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looked at a single open model surgical ICU that, for a
16-week period, was provided with 24-h off-site monitoring.
Compared with the baseline periods prior to the intervention,
the mortality rate, length of stay, and costs were all reduced.
In another study, one from a large university medical center,
administrators retrospectively reviewed their data from 2011
to 2012, which showed a reduction in mortality rates from
6.5 % before to 4.9 % after the implantation of an enhanced
monitoring system [6]. Subsequently, other larger trials have
also identified similar improvements in mortality [7, 8].
Finally, it was also suggested that if the hospital is able to
provide the initial capital and financing for the ongoing oper-
ation, a tele-ICU may positively benefit the hospital’s profit
margin [9].

23.4 Invasive Monitoring Techniques

in the ICU

23.4.1 Central Venous Pressure (CVP)
Monitoring

Pressure monitoring in a central venous location, using a
large-bore catheter, is likely the most frequently utilized
invasive monitoring technique in current ICUs. Central
venous catheters allow an estimate of “cardiac preload” and
are typically placed via the internal jugular or subclavian
venous route (Fig. 23.3). These monitors are very accurate
for the identification of situations in which cardiac output is
affected by a low preload. However, the assumption is made
when monitoring CVPs that this value is proportional to
pulmonary artery pressure, which is proportional to left
atrial pressure, which is proportional to left ventricular end-
diastolic volumes. Unfortunately, there are many common
conditions in ICU patients which may elevate CVP that do
not relate to increased filling of the left ventricle. These
include: pneumonia, positive pressure ventilation, acute
respiratory distress syndrome, pulmonary emboli, and others.
Thus, one should have a strong concern for the situation in
which a high CVP does not correlate with the clinical condi-
tion of the patient.

23.4.2 Arterial Blood Pressure Monitoring

Arterial blood pressure monitoring can be performed using
both noninvasive and invasive techniques. Noninvasive
monitors have progressed significantly over the years and
currently allow a hands-off approach to intermittent mea-
surement of blood pressure. Unfortunately, it is difficult to
noninvasively measure blood pressure more frequently than
every 5 min due to patient comfort and potential for inducing
pressure sores. In situations where more frequent measures
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Fig. 23.3 Venous anatomy of subclavian (top) and internal jugular
veins. Veins are in blue. Outline of clavicle and manubrium are in black
(upper panel). Sternocleidomastoid muscle (lower panel) is in red

are necessary, invasive catheters placed percutaneously into
a peripheral artery are utilized (Fig. 23.4). Typically, contin-
uous beat-to-beat blood pressure is measured using an
arterial catheter placed in one of several positions (most
commonly radial or femoral arteries). However, this can be
associated with injury, greater expense, and the need for
required skills to acquire the data [10].

Recently, a continuous noninvasive arterial pressure
(CNAP) measurement was made possible by using a finger
cuff technology (Fig. 23.5). It has been shown to be superior
to intermittent oscillometric measurements in detecting rapid
changes in arterial pressure [11]. Such an approach employs



404

F.O. Arafat and G.J. Beilman

Fig.23.4 Arterial line placed 1.V. Fluid on
into radial artery. The line is pressure bag
attached to a pressure <
transducer which measures
blood pressure and allows
slow flush of intravenous fluid
though the line. This line can
also be utilized for sampling
of arterial blood =
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Fig.23.5 Continuous noninvasive arterial blood pressure (CNAP) pro-
vides a continuous, beat-to-beat, blood pressure signal recorded from
the fingers of a subject. The monitoring system uses a double finger cuff

a double finger cuff that is easy to place on the patients’
hand, a pressure transducer mounted on the forearm, and an
upper arm oscillometric cuff for calibration. The system out-
puts a continuous noninvasive blood pressure waveform that
is similar to a direct arterial blood pressure waveform and
also displays values for systolic, diastolic, and mean blood
pressures as well as heart rate.

CNAP is obtained by applying pressure via the finger
cuffs such that the blood volume flowing through the finger
arteries is held constant (i.e., volume clamping). The diame-
ter of a finger artery under a cuff is “clamped,” i.e., kept at a
constant diameter in the presence of the changes in arterial

in three cuff sizes to accommodate small children through large adults.
The system outputs a continuous blood pressure waveform that is simi-
lar to a direct arterial pressure waveform. Adopted from biopac.com

pressure during each heart beat. The finger diameters are
measured by means of an infrared photo-plethysmograph
built into the finger cuff. The finger diameter is held constant
by dynamically applying a counter pressure throughout the
cardiac cycle. The pressure in the cuff that is needed to keep
the volume constant during arterial pulsation corresponds to
the relative arterial pressure. Recent studies have demon-
strated comparable results to continuous invasive arterial
blood pressure measurements [12]. For additional informa-
tion on blood pressure monitoring, see Chap. 18.

Like CVP monitoring, there are assumptions built into
blood pressure monitoring that are occasionally incorrect.
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Fig.23.6 Pulmonary artery
catheter. This catheter has an
inflatable balloon at the tip,
allowing the catheter to be
carried through the right heart
and into the pulmonary artery
during insertion

Table 23.2 Calculations for invasive hemodynamic measurements

Hemodynamic formula Normal

CI=CO/BSA 2.8-4.2 1/min/m?
SV=CO/HR 60-90 ml/beat
MAP=DBP+1/3 (SBP-DBP) 80-120 mmHg
SVR=[(MAP-CVP)/CO] x 80 900-1400 dynes cm s*
SVRI=[(MAP-CVP)/CI] 1900-2400 dynes cm m?

PVR =[(MPAP-PAOP)/CO] x 80

100-250 dynes cm s*

Arterial oxygen content: Ca0,=(Sa0,) (Hbx 1.34)+Pa0O, (0.0031)

21 ml/100 ml

Venous oxygen content: CvO,=(Sv0O,) (Hbx 1.34)+PvO, (0.0031)

15 m1/100 ml

Oxygen consumption: VO,=CO (Ca0,—-Cv0O,)x 10 (VO, not indexed,
indexed by weight, BSA)

225-275 ml/min, 3.5 ml/kg/min; 110 ml/min/m?

Oxygen delivery: DO,=CO(Ca0,)x 10

1000 ml/min

Oxygen extraction ratio: O,ER=V0,/DO,

22-30 %

BSA body surface area, CI cardiac index, CO cardiac output, CVP central venous pressure, DBP diastolic blood pressure, Hb hemoglobin, HR heart
rate, MAP mean arterial pressure, MPAP mean pulmonary artery pressure, PAOP pulmonary artery occlusion, PVR peripheral vascular resistance,
pressure, SBP systolic blood pressure, SV stroke volume, SVR systemic vascular resistance, SVRI systemic vascular resistance index

Importantly, the assumption that a normal arterial blood
pressure has excluded the presence of shock may be false,
since afterload may be increased due to low cardiac output.
This results in a normal blood pressure but inadequate
oxygen delivery to tissues.

23.4.3 Pulmonary Artery Catheter

Since pulmonary artery catheterization was first described in
1970 by Drs. Swan and Ganz [13], it has been widely used as
a diagnostic tool and to understand the physiology of the
cardiovascular system during critical illness. The pulmonary

artery catheter is inserted via central venous access through
the femoral, subclavian, or internal jugular route. A balloon
at the tip of the catheter allows the catheter to be “floated” to
the right side of the heart and into the pulmonary artery,
where it wedges into a smaller branch of the pulmonary
artery (Fig. 23.6). It allows the measurement of stroke volume,
cardiac output, mixed venous saturation, and pressures on
the right side of the heart (Table 23.2). This catheter allows
for a more accurate measure of intravascular volume than
CVP because it bypasses the situations that can falsely ele-
vate CVP; additionally, the information it provides can be
utilized to distinguish among the various types of shock
(Table 23.3). Since the pulmonary artery system is a high
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Table 23.3 Changes in cardiac preload (PAOP), systemic vascular resistance, and cardiac output in various causes of shock

Type of shock PAOP SVR CO Prime mover
Hemorrhagic Decreased Increased Decreased Decreased preload
Septic Unchanged Decreased Increased Decreased SVR
Cardiogenic Increased Increased Decreased Decreased CO
Neurogenic Unchanged Decreased Increased Decreased SVR

CO cardiac output, PAOP pulmonary capillary wedge pressure, SVR systemic vascular resistance, prime mover variable primarily responsible for

shock in clinical syndrome

Fig.23.7 Complications
associated with insertion of
central access and pulmonary
artery catheter including: (a)
right pneumothorax, (b)
pulmonary hemorrhage due to
distal migration of pulmonary
artery catheter, and (c)
knotting of pulmonary artery
catheter in right ventricle

flow, low resistance system, those conditions which falsely
elevate pulmonary artery pressure do not affect pulmonary
artery wedge pressure. As noted previously, the use of this
catheter has significantly declined in the last decade due to
paucity of data supporting improved mortality, general ICU
or hospital length of stay, or cost for adult patients in inten-
sive care [14, 15]. Despite the decreased use, the pulmonary
artery catheter can still be indispensable to assist in the
evaluation and titration of therapy of the patient with multi-
system disease.

23.4.4 Complications of Invasive Monitors

A major issue with all invasive monitors involves complica-
tions such as those related to insertion, infectious compli-
cations, and/or problems associated with an indwelling
catheter. Insertion complications can result when the catheter:
(1) is placed in the wrong vessel, (2) creates a pneumothorax,
or (3) causes bleeding related to coagulopathy or inappropri-
ate dilation of a vessel (Fig. 23.7). Furthermore, centrally
placed catheters can allow air within the central circulation,
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occasionally resulting in stroke [16]. Unfortunately, catheter-
associated central line infections are common and represent
a major and expensive source of hospital morbidity. Typical
infection rates for central venous catheters are in the range of
3-5 infections per 1000 patient catheter days. Thus, it is
important to remove central venous catheters at the point
where they are no longer necessary. Since indwelling cathe-
ters are made of a foreign material, there is risk of thrombo-
sis and embolus [17]. Both of these risks are well described
in the literature, and attempts to decrease these risks with
heparin bonding or using other coatings are prevalent.

23.5 Less Invasive Monitoring Techniques

There are many new monitors making their way into daily
clinical use. The utility of these monitors varies widely
depending on clinician experience and understanding of
monitoring end points, patient populations chosen for study
of these monitors, and the clinical relevance of these moni-
tors. The two questions clinicians should ask themselves
when evaluating any new monitoring strategy are as follows:
(1) Does this monitoring system provide the information
needed to make a decision about the patient’s status that is
clinically relevant? (2) How should the clinician intervene
related to the results of the monitor? If results from the moni-
toring system are not clinically relevant or do not allow deci-
sions to be made with respect to intervention, then the
monitor is likely not useful for patient care.

23.5.1 Cardiac Hemodynamics

There are several new measurements available allowing less
invasive measurement of cardiac hemodynamics.

23.5.1.1 Pulse Contour Wave Processing

Recently, several investigations have validated the benefits of
employing less invasive measures of hemodynamics, includ-
ing pulse contour wave processing and the ability to predict
whether a patient is going to respond to fluid boluses as the
initial step of the hemodynamic resuscitation. Some of these
commonly used methods (e.g., PICCO, LiDCO, FloTrac) are
based on assessing changes in left ventricular output during
positive pressure ventilation, e.g., pulse pressure variation
(PPV) and stroke volume variation (SVV). Underlying these
measures, intrathoracic pressure increases during respira-
tion, causing right arterial pressure to increase as a conse-
quence; cardiac preload will decrease, leading to a decrease
in right ventricular output and thus left ventricular output
after few beats. The PICCO monitor utilizes intermittent
arterial thermodilution with beat-to-beat analyses of the arte-
rial pulse waveforms to provide several hemodynamic
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parameters. This monitoring approach requires both a central
arterial line (femoral or axillary) and a central venous line
[18]. The LiDCO monitor also uses pulse contour analysis
and is calibrated using a dye dilution technique employing
lithium chloride as an indicator. This approach requires only
a peripheral venous line and arterial catheter [19]. The afore-
mentioned techniques also allow evaluation of preload using
different calculated measures including SVV, PPV, and others.
Importantly, these measures of preload have been demon-
strated to be well correlated with fluid responsiveness in a
number of clinical settings [20].

It should be noted that the previous measures have some
general and specific limitations, one being that the results
become inaccurate in the setting of atrial fibrillation, fre-
quent premature ventricular contractions, and/or intra-aortic
balloon central pulsation. They also require the patient to be
heavily sedated and to be receiving mechanical ventilation
with a tidal volume of >6 ml/kg for obtaining accurate PPV
and SVV values. Therefore, their use becomes more chal-
lenging during periods of hemodynamic instability, requir-
ing frequent recalibration of the system. An additional
limitation of the LiDCO monitor approach is that some
nondepolarizing muscle relaxants (e.g., vecuronium) will
interfere with the sensor [21].

A new pulse contour method, the FloTrac/Vigileo™ sys-
tem (Edwards LifeSciences, Irvine, CA, USA), has been
recently introduced. It uses intra-arterial pressure waveform-
based pulse contour analyses to measure cardiac output
and SVVs, without the need for continual calibration.
For estimation of the cardiac output, the standard deviation
of pulse pressure sampled in 20 s is related to normal stroke
volume based on the patient’s demographic data (height,
weight, age, and gender). Unlike PiCCO which requires
femoral or brachial arterial cannulation to estimate SVYV, the
FloTrac/Vigileo system uses only a peripheral arterial pres-
sure waveform without any other invasive monitoring. SVV
measured by the FloTrac/Vigileo™ system (SVV-FloTrac)
has been reported to have acceptable sensitivity and specific-
ity for the prediction of fluid responsiveness [22].

23.5.1.2 Ultrasonography/Echocardiography

Ultrasonography and echocardiography have been used to
measure flow volume and diameter of the aorta and left
ventricular function as a noninvasive hemodynamic evalua-
tion (Fig. 23.8). The described methods include transthoracic
or transesophageal echocardiograms (TEE). Transthoracic
methods are less invasive but significantly less accurate,
while transesophageal techniques require a sedated and/or
mechanically ventilated patient. Subramaniam and co-authors
suggest a method of rapid echocardiographic assessment
using a standardized algorithm [23]. This approach uses
transesophageal echocardiography for assessment but
requires an experienced operator to prevent misinterpretation
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Fig. 23.8 Bedside ultrasound machine commonly used in the ICU
setting and easy to move and handle (three different probe sizes)

of findings. Over the last few years, several studies within dif-
ferent ICU and critical care settings have demonstrated the
feasibility of utilizing TEE in the management of hemody-
namic instability. It is now clear that this semi-invasive tool
can provide critical information about the heart. Further, even
when invasive continuous monitoring by a pulmonary artery
catheter is used, TEE can further help define a patient’s diag-
nosis by acquiring morphological and functional information
that can be integrated with the pulmonary artery catheter data.
Several recent reports have demonstrated the potential utility
of this semi-invasive approach in the ICU patient [24-26].

Preload can also be evaluated by measuring left ventricu-
lar end-diastolic area (which correlates well with end-
diastolic volume) and also by evaluating respiratory variation
in the diameter of the inferior vena cava or the collapsibility
of the superior vena cava and then sampling the velocity time
integral of the aortic valve flow during inspiration. To date,
this technique is finding limited, but increasing, use in ICUs
in the United States, in part due to lack of training and expe-
rience with this technique for many ICU physicians.

23.5.1.3 CO, Partial Rebreathing Technique

The CO, partial rebreathing technique can be used via a
modified Fick technique in mechanically ventilated patients.
The NiCO device (Respironics, Murrysville, PA, USA)

allows measurement of cardiac output using this method.
The technique involves measurement of end-tidal CO,
obtained before and during rebreathing periods. The ratio of
the change in end-tidal CO, allows a noninvasive estimate
of cardiac output [27]. To achieve optimal results with the
NiCO monitor, the patient should be maintained under fully
controlled mechanical ventilation. This technique is limited
by the fact that the calculation includes blood flow perfus-
ing ventilated portions of the lung and bypassing any blood
flow bypassing ventilated alveoli. Therefore, these results
can be a significant underestimation of cardiac output, cor-
rected by making an estimate of shunt fraction (the amount
of blood flow bypassing ventilated alveoli). Compared with
conventional cardiac output methods, the partial CO,
rebreathing technique is noninvasive, can easily be auto-
mated, and can provide real-time and continuous cardiac
output monitoring [28, 29].

23.5.2 Perfusion Monitors

There are a number of recently developed noninvasive mea-
sures of regional tissue perfusion including near-infrared
spectroscopic measurement of StO,, sublingual and other
capnometry methods, and the use of the ScvO, catheter.

23.5.2.1 Reflectance Near-Infrared Spectroscopy

Tissue hemoglobin saturation (StO,) is derived from near-
infrared spectroscopy and is a potentially useful, noninvasive
adjunct for monitoring critically ill patients. StO, reflects
changes in microcirculatory tissue perfusion. Unlike pulse
oximetry signal (SpO,), which measures oxygen contents in
large, pulsatile vessels, StO, measures the oxygen content in
vessels less than 1 mm in diameter (i.e., arterioles, capillar-
ies, and venules) and describes the oxygen content at the tis-
sue level; thus, it alerts the clinician that peripheral blood
flow is being redistributed to vital organs, as the normal
balance between the proportion of oxyhemoglobin and
deoxyhemoglobin in the peripheral tissues undergoes
adverse changes. There are several studies that have showed
correlations between StO, and multiple organ failure, ICU
admission, ICU outcome, and mortality [30, 31]. In patients
with septic shock, StO, has been shown to correlate with
higher mortality [32]. Additionally, one study conducted on
158 emergent cancer patients who presented to the emer-
gency department with hypotension and/or systemic inflam-
matory response syndrome found that a SpO, less than 70 %
significantly increased the risk of ICU admission [31].
Iyegha et al. [33] concluded, in a study of 620 ICU patients,
that low StO, (<70 %) is common and associated with poor
outcomes in SICU patients. However, no studies to date have
utilized a randomized sampling or established a cause-and-
effect relationship between a specific intervention that aimed
toward normalization of StO, and specific patient outcomes.



23 Patient Carein the ICU

23.5.2.2 Capnometry

In shock states, it is common to see redistribution of flow
away from the gastrointestinal tract, resulting in increased
gastrointestinal mucosal pCO,. Many investigators have
demonstrated this effect in both septic and hemorrhagic
shock [34, 35]. Unfortunately, techniques to measure pCO,
in the gastrointestinal tract have been limited by the efforts
involved in appropriate placement of catheters within that
area. This has led to the development of sublingual capnom-
etry, capitalizing on the fact that the oral tissues are embryo-
logically continuous with the gastrointestinal tract. This
technique has the potential to allow rapid information regard-
ing adequacy of tissue perfusion in critically ill patients;
however, clinical studies utilizing this technology are lack-
ing at this time.

23.5.2.3 Central Venous O, Saturation Monitors

The measurement of mixed venous oxygen saturation in
either the pulmonary artery (SvO,) or in the right atrium
(Scv0,) has been studied as a reflection of resuscitation of
patients in a variety of settings [36—38]. It has also been used
to guide the treatment of shock [39]. This technique has the
potential advantage of yielding both an end point for resusci-
tative efforts and intravenous access. Since a decreased car-
diac output and a resultant decrease in oxygen delivery to
tissues will result in increased peripheral tissue extraction of
oxygen from circulating blood, a low ScvO, in a critically il
patient has typically carried the implication that the patient is
suffering from inadequate cardiac output. One potential
shortcoming of this technique is the lack of sensitivity related
to mixing of venous blood returning from organs with high
and low metabolic needs, resulting in a falsely high reading.
Despite these theoretic concerns, a recent study by Rivers
and colleagues [36] used ScvO, as an end point of resuscita-
tion in a group of septic patients presenting to an emergency
department and demonstrated improved survival in patients
who received interventions designed to improve ScvO, lev-
els to greater than 70 % (defined as early goal-directed ther-
apy). These findings have resulted in incorporation of early
goal-directed therapy into protocols for treatment of patients
with severe sepsis or septic shock.

23.5.3 Subcutaneous Continuous Glucose
Monitoring

Hyperglycemia is common in acutely ill patients, especially
within the ICU population [40]. Tight glucose control has
been proposed to be crucial in these critically ill patients,
especially for reduction in morbidity and mortality in the
SICU populations. However, recent studies showed no evi-
dence that intensive insulin therapy and tight glycemic con-
trol in ICU patients has led to decreased 28-day mortality; on
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the other hand, it can be associated with a high incidence of
hypoglycemia and death [41, 42].

23.5.4 Conclusions

The need for monitoring of the critically ill patient has grown
as the healthcare system has developed the ability to care for
progressively more compromised and elderly patients.
Monitors serve several purposes including: (1) the identifica-
tion of shock and abnormal cardiac physiology, (2) the evalu-
ation of cardiovascular function, and (3) to allow titration of
therapy. An important function of an effective monitoring
device is reliable detection of abnormal physiology. Despite
much research on the use of monitoring techniques in critical
care, there is little evidence of improved outcome related to
routine use of monitors. To date, the mainstays of invasive
monitoring in the ICU include CVP monitoring and arterial
pressure monitoring, with pulmonary arterial monitoring
reserved for occasional patients with multisystem disease.
Recent trends in monitoring have included development of
less invasive monitoring techniques that yield a number of
cardiovascular parameters potentially useful to clinicians.
New noninvasive measures of tissue perfusion (StO,, sublin-
gual capnometry) and semi-invasive techniques (TEE) have
significant potential in identification and treatment of patho-
physiologic states resulting in inadequate tissue perfusion.
Tele-ICU is a new trend that has so far proven to reduced
mortality and morbidity. Developers of new monitors
(despite facing regulatory requirements that are considered
less stringent than those of drug manufacturers) will increas-
ingly be expected to demonstrate clinical efficacy of new
devices. In the final analysis, the most important “monitor”
is a caring healthcare provider at the patient bedside evaluat-
ing the patient’s response to intervention and therapy.

References

1. Pedersen T, Dyrlund Pedersen B, Mgller AM (2003) Pulse oxime-
try for perioperative monitoring. Cochrane Database Syst Rev 3,
CD002013

2. Ochroch EA, Russell MW, Hanson WC 3rd et al (2006) The impact
of continuous pulse oximetry monitoring on intensive care unit
admissions from a postsurgical care floor. Anesth Analg
102:868-875

3. Shah MR, Hasselblad V, Stevenson LW et al (2005) Impact of the
pulmonary artery catheter in critically ill patients: meta-analysis of
randomized clinical trials. JAMA 294:1664-1670

4. Berthelsen PG (2006) Double jeopardy. Acta Anaesthesiol Scand
50:391-392

5. Rosenfeld BA, Dorman T, Breslow MJ et al (2000) Intensive care
unit telemedicine: alternate paradigm for providing continuous
intensivist care. Crit Care Med 28:3925-3931

6. Fortis S, Weinert C, Bushinski R, Koehler AG, Beilman G (2014) A
health system-based critical care program with a novel tele-ICU:



410

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

implementation, cost, and structure details. J Am Coll Surg
219:676-683

. Lilly CM, Cody S, Zhao H et al (2011) Hospital mortality, length of

stay, and preventable complications among critically ill patients
before and after tele-ICU reengineering of critical care processes.
JAMA 305:2175-2183

. McCambridge M, Jones K, Paxton H et al (2010) Association of

health information technology and teleintensivist coverage with
decreased mortality and ventilator use in critically ill patients. Arch
Intern Med 170:648-653

. Kruklitis RJ, Tracy JA, McCambridge MM (2014) Clinical and

financial considerations for implementing an ICU telemedicine
program. Chest 145:1392-1396

Mandel MA, Dauchot PJ (1977) Radial artery cannulation in 1000
patients: precautions and complications. J Hand Surg 2:482-485
Wagner JY, Prantner JS, Meidert AS, Hapfelmeier A, Schmid RM,
Saugel B (2014) Noninvasive continuous versus intermittent arte-
rial pressure monitoring: evaluation of the vascular unloading tech-
nique (CNAP device) in the emergency department. Scand J
Trauma Resusc Emerg Med 22:8

Ilies C, Grudev G, Hedderich J et al (2014) Comparison of a con-
tinuous noninvasive arterial pressure device with invasive measure-
ments in cardiovascular postsurgical intensive care patients: a
prospective observational study. Eur J Anaesthesiol Aug 7 [Epub
ahead of print]

Swan HJ, Ganz W, Forrester J, Marcus H, Diamond G, Chonette D
(1970) Catheterization of the heart in man with use of a flow-
directed balloon-tipped catheter. N Engl ] Med 283:447-451
Harvey S, Young D, Brampton W et al (2006) Pulmonary artery
catheters for adult patients in intensive care. Cochrane Database
Syst Rev 3, CD003408

Rajaram SS, Desai NK, Kalra A et al (2013) Pulmonary artery cath-
eters for adult patients in intensive care. Cochrane Database Syst
Rev 2, CD003408

Brouns R, De Surgeloose D, Neetens I, De Deyn PP (2006) Fatal
venous cerebral air embolism secondary to a disconnected central
venous catheter. Cerebrovasc Dis 21:212-214

Kirkpatrick A, Rathbun S, Whitsett T, Raskob G (2007) Prevention
of central venous catheter-associated thrombosis: a meta-analysis.
Am J Med 120:901.e1-901.e13

Hamzaoui O, Monnet X, Richard C, Osman D, Chemla D, Teboul
JL (2008) Effects of changes in vascular tone on the agreement
between pulse contour and transpulmonary thermodilution cardiac
output measurements within an up to 6-hour calibration-free period.
Crit Care Med 36:434-440

Costa MG, Della Rocca G, Chiarandini P et al (2008) Continuous
and intermittent cardiac output measurement in hyperdynamic con-
ditions: pulmonary artery catheter vs. lithium dilution technique.
Intensive Care Med 34:257-263

Belloni L, Pisano A, Natale A et al (2008) Assessment of fluid-
responsiveness parameters for off-pump coronary artery bypass
surgery: a comparison among LiDCO, transesophageal echocar-
diography, and pulmonary artery catheter. J Cardiothorac Vasc
Anesth 22:243-248

Connors AF Jr, Speroff T, Dawson NV et al (1996) The effective-
ness of right heart catheterization in the initial care of critically ill
patients. SUPPORT Investigators. JAMA 276:889-897

Suehiro K, Tanaka K, Matsuura T et al (2014) The Vigileo-
FloTrac™ system: arterial waveform analysis for measuring car-
diac output and predicting fluid responsiveness: a clinical review.
J Cardiothorac Vasc Anesth 28:1361-1374

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

F.O. Arafat and G.J. Beilman

Subramaniam B, Talmor D (2007) Echocardiography for manage-
ment of hypotension in the intensive care unit. Crit Care Med
35:5401-S407

Slama MA, Novara A, Van de Putte P et al (1996) Diagnostic and
therapeutic implications of transesophageal echocardiography in
medical ICU patients with unexplained shock, hypoxemia, or sus-
pected endocarditis. Intensive Care Med 22:916-922

Charron C, Caille V, Jardin F Vieillard-Baron A (2006)
Echocardiographic measurement of fluid responsiveness. Curr
Opin Crit Care 12:249-254

Slama M, Maizel J (2006) Echocardiographic measurement of ven-
tricular function. Curr Opin Crit Care 12:241-248

Jaffe MB (1999) Partial CO, rebreathing cardiac output operating
principles of the NICO system. J Clin Monit Comput 15:387-401
Heigenhauser GJ, Jones NL (1989) Measurement of cardiac output
by carbon dioxide rebreathing methods. Clin Chest Med 10:
255-264

Haryadi DG, Orr JA, Kuck K et al (2000) Partial CO2 rebreathing
indirect Fick technique for non-invasive measurement of cardiac
output. J Clin Monit Comput 16:361-374

Cohn SM, Nathens AB, Moore FA et al (2007) Tissue oxygen satu-
ration predicts the development of organ dysfunction during trau-
matic shock resuscitation. J Trauma 62:44-54

Bazerbashi H, Merriman KW, Toale KM et al (2014) Low tissue
oxygen saturation at emergency center triage is predictive of inten-
sive care unit admission. J Crit Care 29:775-779

Leichtle SW, Kaoutzanis C, Brandt MM, Welch KB, Purtill MA
(2013) Tissue oxygen saturation for the risk stratification of septic
patients. J Crit Care 28:1111.el1-1111.e5

Iyegha UP, Conway T, Pokorney K, Mulier KE, Nelson TR,
Beilman GJ (2014) Low StO, measurements in surgical intensive
care unit patients is associated with poor outcomes. J Trauma Acute
Care Surg 76:809-816

Creteur J, De Backer D, Sakr Y et al (2006) Sublingual capnometry
tracks microcirculatory changes in septic patients. Intensive Care
Med 32:516-523

Marik PE (2006) Sublingual capnometry: a non-invasive measure
of microcirculatory dysfunction and tissue dysoxia. Physiol Meas
27:R37-R47

Rivers E, Nguyen B, Havstad S et al (2001) Early goal-directed
therapy in the treatment of severe sepsis and septic shock. N Engl J
Med 345:1368-1372

Collaborative Study Group on Perioperative ScvO, Monitoring
(2006) Multicentre study on peri- and postoperative central
venous oxygen saturation in high-risk surgical patients. Crit Care
10:R158

Vedrinne C, Bastien O, De Varax R et al (1997) Predictive factors
for usefulness of fiberoptic pulmonary artery catheter for continu-
ous oxygen saturation in mixed venous blood monitoring in cardiac
surgery. Anesth Analg 85:2-10

Vallée F, Vallet B, Mathe O et al (2013) Central venous-to-arterial
carbon dioxide difference: an additional target for goal-directed
therapy in septic shock? J Crit Care 28:1110.e1-1110.e5

Inzucchi SE (2006) Management of hyperglycemia in the hospital
setting. N Engl J Med 355:1903-1911

van den Berghe G, Wouters P, Weekers F et al (2001) Intensive
insulin therapy in critically ill patients. N Engl J Med 345:
1359-1367

Marik PE, Preiser JC (2010) Toward understanding tight glycemic
control in the ICU: a systematic review and metaanalysis. Chest
137:544-551



	23: Monitoring and Managing the Critically Ill Patient in the Intensive Care Unit
	23.1	 History
	23.2	 Goals of Monitoring
	23.2.1	 Diagnosis of Shock
	23.2.2	 Evaluation of Cardiac Function
	23.2.3	 Titration of Vasoactive Therapy

	23.3	 Monitors: Do They Help?
	23.3.1	 What About Telemedicine?

	23.4	 Invasive Monitoring Techniques in the ICU
	23.4.1	 Central Venous Pressure (CVP) Monitoring
	23.4.2	 Arterial Blood Pressure Monitoring
	23.4.3	 Pulmonary Artery Catheter
	23.4.4	 Complications of Invasive Monitors

	23.5	 Less Invasive Monitoring Techniques
	23.5.1	 Cardiac Hemodynamics
	23.5.1.1	 Pulse Contour Wave Processing
	23.5.1.2	 Ultrasonography/Echocardiography
	23.5.1.3	 CO2 Partial Rebreathing Technique

	23.5.2	 Perfusion Monitors
	23.5.2.1	 Reflectance Near-Infrared Spectroscopy
	23.5.2.2	 Capnometry
	23.5.2.3	 Central Venous O2 Saturation Monitors

	23.5.3	 Subcutaneous Continuous Glucose Monitoring
	23.5.4	 Conclusions

	References


