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Abstract
The practice of critical care medicine revolves around the monitoring of patients to identify acute physiologic deterioration and the

titration of therapies aimed at supporting internal homeostasis. Central to this practice is the evaluation of therapies or stresses designed
to assess homeostatic reserve and to uncoverpathologic  processes. Both the cardiovascular and respiratory systems have receivedparticular
attention because of the ease with which specific haemodynamic and respiratory parameters can be measured, the ability to modulate their
status with therapies, and the intimacy of both cardiovascular and respiratory status to overall homeostasis. These forms of assessment are
referred to as clinical trials, and if performed in a rigorous fashion are referred to as controlled clinical trials. Clinical trials form much
of the basis for titration of therapy, wherein a specific therapy is adjusted so as to optimise its effectiveness in an individual. Titration is
typically done once a diagnosis has already been made or a treatment identified, such as with the titration of antihypertensive therapy in
either hospital or outpatient setting. This review will focus on the exploratory aspect of clinical trials wherein a specific manoeuvre is
performed to determine either the aetiology  or severity of a pathophysiologic problem.
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Rationale for Controlled Clinical Trials

Central to the combined diagnostic and therapeutic
approach to the critically ill subject is the evaluation of
both the basal physiologic status and its subsequent
change over time consequent to a therapeutic interven-
tion.* The essential questions asked at the patient’s bed-
side are:
1) “What is the primary (and secondary) stress that is

affecting the patient?“,
2) “How are the patient’s homeostatic mechanisms cop-

ing with the stress?” and
3) “What are the primary determinants of the inability to

cope with the stress?”
Diagnostic approaches or therapies based on data

derived from bedside monitoring in the critically ill
patient assume that specific sets of derangements or
abnormalities of these data sets reflect specific disease
processes which will respond appropriately to an inter-
vention.  For example, hypovolaemia may present with
either tachycardia, low urine output, cool extremities or
postural hypotension or some combination of these signs
and symptoms, which should resolve with effective
treatment. The clinical presentation of a critically ill
patient is often confounded by co-existing disease proc-

esses. This increases the difficulty of interpreting diag-
nostic data and response to therapies. Similarly, it is
difficult to formulate universally accepted therapy or
diagnostic approaches to a particular critical care prob-
lem.

Specific combinations of haemodynamic variables of-
ten reflect certain disease states. However, there may be
considerable overlap among markedly different patho-
logical states that may require different therapies. This is
the result of individual patient differences, complex
cardiovascular interactions, inaccuracies in the meas-
ures themselves and incorrect assumptions as to what is
the primary pathophysiology and the expected response.
This confusion can be reduced by performing an experi-
ment at the bedside. Examples of such clinical trials
include fluid therapy, diuresis or increased inotropic
therapy. The specific haemodynamic response of the
individual to a particular therapy is examined.3Accord-
ingly, in a controlled clinical trial, all known or “control-
lable” variables are either held constant by design or not
allowed to change markedly because of the rapidity of
the challenge and its measurement. Examples of rapid
challenges that limit associated compensatory changes
from confounding the initial physiologic response in-
clude rapid intravascular fluid challenge or a T-tube
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weaning trial.
Because no organ system functions without numerous

feedback processes, clinicians can use these feedback
processes to assess the level of disease or homeostatic
reserve. These interactions form the basis of controlled
clinical trials. Certain combinations and changes in car-
diovascular variables are reflective of sDecific  disease
processes, such as heart failure, hypovolaemia and sep-
sis. Awareness of specific aspects of each component of
the system and their response to stress and disease is
central to understanding how the other components of
the cardiovascular system will respond.

Numerous examples of similar patterns of haemody-
namic dysfunction but differing response to interven-
tion exist. For instance, both septic shock and acute
cardiogenic shock may present in the unresuscitated
patient with a low cardiac output, hypotension and a
low normal Ppao.4  However, in response to an intravas-
cular volume challenge, septic patients will tend to
selectively increase cardiac output with less of an in-
crease in arterial pressure and possibly no change in
Ppao demonstrating a relatively selective loss of periph-
eral vasomotor tone. Whereas patients with acute heart
failure will tend to increase both Ppao and blood pres-
sure with less of an increase in cardiac output because
vasomotor tone is already high and only cardiac
contractility is impaired. Thus, not only initial haemody-
namic profile data, but their change in response to
therapy aid in making clinical diagnoses and guiding
therapy.”

Tools to Monitor a Controlled Clinical Trial

Inherent in any controlled clinical trial is not only the
artificial handling of the physiologic state by varying
limited variables while holding others constant, but also
the measure of some output function which defines that
the trial shows one thing or another. For example, meas-
ures of haemodynamic status are essential in assessing a
haemodynamic modulation. These may be less specific
and often less sensitive than we would like. Thus, a basic
understanding of the tools available for monitoring, as
well as their limitations, is essential for any clinician
partaking in this form of diagnostic approach.

Invasive haemodynamic monitoring, including arte-
rial, central venous, and pulmonary arterial catheterisa-
tion, allow assessment of numerous physiologic variables
which may be important in a specific clinical situation. In
pulmonary arterial catheterisation, a large number of
different measures may be made from a single catheter,
including continuous measures of central venous pres-
sure (CVP), pulmonary arterial pressure, mixed venous
O2 saturation (SvOJ6t7  and, in specialised  catheters, car-
diac output. 8 Furthermore, intermittent measures of
pulmonary artery occlusion pressure (Ppao), SvO,, car-

diac output9  and right ventricular ejection fraction
(RVef)‘OJ1 can be made. Continuous measures of arterial
and central venous pressures can be made from an
indwelling arterial or central venous catheter, respec-
tively, allowing for analogue analysis of wave from
variation, and rapid assessment of dynamic changes
over time. Finally, arterial 0, saturation can be meas-
ured by non-invasive pulse oximetry and interfaced to
the above measured variables to give a more complete
picture of the overall physiologic state.

Still, these measures only reflect part of the cardiovas-
cular system; they do not answer the three essential
questions posed above. To do that, one must follow the
subject over time or as they respond to some external
intervention. How these responses define the diagnosis
or direct therapy is based on an understanding of cardio-
respiratory physiology in general and the patient’s own
physiology in particular. These points are briefly re-
viewed below.

Applied Physiology at the Bedside

The primary goal of the cardiorespiratory system is to
maintain tissue perfusion with blood enriched with
enough 0, to allow for normal metabolism and re-
sponses to stress. To that end complex adaptive mecha-
nisms coordinated both at a local tissue level and through
the autonomic nervous system function to maintain
cardiopulmonary status within a narrow range despite
significant stresses to the system. Thus, the measures
taken at the bedside of blood pressure, cardiac output,
and arterial blood gases are exactly the ones that the
body tries to keep constant despite stress. One method of
assessing such a system is to induce a change, allowing
any coping process to become accentuated. However, to
do that and to correctly understand the significance of
the response, a good working knowledge of basic physi-
ology and pathophysiology of common disease states is
essential.

Left Ventricular Function

The heart can only pump into the arterial circuit that
which it receives. Furthermore, the force of contraction
of the left ventricle is related to left ventricular (LV)  end-
diastolic volume (EDV),12  such that increasing LV EDV
usually increases LV stroke volume, and for a constant
heart rate, cardiac output as well. The relation between
LV EDV and LV output is referred to as the Frank-
Starling relationship (Fig. 1). These simple points form
the basis of most of the resuscitative efforts done in
unstable patients. LV EDV is synonymous with LV
preload, and the primary determinant of LV preload is
venous return from the body to the heart. Finally, fluid
resuscitation or vasoactive drug infusions all increase
venous return, albeit by different mechanisms, thereby
increasing LV preload and cardiac output. Thus, in any
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Fig. 1. Relation between left ventricular (LV) end-diastolic volume and various LV
ejection phase indices. As compared to normal function, a hyper-effective heart has a
high LV ejection phase response and a hypo-effective heart has a low ejection phase
response. However, almost all hearts will increase their output somewhat in response to
increases in end-diastolic volume.

patient in whom the cardiovascular status is unknown
but in whom evidence of hypoperfusion is suspected
<in@  vi&e),  an intravascular fluid challenge is usually
performed in an attempt to correct the observed defect.

If LV pump function is impaired, as may occur in heart
failure or cardiac tamponade-like states, then for the
same increase in LV EDV, LV stroke volume will not
increase as much. Thus, if the fluid challenge described
above does not reverse the presumed defect, many
physicians assume that heart failure is present and is the
primary cause of the dysfunction. Accordingly, ino-
tropic agents, such as dobutamine, norepinepherine or
dopamine are infused with the hope of improving LV
inotropy. The concept that cardiac output is responsive
to changes in LV EDV that can be directly altered by
intravascular loading, is central to most diagnostic and
therapeutic protocols used to assess cardiac function.
For example, if these agents increase inotropy and im-
paired inotropy was the cause of the haemodynamic
instability, then LV stroke volume and stroke work
should increase for the same LV EDV. In a vast majority
of single pathologic process conditions, such as haemor-
rhage, myocardial infarction, and non-thoracic trauma,
this simple approach works well enough to prevent
further tissue hypoperfusion and organ failure. Docu-
menting that LV EDV is above some minimal value,
despite cardiac output and stroke work both being de-
pressed is essential for the diagnosis of heart failure.
Similarly, demonstrating that LV EDV is reduced in the
setting of haemodynamic instability presumes the diag-
nosis of inadequate circulating blood volume as the
most likely cause of the haemodynamic instability, even
though other aetiologies, such as tamponade, car pul-
monale and restrictive cardiomyopathies can co-exist
and require different treatments. This simple approach
is often less effective in the setting of combined cardio-
respiratory dysfunction, car pulmonale, valvulopathy,
established sepsis and other complex scenarios. With
these, a more rational approach based on known deter-
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LV performance is determined by more factors than
LV preload alone. The primary determinants of LV
performance can be grouped into those factors that alter
preload, afterload, heart rate and contractility. LV preload
is LV wall stretch at end-diastole and is often equated
with LV EDV. LV afterload is the LV wall stress during
contraction and is related through LaPlace’s Law to LV
volume and ejection pressure, such that increases in
either LV EDV or pressure will increase afterload and
vice versa. Heart rate can directly alter contractility
through chronotropic changes in calcium availability for
actin-myosin contraction. Intrinsic contractility reflects
the ability of the heart to contract for a constant preload,
afterload and heart rate. It is related to the wellness of the
myocardium and is influenced by coronary blood flow,
fibrosis, hypoglycaemia and hypoxaemia. The interac-
tion between preload, afterload and contractility is bet-
ter described using the LV pressure-volume relation
than with the Frank-Starling relation. By examining the
LV pressure volume relation, most of the determinants
of LV function can be characterised and quantified (Fig.
2). Although not feasible at the bedside today, this
approach is useful even if one wished to use the Frank-
Starling relation because it underscores the weakness of
the latter allowing the clinician at the bedside to assess
the multiple potential determinants of the cardiovascu-
lar derangement seen. Using the LV pressure-volume
relation one can characterise both diastolic compliance
as the pressure-volume relation during LV filling (Fig.
3),  and systolic performance as the LV end-systolic
pressure-volume relationship (ESPVR)  (Fig. 4) which is
proportional to contractility (Fig. 5). Accordingly, de-
creases in LV diastolic compliance will shift the LV
pressure-volume relation during filling upward with
pressure on the y-axis, while impaired LV contractility
will decrease the slope of the LV ESPVR.13 Acute myo-
cardial  ischaemia causes both a decrease in diastolic
relaxation and a reduced ability to increase wall tension
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Fig. 3. Schematic representation of the left ventricular (LV)  pressure-volume relation
during diastolic ,filling  showing effect of increased stiffness  (decreased diastolic
compliance) on this relation.
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Fig. 4. Interaction between changing end-diastolic volumes and end-systolic pressures
on the subsequent end-systolicpressure-volumes. In this example three different  cardiac
cycles with differing end-diastolic volumes and ejection pressures are depicted. Note that
despite these different end-diastolic volumes  and end-ejection pressures, all three
pressure-volume loops line ona common end-systolicpressure-volume relation determined
by cardiac contractility.

during contraction. Thus, both diastolic compliance and
ESPVR are altered during acute myocardial ischaemia.

Having said that LV ESPVR is a good marker of
contractility, how then can it be assessed at the bedside?
One can examine LV ESPVR indirectly by measuring the
relation between LV stroke work and EDV, which is
called preload-recruitable stroke work. LV stroke work
is the product of the stroke volume and the LV ejection
pressure gradient. If intravascular volume loading oc-
curs, then both LV stroke work and EDV should in-
crease. However, the relation between the change in LV
stroke work to the change in EDV is determined prima-
rily by the slope of the LV ESPVR, thus making this
modification of the Frank-Starling relation reflective of
myocardial reserve. Thus, in heart failure states when
either LV diastolic compliance or LV contractility is
reduced, the relation between change in LV stroke work
to change in EDV will also be decreased (Fig. 6). Accord-

LV volume (mL)

Fig. 5. Based on the format of Figure 4, three different left ventricular (LV) pressure-
volumerelationsareshown  witheitheraugmented, normalorfailurelevelsofcontractility
but a common stroke volume. Note that infailure,  end-diastolic volume must increase to
maintain a constant stroke volume, whereas with increased contractility end-diastolic
volume decreases.

ingly,  measures of LV stroke work relative to EDV can be
used to see if a subject’s myocardial contractility has
increased in response to an inotropic agent. This is
important because many inotropic agents have other
effects as well, including increased chronotropy, and
either vasodilation or vasoconstriction. For example,
norepinepherine may increase cardiac output in a pa-
tient assumed to be in heart failure, primarily by increas-
ing coronary perfusion pressure thereby reducing
myocardial ischaemia rather than increasing myocar-
dial contractility per se. This is relevant to patient care
because other vasopressors may be as effective in such a
case without increased risk of arrhythmias seen with the
use of combined a and p adrenergic stimulants.

The major clinical obstacle to the simple application of
these principles at the bedside is that accurate measures
of LV EDV on a continual or repetitive basis are, at
present, impractical. One can measure LV volume to a
reasonable level of accuracy using commonly available
echocardiographic imaging techniques. However, these
techniques are neither quantitative, continuous nor eas-
ily repeated over time in the assessment of response to
therapy. If one substitute LV end-diastolic pressure for
LV EDV as an approximation of preload there is still the
requirement for LV catheterisation. Measures of Ppao as
a surrogate of LV filling pressure, using bedside pulmo-
nary artery catheterisation has markedly improve our
ability to assess LV performance in the haemodynami-
tally unstable patient. Ppao is often used synonymous
with “preload”. This presumption is not only incorrect,
but can lead to important mismanagement of haemody-
namically unstable patients. Ppao does not reflect LV
EDV as an absolute value.14 Furthermore, a change in
Ppao may not mirror a change in LV EDV. Ppao is linked
to LV EDV through LV diastolic compliance,‘” pericar-
dial volume constraints and intrathoracic pressure. Some
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Fig. 6a. Effect of changing left ventricular (LV) end-diastolic volume on LVstroke  work,
dejined as the area within a pressure-volume loop.

useful clinical applications of Ppao in controlled clinical
trials, however, are possible. If changes in intravascular
volume are induced rapidly with little else changing,
then the directional changes in Ppao should be similar to
changes in LV EDV. Thus, changes in Ppao should
directly tract changes in EDV if no other intervention
occurs simultaneously. The one caveat to this assump-
tion is that in acute car pulmonale, wherein right ven-
tricular (RV) ejection is severely limited, volume loading
may selectively dilate the right ventricle further, de-
creasing LV diastolic compliance by the mechanism of
ventricular interdependence, such that Ppao may in-
crease as LV EDV remains constant or decreases.

Complicating these issues further, preload even if
accurately measured is intimately connected to both
ejection wall stress or afterload and cardiac contractility.
This makes it difficult to ascertain which of the three
factors-preload, afterload and contractility-deter-
mines the haemodynamic state. For example, increases
in LV EDV will increase afterload because as the LV
contracts, its maximal volume-pressure product will
increase. LV output is delivered, against an aortic pres-
sure, which is also coronary perfusion pressure. If aortic
pressure increases (increased afterload),  coronary
perfusion pressure may also increase and result in in-
creased contractility. Reciprocally, systemic hypoten-
sion, though reducing LV afterload, will also impair
cardiac contractility by reducing coronary blood flow.16
Furthermore, LV afterload can be considered as maxi-
mal LV wall stress, which by the Law of LaPlace is
proportional to the product of the developed pressure
and the radius of curvature of the ventricle. The maximal
LV pressure-radius of curvature product for normal
subjects occurs at the start of ejection when LV volume
is maximal (EDV)  and pressure is elevated (diastolic
arterial pressure). For the same ejection pressure, there-
fore, decreasing LV EDV will decrease LV wall stress
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augmenting LV ejection for the same ejection pressure
and level of contractility. 16,17  Thus, LV EDV is a primary
determinant of preload, contractility and afterload.

Arterial Pressure and Vasomotor Tone

Arterial pressure is a function of both vasomotor tone
and cardiac output. For a constant vasomotor tone,
vascular resistance can be described by the relation
between changes in arterial pressure and cardiac out-
put. Working via the aortic and carotid body
baroreceptors, the body defends organ perfusion pres-
sure above all else in its autonomic hierarchy through
alterations in a-adrenergic tone. Thus, if cardiac output
decreases, baroreceptor mechanisms sense the associ-
ated decrease in arterial pressure and increase sympa-
thetic tone. This induces an increase in arterial pressure
through a combined a-adrenergic (increased vasomotor
tone) and P-adrenergic  (increased heart rate and cardiac
contractility) effect. Thus, arterial pressure is essentially
an independent function of cardiac output. Increased a-
adrenergic tone not only increases arterial tone but
increases venomotor tone as well, increasing effective
circulating blood volume such that for a constant circu-
lating blood volume, venous return increases allowing
the body to maintain a higher cardiac output than it
would otherwise be able to sustain on the same blood
volume. This is one of the fundamental mechanisms by
which exercise states and the exogenous infusion of
vasopressors can be associated with an increased car-
diac output. The baroreceptor system has a marker that
is very useful for controlled clinical trials. Associated
with the increase in vasomotor tone is an increase in
heart rate, such that tachycardia becomes anearly though
non-specific marker of hypovolaemia. In fact, an in-
crease in heart rate upon sitting up from the supine
position is an indication of functional hypovolaemia.

For practical purposes, organ perfusion of all capillary
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beds is determined only by the perfusion pressure and
local vascular resistance. If no haemodynamic instabil-
ity exists to increase sympathetic tone, then flow will
also be proportional to local metabolic demand. Cardiac
output enters into this equation by maintaining arterial
pressure constant despite differing degrees of organ
blood flow. Since cardiac output is proportional to meta-
bolic demand, there is no level of cardiac output that
reflects normal values in the unstable and metabolically
active patient. One can never know if any elevated level
of cardiac output and oxygen transport is adequate for
tissue oxygenation. Clearly, however, lower blood pres-
sures (~60 mean) and cardiac indices (~2.0 l/min/m2>
are less well tolerated than higher values. This is an area
of cardiovascular physiology where no firm data sup-
porting any set of values or therapeutic approaches
based on these values has proven to be more beneficial
than other approaches. Accordingly, empiricism is the
rule regarding target values of both mean arterial pres-
sure and cardiac output.

In severe stress states, homeostatic mechanisms func-
tioning through baroreceptors vary arterial vascular
tone to maintain a constant MAP despite varying car-
diac output and peripheral a-adrenergic tone. This proc-
ess tends to maintain cerebral and coronary blood flow
at the expense of the rest of the body, since these two
vascular beds have little a-adrenergic receptors. Thus,
in subjects with normal renal function, oliguria is an
immediate and sensitive marker of this adaptive re-
sponse. Thus, MAP may be a remarkably stable
physiologic parameter and is relatively insensitive as a
marker of cardiovascular instability.

Blood Flow and Oxygen Delivery

Blood flow equates with systemic venous return. Ex-
cept at the very ends of compensation for severe heart
failure, increases in systemic venous flow results in a
similar increase in cardiac output independent of car-
diac pump function. Intravascular volume resuscitation
primarily increases cardiac output by increasing the
pressure gradient for venous blood flow through in-
creases in upstream venous pressure. The total blood
volume in the body is distributed throughout the vascu-
lar compartment, but a slight majority of it resides in the
veins at any given moment. The relation between ve-
nous blood volume and venous pressure is complex,
highly variable and forms a major part of the adaptive
and therapeutic part of resuscitation. Filling of veins that
are empty will result in an initial increase in their blood
volume without a change in the distending pressure.
This is because at low lumenal volume, the veins change
shape as they fill, without stretching their vessel walls.
Eventually, venous filling will result in the developement
of a measurable pressure as the veins start to distend.
The volume of blood in the veins up to that amount that

results in an increase in lumenal  pressure is referred to
as the unstressed volume of the circulation. Adding or
subtracting volume below this point will not result in
any measurable change in venous pressure. However,
once this volume threshold is reached, further increases
in venous volume will increase lumenal  pressure greatly.
One of the primary mechanisms by which the body
maintains cardiac output constant despite loss of intra-
vascular blood volume is by reducing the absolute
number of vascular beds perfused. This effectively de-
creases the unstressed volume. Accordingly, acute vol-
ume resuscitation in amounts well below the actual
volume lost may result in a markedly improved cardiac
output even though much more fluid resuscitation is
needed. There are good and bad aspects to this. It is good
in that one can quickly identify volume-responsive hy-
potension by a rapid volume infusion; bad because
hypovolaemia may be quite marked before signs of low
output or systemic hypotension occur.

The primary goal of the cardio-respiratory system is to
continuously maintain adequate amounts of oxygen to
meet the metabolic demands of the tissues. Neither LV
preload nor mean arterial pressure is sensitive or spe-
cific measures of this function. Clearly, the best measure
of adequacy of blood flow is the continued maintenance
of normal end-organ function. Normal urine output, gut
activity, mentation, and spontaneous voluntary muscu-
lar activities reflect the most easily validated measures
of body health. l8 Regrettably, many patients present
with co-existent organ-system dysfunction, either pre-
existent or due to a pathophysiological insult. Further-
more, changes in organ function often cannot be
monitored quickly enough to allow for titration of acute
care, especially in the setting of a controlled clinical trial.
Thus, one cannot rely on these absolute markers to direct
therapy. I9 Perhaps a more functional marker of ad-
equacy of oxygen delivery to the tissues is the SVO,.*~
Although values of SvO, >70% do not insure that all
vascular beds are adequately perfused, SvO, values
~60%  is associated with oxidative impairment of tissues
with a high metabolic rate and values ~50%  are uni-
formly associated with evidence of anaerobic metabo-
lism in some vascular beds.2*  Thus, as a predictive marker,
an SvO, below 50% carries a poor prognosis. If resusci-
tative efforts increase SvO, to greater than 60%,  one may
assume that there is an improvement in organ perfusion
though there is no clue as to how the increased cardiac
output is distributed from the SvO, value.

If metabolic demand changes, cardiac output should
co-vary with it.22  Since this puts an added variable on the
analysis of haemodynamic stability, a common approach
in controlled clinical trials is to minimise the extraneous
metabolic demands of the patients during intervals in
which therapeutic interventions and diagnostic proc-
esses are being performed. This is to maintain a stable
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baseline for comparison. For example, mechanical ven-
tilation is kept constant during a volume challenge and
fever is reduced prior to a measurement of VO,. This is
often more difficult than imagined.23  Even a sedated and
mechanically-ventilated subject can be expending much
effort assisting or resisting the ventilator-derived breaths.
Muscular activities, such as moving in bed or being
turned, “fighting the ventilator,” and breathing sponta-
neously can easily double resting oxygen consump-
tion.24 Operationally, oxygen supply and demand must
co-vary as a normal and expected aspect of homeostasis
under almost all conditions. In cardiovascular insuffi-
ciency states, such as cardiogenic shock or hypovolemic
shock, total cardiac output is often limited and can not
increase in response to increasing metabolic demand.
Under these conditions oxygen consumption tends to
remain constant by varying the extraction of 0, in the
tissues rather than by varying total blood flow.

The Clinical Trial: An Experiment of One

Although the above physiological concepts are very
useful as starting points in the assessment of the criti-
cally ill patient, they do not define what the patient’s
optimal status is or what endpoints therapy should be
achieved. There is neither an ideal physiological state
nor clear pathway to achieve stability in all patients even
when sub-selected by disease process. This is because no
two people are alike in their functional status, biological
makeup or metabolic demands. For example, what would
be an adequate Ppao for one subject may induce pulmo-
nary oedema in another and hypovolaemic shock in a
third. Clearly, it does not matter what the physiology
books say if the patient behaves contrary to them. Impor-
tantly, if a patient’s response to a specific intervention is
different than either predicted or expected, then the
primary diagnosis the patient is carrying may be ques-
tioned. Thus, if a patient is haemodynamically unstable
with evidence of organ hypoperfusion, hypotension and
a Ppao of 23 mm Hg, all else being equal, most physi-
cians would start an infusion of an inotropic agent, such
as dobutamine. However, if one also knew that this
patient’s history was one of acute pulmonary embolism
then additional fluid resuscitation and thrombolytic
therapy may be started instead. In fact, a controlled
clinical trial is a bridge that links known physiology and
pathophysiology with the patient’s own status. Accord-
ingly, one should both observe carefully the results of a
controlled clinical trial and also give it much weight in
defining the subsequent therapy given to an unstable
patient.

Based on the above discussion, there is no level of
Ppao, arterial pressure or more importantly cardiac
output that is “normal”. However, we need to be aware
of some threshold values. A Ppao above 25 mm Hg will
likely be associated with increased lung water and may
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be associated with frank pulmonary oedema. A mean
arterial pressure less than 60 mm Hg may be below the
autoregulatory range for renal, cerebral and coronary
blood flow inducing ischaemic organ dysfunction. Thus,
only a low arterial pressure (mean pressure ~60  mm Hg)
reflects a potential hazard to global organ perfusion. An
oxygen delivery below which normal metabolism can
no longer occur will be associated with a decrease in
visceral organ blood flow. Although an SvO, of ~60%  is
consistent with some vascular beds being at the brink of
dysoxia, an SvO, above this level does not mean that
tissue hypoxia does not exist.20

The controlled clinical trial juxtaposes several haemo-
dynamic measures from one or more invasive catheters
and related data in such a fashion that the above indi-
vidual cardiovascular functions can be assessed at once
so that patterns of haemodynamic response among sys-
tems can be readily seen. The presumption is that spe-
cific patterns of haemodynamic variables connote specific
pathologic processes with specific prognoses and spe-
cific therapies. It is seldom that a single variable can be
used to adequately monitor a pathologic cardiovascular
process or its response to therapy. In the assessment of
the response to therapy, it is the juxtaposition of several
variables during the trial that determines a good or a bad
response.

The mechanics of performing a controlled clinical trial
should be formal. First, the caregiver should assess the
clinical scenario to the extent necessary to determine one
or more potential problems and aetiologies that need to
be identified. Second, each presumed diagnosis can be
sequentially excluded or identified as the primary cause
of the dysfunction based on additional laboratory data
or by a clinical trial. A certain hierarchy in diagnoses
should be followed in which the most lethal and the most
treatable diagnoses should be explored first, with greater
degrees of sophistication and complexity of therapy
followed. For example, the presentation of haemody-
namic instability associated with hypotension, tachy-
cardia,  evidence of tissue hypoperfusion would lead one
quickly to hypothesise that the primary problem was a
decrease in cardiac output. Other diagnoses ranging
from the common, such as early sepsis, to the uncom-
mon, such as a traumatic arterio-venous fistula, may
have similar presentations. However, they would not be
the first diagnoses to be considered in a previously
healthy patient. Based on simple diagnostic aids, includ-
ing electrocardiogram, serum electrolytes, haemoglobin,
pulse oximetry and urine output, several causes for a
low cardiac output could be excluded. Third, depending
on the degree of haemodynamic instability and ease
with which a therapeutic trial would be tolerated, an
acute intervention would be carried out. In the case of
haemodynamic instability, it is almost always some
measure to rapidly increase venous return. Important in
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doing a therapeutic trial is the a priori  declaration that the
presumed diagnosis is decreased venous return or hy-
povolaemia and that increasing venous return (preload)
will reverse some specific component or components of
the haemodynamic profile that was originally found to
be consistent with hypovolaemia. Then, if the therapeu-
tic trial does not improve these components though
demonstrating increased LV filling, then it may be as-
sumed that the increase in preload accomplished by this
trial was either inadequate to reverse the process or that
reduced preload was not the cause of the process.

Use of the Controlled Clinical Trial to Diagnose Disease

Hypovolaemia

Haemodynamic instability is most often attributed to
hypovolaemia in the acutely ill patient. Hypovolaemia
is the cardiovascular state in which the total or effective
circulating blood volume is inadequate to sustain a level
of cardiac output necessary for normal function, without
supplemental sympathetic tone or postural changes to
insure adequate amounts of blood volume. It is impor-
tant to remember that hypovolaemia is a relative process
and can occur through absolute blood loss, fluid and
electrolyte loss, interstitial volume loss, evaporation
from large burn surfaces, or relative volume loss from
loss of vasomotor tone. The normal reflex response to
hypovolaemia is increased sympathetic tone, vasocon-
striction and tachycardia.25 Cardiac output is often sus-
tained by these mechanisms such that heart rate is
increased and stroke volume decreased, whereas blood
flow distribution is delivered away from the skin, rest-
ing muscles and gut.26 With tissue hypoperfusion, lactic
acidosis develops as a marker of tissue anaerobic me-
tabolism.27

The classic clinical signs of hypovolaemia are tachy-
cardia,  tachypnoea, decreased arterial pulse pressure,
decreased CVP and Ppao, decreased urine output, pe-
ripheral cyanosis,2o diaphoresis with cold extremities,
agitation and lactic acidosis. If a fluid challenge is said to
be effective then some of these measures must return
toward their baseline values. For example, heart rate
may slow, urine output increase, pulse pressure increase
and extremities warm up and become pink. However,
for a fluid challenge trial to be negative then despite a
lack of change in any of these outcome measures, one
must also see evidence that the volume challenge was
adequate enough to increase venous return. Examples of
an adequate volume challenge include an increase in
either CVP or Ppao, otherwise, there is no documenta-
tion that the volume challenge altered filling. Impor-
tantly, vasopressor agents may increase venous return
by decreasing unstressed vascular volume, thus giving
signs of increased CVP or Ppao, as well as increased
cardiac output. Thus, the clinician will incorrectly as-
sume that the patient’s condition was due to impaired

vasomotor tone and/or impaired cardiac contractility.
This is not a minor problem because the “beneficial”
effects of vasopressor agents in hypotension occur at the
expense of visceral organ perfusion. Renal and splanch-
nit hypoperfusion can rapidly lead to ischaemic dys-
function of either organ with associated increased
morbidity and mortality.

Left Ventricular Failure

LV failure, as described above and in Figure 5, is
usually manifest by an increased LV EDV and by exten-
sion Ppao to sustain a constant stroke volume. The most
common cause of LV failure is acute myocardial infarc-
tion.28f29  Usually LV stroke work is reduced and heart
rate increased due to the combined decrease in
contractility and increased sympathetic tone. In chronic
heart failure both cardiac output and systemic vasomo-
tor tone may be normal, whereas in acute LV failure
states, both may be reduced.30  However, neither cardiac
output nor systemic vascular resistance are sensitive
markers of LV failure until cardiogenic shock devel-
OPS.~* Since Ppao is the back pressure to pulmonary
blood flow, increases in Ppao associated with LV failure
may lead to pulmonary oedema inducing reflex hyper-
ventilation. The normal adaptive response of the host to
impaired LV contractile function is to increase sympa-
thetic tone, induce tachycardia, activate the renin-
angiotension system, retain sodium by the kidneys and
thus increase the circulating blood volume.28  Fluid re-
tention takes time, whereas acute impairment of LV
contractility can occur over seconds in response to myo-
cardial  ischaemia. Thus, the presentation of acute and
chronic LV failure can be different. Acute LV failure is
manifested by increased sympathetic tone (tachycardia,
hypertension), impaired LV function (increased filling
and reduced stroke volume) with minimal RV effects
(normal CVP),16,17 increased 0, extraction manifested by
a low Sv02Fo,21 and ECG changes consistent with ongo-
ing myocardial ischaemia and infarction. Cardiac out-
put need not be reduced and may in fact be elevated,
owing to the release of catecholamines inducing a reduc-
tion in unstressed circulating blood volume, as part of
the acute stress response. However, vascular resistance
is increased. These findings made the diagnosis of acute
myocardial ischaemia relatively easy. In severe acute LV
failure, RV pressures also passively increase leading to
systemic venous hypertension, hepatic congestion and
even acute elevations in liver enzymes.

A major issue in the haemodynamic management of a
patient in acute LV failure is to ascertain if he remains
preload responsive, will benefit from afterload  reduc-
tion or need increased inotropy. These three therapies
can have opposite effects on cardiac output and myocar-
dial oxygen demand, and all three can be answered by
controlled clinical trials.
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A patient with acute myocardial infarction will have
an ischaemia-induced reduced LV diastolic compliance
as well as a reduced ESPVR. Thus, even a “normal” Ppao
of 10 to 12 mm Hg may reflect hypovolaemia. If the
subject with acute LV failure due to ischaemia is also
hypotensive, then a therapeutic trial of afterload reduc-
tion is not an option. If the subject has evidence of
pulmonary oedema then a presumed diagnosis of
cardiogenic shock can be made. However, without this
finding the primary aetiologies of acute LV failure in-
clude coronary hypoperfusion due to occlusive athero-
sclerosis and /or systemic hypotension and
hypovolaemia. If a trial of fluid resuscitation is under-
taken then the presumed hypothesis is that the subject
has an inadequate LV EDV. The same caveats as with
hypovolaemic shock apply here. Accordingly, follow-
ing a rapid infusion of 250 ml of saline one would expect
either heart rate to decrease, mean arterial pressure or
arterial pulse pressure to increase and/or Ppao or CVP
to increase. If any of these occurred, then the patient
would be said to be volume responsive.

If the patient with LV failure was also hypotensive,
with a mean arterial pressure <60 mm Hg, then
hypoperfusion of the coronaries could also be contribut-
ing to the observed LV dysfunction. If this is the working
hypothesis, then a trial of a vasopressor, either
phenylepherine or norepinepherine can be started with
the end point of increasing mean arterial pressure to
some physiologic target value, such as 70 mm Hg. If such
a trial were successful, one would predict that evidence
of ongoing myocardial ischaemia, such as ECG evidence
of ischaemia would abate. Similarly, if contractility were
improved by increased coronary perfusion pressure
then Ppao may decrease and cardiac output may actu-
ally increase.

If the presumption is that preload is adequate and the
cardiogenic shock is not associated with hypotension,
then one can either give a trial of afterload reduction or
increased inotropy. Afterload reduction is the preferred
treatment of choice if bradycardia is not present, be-
cause it should increase LV ejection while reducing
myocardial 0, demand by reducing LV wall stress.
Accordingly, with the infusion of an afterload-reducing
agent, such as nitroprusside or nitroglycerin, there should
be a marked decrease in Ppao associated with an in-
crease in SvO, and evidence of increased organ blood
flow (urine output). Interestingly, in severe LV failure
states, mean arterial pressure may not decrease despite
the infusion of a vasodilator because the reduction in LV
EDV will account for all of the reduced LV wall stress.

Finally, if LV contractility is impaired, as in stunned
myocardium, or reductions in arterial pressure are not
desired, as in a patient with essential hypertension for
fear of stroke, then a trial of increased inotropy, using
dobutamine, dopamine or norepinepherine, may be in-

dicated to increase cardiac output while reducing Ppao.
Accordingly, a trial of increased inotropy should reduce
Ppao while increasing cardiac output. Unfortunately, if
heart rate also increases with dopamine infusion, it
becomes unclear if the beneficial effect of the drug was
through increased contractility or heart rate.

Conclusion

Treating patients without fully understanding their
underlying disease state represents a real life situation
that can rarely be avoided in the management of the
critically ill patient. In such situations, where the effect of
delaying treatment is measured in morbidity and mor-
tality figures. Therapeutic trials need not be nihilistic or
without benefit even if they are proven incorrect. They
must be done within the context of learning about the
specific aspects of the patient that are determining the
final physiologic phenotype. If the hypothesis being
tested and the expected results and their implications
are defined before initiating a specific therapy, then a
controlled clinical trial with an “n” of one can be con-
cluded with more power than a prospective randomised
clinical trial. The information attained describes that
particular patient better than any large clinical trial can
ever do. It is the accurate observation and application of
these research principles at the bedside that defines the
controlled clinical trial. Such an approach can help to
identify the patient who will benefit most from empiric
therapy.
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