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The maintenance of adequate tissue perfusion is one of 
the primary goals in the management of the critically ill. 
While pursuing specific targets in terms of oxygen deliv- 
ery (DO2) and uptake (VO2) remains controversial, suit- 
able monitoring is essential [1]. Thus, many factors relat- 
ed to the disease process or that arise as a result of  thera- 
peutic interventions can influence both DO 2 and VO2. 
The effects of  manoeuvres such as intermittent positive 
pressure ventilation upon the cardiovascular system are 
well recognised and have been extensively investigated in 
both patients [2, 3] and animal models [4]. However, the 
magnitude of  these effects cannot be accurately predicted 
in particular groups of patients or under specific clinical 
circumstances. Consequently, there is increasing interest 
in the development of accurate indices of  tissue oxygen- 
ation. Techniques such as gastric intramucosal pH (pHi) 
[5] and subcutaneous oxygen tension [6] are potentially 
more sensitive as indicators of circulatory impairment 
than conventional measurements of (whole body) DO 2 
and VO 2. Whilst they may provide an earlier warning o f  
inadequate tissue perfusion and oxygenation, their place 
in the intensive care unit (ICU) is not yet fully estab- 
lished. 

The factors influencing DO 2 are outlined in Fig. 1. It 
is arguable that cardiac output is the single variable that 
can at present be most effectively manipulated therapeu- 
tically. The monitoring and manipulation of cardiac per- 
formance during circulatory support therefore assumes 
considerable significance in current therapeutic strate- 
gies. The factors which influence cardiac output are sum- 
marised in Fig. 2. A number of these can be assessed at 
the bedside, but while accurate monitoring systems to 
detect these effects are available, their influence on 
clinical management and therefore outcome will remain 
marginal. The ideal characteristics of  a monitoring sys- 
tem have been widely discussed and are summarised in 
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Table 1. Ideal characteristics for a monitoring technique 

Accurate 

Reproducible results 

Rapid response 

Operator independent 

Easily applied use 

No morbidity 

Continuous use 

Cheap 

Results obtained are a true reflection of 
the actual value 

Results obtained are comparable with those 
at a different time in individual patients 
and from different patients 

Rapid changes in values can be monitored 

Results obtained by different individuals 
are comparable 

The technique can be used without the 
need for specialised skills or training 

There should be no morbidity or mortality 
associated with the techniques use 

It should be possible to monitor variables 
continually to distinguish short term and 
longer term changes 

Cost effective 

Table 1. It is the intention of  this review to appraise the 
currently available options for monitoring myocardial 
performance at the bed side, together with their advanta- 
ges and limitations in the light of  the clinical problems 
most frequently encountered in the critically ill. 

The clinical problems 

Cardiogenic shock 

Acute myocardial infarction (AMI) is one of  the com- 
monest reasons for admission to an intensive therapy 
unit. The quoted incidence of  cardiogenic shock follow- 
ing AMI varies between 5% and 15% [7]. Currently ag- 
gressive and invasive monitoring is advocated in such 
cases for both diagnostic and therapeutic purposes. Thus 
a survey from the USA showed an increase in the use of 
pulmonary artery (PA) catheters in patients admitted 
with a diagnosis of  AMI from 7.2% to 19.9% over the pe- 
riod 1975-1988. However, the benefit of  these regimens 
has been vindicated only through the increase in survival 
seen in patients with cardiogenic shock. Assessed retro- 
spectively, mortality has fallen from around 80% in 1970 
to 500/0 in 1985 [7]. The intensive monitoring of  haemo- 
dynamic variables allows the application of  appropriate 
supportive therapy whilst definitive interventions are ap- 
plied; and for the recovery and inotropic stimulation of  
stunned myocardium following AMI. Delayed functional 
recovery of the myocardium following an ischaemic insult 
has been demonstrated in man and in animal models and 
improvement of  left ventricular (LV) function after suc- 
cessful thrombolysis and reperfusion may occur up to 16 
days later [8]. In those patients in which it is possible to 
increase DO 2, and prevent the development of  secondary 
organ failure the prognosis has been shown to be greatly 
improved [9]. 

Monitoring techniques also have an important diag- 
nostic role to play in the aetiology of cardiac dysfunction 
in the detection of  valvular lesions, tamponade and 
thromboembolic phenomenon. 

Post cardiopulrnonary bypass (CABG) surgery 

Haemodynamic monitoring is an essential component of 
the post-operative care required following cardiac sur- 
gery. Acute reversible myocardial depression following 
uncomplicated coronary artery bypass grafting is a well- 
recognised and frequent occurrence [10]. Possible under- 
lying mechanisms include inadequate myocardial protec- 
tion, the effects of  cold cardioplegia, and reperfusion in- 
jury. In a recent study following uncomplicated CABG, 
all patients showed a depression of myocardial perfor- 
mance as assessed by ejection fraction and cardiac out- 
put. Inotropic support was required post-operatively by 
63% at some time during the first 24 h [10]. In more com- 
plex patients with pre-existing myocardial damage the 
need for accurate monitoring is even greater, if an ade- 
quate circulation and tissue oxygenation is to be main- 
tained to prevent secondary organ failure. The quantifica- 
tion of cardiac performance following transplantation is 
still in its infancy, but the complicating issues of  myocar- 
dial reperfusion, re-implantation and rejection injuries 
suggest that a need for effective monitoring is high, dete- 
rioration in ventricular function may be the earliest sign 
of rejection [111. 

Sepsis and septic shock 

Septic shock is the commonest cause of death in intensive 
care, and the incidence is increasing. The sepsis syndrome 
carries a mortality of  3 0 - 6 0 %  and accounted for 100000 
deaths pa in the USA in 1989 [12]. Sepsis and the system- 
ic inflammatory response syndrome (SIRS) [13] are asso- 
ciated with many conditions and may occur as a com- 
plication of  certain therapeutic interventions. SIRS is 
also seen following major trauma, in conjunction with 
the adult respiratory distress syndrome (ARDS), and in 
association with fat embolism or severe medical condi- 
tions such as pancreatitis. There are several process in- 
volved in the development of  this phenomenon including 
a decrease in peripheral vascular tone leading to a fall in 
systemic vascular resistance (SVR) and a loss of  micro 
vascular control, thereby altering preload and afterload. 
Depression of myocardial contractility may develop due 
to metabolic changes, leading to hypoxia and increased 
vascular permeability leading to tissue oedema. The di- 
rect depression of  myocardial contractility by circulating 
substances in sepsis has been demonstrated both in vitro 
[14] and in vivo [15]. Several substances which depress 
myocardial contractility have been identified, including 
endotoxin, interleukins and turnout necrosis factor 
(TNF). Global depression of  both left and right ventricu- 
lar function has been demonstrated, although regional 
abnormalities of  the left ventricle have also been de- 
scribed. In survivors, an initial ventricular dilation with 
an increased left ventricular end diastolic volume 
(LVEDV), reduced ejection fraction and preserved stroke 
volume, with a compensatory tachycardia to maintain or 
increase cardiac output has been described [15]. 

Abnormal metabolic demands have been demonstrat- 
ed in septic shock, with pathological supply-dependency 
of  oxygen uptake demonstrated by some workers [16]. Be- 
cause of the variable nature of  the peripheral and central 
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cardiovascular effects of sepsis and their responses to va- 
soactive drugs [17], any rational treatment regimen re- 
quires the direct or indirect monitoring of the blood pres- 
sure, cardiac output, circulating volume, myocardial con- 
tractility, and vascular tone, to optimise the manipulation 
of these variables. 

Clinical monitoring 

The use of basic clinical skills and simple non-invasive 
monitors such as blood pressure, pulse, urine output and 
central/peripheral temperature gradients can provide a 
good deal of information regarding the heart and 
peripheral circulation and may be sufficient to manage 
patients with cardiac or circulatory insufficiency who are 
not critically ill. Studies into the accuracy of bedside esti- 
mates of left atrial pressure by clinicians as opposed to in- 
vasive measurements of pulmonary artery occlusion pres- 
sure (PAOP) have produced levels of agreement as high as 
85% following uncomplicated AMI [18]. However, in pa- 
tients with multisystem failure this level can be as low as 
30o7o [19]. Such a success rate does not imply a level of 
discrimination that would normally be regarded as ac- 
ceptable for the guidance of aggressive fluid management 
or inotropic therapy, and for the majority of critically ill 
patients more precise methods of monitoring myocardial 
function are required. While clinical observations and 
simple monitoring may indicate tissue- and organ-hypo- 
perfusion, they are non-specific and insensitive. 

Invasive monitoring 

The use of invasive monitoring, and in particular the pul- 
monary artery (PA) catheter is now considered normal 
practice in the majority of intensive care units. Central 
venous pressure (CVP), pulmonary artery pressure 
(PAP), PAOP, right ventricular ejection fraction [20], car- 
diac output, and continuous mixed venous oxygen satura- 
tion can all be measured using a PA catheter. Although 
cardiac output is an important prognostic indicator after 
myocardial infarction [21], in one study patients moni- 
tored using PA catheters did less well than those who were 
not, largely as a result of catheter-associated morbidity 
[22]. This includes local trauma from the insertion of 
lines and guide-wires, through infective complications, on 
to the potential for pulmonary artery rupture. Specula- 
tive extrapolations from these figures have suggested that 
10000-15000 excess deaths per year in the USA may be 
attributable to the use of PA catheters [23]. The reported 
incidence of complications associated with the use of 
pulmonary artery catheters varies from 1%o [24] to 30% 
[25] though much of this discrepancy is due to classifica- 
tion. 

The validity of using a single or group of measure- 
ments of CO taken over a very short period of time and 
assuming they are representative and comparing them 
with a similar set and assuming this reflects accurately 
the changes over an extended period has also been ques- 

tioned [26]. Changes in intra-thoracic pressure induced 
by different modes of mechanical ventilation, changes in 
thoracic muscle tone and lung compliance, the mal co-or- 
dination of spontaneous respiratory efforts with mechan- 
ical breaths, and underlying lung diseases such as COPD, 
asthma and ARDS can all influence the accuracy of mea- 
surements of both CO and LVEDP/PAOR Additionally, 
alterations in the filling of the pulmonary circulation, in- 
creases in the pulmonary vascular resistance, mitral 
stenosis and incompetence, aortic incompetence and 
changes in left ventricular compliance all adversely effect 
the accuracy of PAOP in reflecting LVEDV and so left 
ventricular pre-load. The timing of measurements within 
the ventilatory cycle can have profound effects upon the 
results. In the past, measurements made at end-expiration 
or even with the patient transiently disconnected from the 
ventilator have been regarded as optimal [27]. More re- 
cently, investigators have suggested that three or more 
measurements evenly spaced through the ventilator cycle 
and averaged are a more accurate reflection of mean car- 
diac output [28]. Furthermore the precision of measure- 
ments of CO made with the PA catheter are at best 
4 - 9 %  [29] and may be considerably worse. 

Measurement of right ventricular ejection fraction 
(RVEF) is also possible using a suitable PA catheter, clini- 
cally this has been applied to monitor the effects of venti- 
lator manipulations, as an indicator of pre-operative 
ischaemia, and the post-operative dysfunction associated 
with coronary artery bypass surgery. Work has suggested 
that the accuracy of these measurements is related to the 
RV EF and inversely related to heart rate [30]. 

More recent modifications to the PA catheter have en- 
abled the continuous measurement of CO by thermodilu- 
tion [311, which is now under widespread evaluation [32]. 
The clinical value of continuous rather than intermittent 
data has still to be evaluated but the correlation between 
the two techniques is close. From a practical point of view 
the continuous system may be simpler to use and avoids 
the variations attributable to operator technique. The in- 
corporation of a Doppler probe into the catheter to pro- 
vide continuous CO measurements has been tess success- 
ful [331. 

A recently-developed alternative technique for the as- 
sessment of preload involves the monitoring of intra-tho- 
racic blood volume as an index of circulatory volume, 
which in ventilated patients may be more valuable than 
PAOP [34]. However, the technique requires that both a 
PA and large arterial catheter be inserted and its value re- 
mains to be established. 

The use of LV conductance catheters allows the real 
time measurement of LV volume and with a suitable 
transducer these may be combined with simultaneous 
pressure measurements. Though still in relatively limited 
use this technique has been shown to agree closely with 
angiographic measurements of LV volumes and ejection 
fraction [351. There are some practical limitations and the 
accuracy of the technique in dilated ventricles has been 
questioned [36]. Secondly, the presence of a catheter in 
the LV for long periods as a nidus for the formation of 
emboli is undesirable and limits its application in the ICU 
setting. 
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Non-invasive monitoring 

Echocardiography 

Since its introduction into clinical medicine and cardiolo- 
gy over 20 years ago [37, 38], the use of ultrasound has 
expanded dramatically. Echocardiography has become a 
major diagnostic tool, providing detailed information 
about cardiac anatomy and physiology, and representing 
a cheap, safe, non-invasive procedure that is particularly 
suitable for assessing critically ill patients due to the com- 
pact and portable nature of ultrasound systems. By defi- 
nition ultrasound employs a frequency above that per- 
ceived by the human ear (20 kHz), and most cardiac ap- 
plications of the technique utilise frequencies between 2 
and 7.5 MHz. Echocardiography has traditionally been 
performed from the transthoracic approach, and most 
measurements of ventricular function have been validat- 
ed using this technique. Commonly a parasternal ap- 
proach, to obtain short and long axis views of the valves 
and ventricles, and apical and subcostal approaches to 
demonstrate all four cardiac chambers. However between 
5-10% of ambulant patients have poor transthoracic 
windows, preventing the derivation of diagnostic and 
quantitative information. In mechanically ventilated pa- 
tients, this percentage may rise to 30~ or higher, particu- 
larly in patients who have undergone cardiothoracic sur- 
gery and have sternal wounds and chest drains in situ. 

M-mode echocardiography. M-mode echocardiography, 
the original application of transthoracic cardiac ultra- 
sound, remains the imaging modality of choice for 
analysing the timing of wall motion abnormalities, and 
no other technique has such a high sampling frequency. 
M-mode echocardiography produces a recording of mo- 
tion along a thin slice through the heart, and is derived 
from a single beam of ultrasound of high frequency. The 
sampling rate of 1000 pulses per second represents one of 
the highest degrees of temporal resolution available for 
clinical measurement, and provides a large amount of in- 
formation from a localised segment of the heart. M- 
mode echocardiograms were first used to measure LV di- 
mensions in the early 1970s [39] and estimations of the 
LV minor axis have been widely used in the assessment of 
ventricular function. Cavity dimensions, shortening frac- 
tion (degree of systolic reduction in the minor axis ex- 
pressed as a percentage of end-diastolic dimension) and 
velocity of circumferential fibre shortening (an index of 
systolic rate of dimension change) can all be used as in- 
dicators of systolic ventricular disease [40] and are com- 
monly used to assess post operative cardiac function. M- 
mode echocardiography of the left ventricle can also be 
used to assess diastolic function, and due to the high 
sampling frequency, has advantages over all other imag- 
ing modalities in this respect [41, 42]. Isovolumic relax- 
ation time may be conveniently measured from aortic clo- 
sure on the phonocardiogram, to the initial separation of 
mitral cusps on the mitral echogram. Shape changes dur- 
ing isovoiumic relaxation are a particularly sensitive 
marker of incoordinate relaxation commonly found in 
ischaemic heart disease and an important influence on di- 
astolic function. More recently, M-mode measurements 

have been made of longitudinal motion of the atrioven- 
tricular rings, reflecting longitudinal myocardial, and in- 
deed atrial function [43 -45]. Computer analysis of short 
axis M-mode traces by digitisation, provides further in- 
formation such as peak rate of cavity dimension increase, 
and rate of posterior wall thinning, which are physiologi- 
cally useful measures of left ventricular diastolic func- 
tion. Clear continuous echoes from the septum, the pos- 
terior wall endocardium and epicardium are necessary in 
order to digitise the M-mode trace [46, 471. When com- 
bined with high fidelity pressure measurements, the 
stress-strain relation of a region of the posterior wall can 
be derived [47]. However the time required for digitisa- 
tion well as cost and availability of the hardware limits its 
current clinical use. 

With the advent of two-dimensional echocardiogra- 
phy came the introduction of additional methods of eval- 
uation. However, although now widely used in the non- 
invasive assessment of ventricular function, limitations to 
the technique must be addressed. By forming a cross-sec- 
tional image, a compromise must occur between spatial 
and temporal resolution. Thus images with high spatial 
resolution can only be formed at low frame rates. Never- 
theless, global left ventricular function can be assessed 
visually, to evaluate overall and regional wall motion, 
ventricular dimensions and areas of hypokinesis. Region- 
al hypo- or dyskinesis are typical in myocardial infarction 
and chronic ischaemic disease [48]. 

Transoesophageal echocardiography (TOE). Over the 
past few years, the technique of TOE has developed and 
grown [49-51], finding a particular niche in the peri-op- 
erative assessment of ventricular function in patients un- 
dergoing surgery and in ventilated patients in intensive 
care. One or two 5 MHz transducers are mounted on the 
tip of a standard gastroscope, and the probe is inserted 
into the oesophagus either blindly or under direct vision. 
From a practical point of view, the important view to as- 
sess ventricular function is the horizontal plane tran- 
sgastric short axis view of the left ventricle, just above the 
papillary muscles, although longitudinal plane images 
from biplane systems may provide additional informa- 
tion. From the short axis view, the entire circumference of 
the left ventricular wall can be seen, and segmental wall 
motion abnormalities can be assessed. Acoustic quantifi- 
cation of a high quality image together with on-line anal- 
ysis can provide quantitative measurements such as frac- 
tional area change and d Area/dt. The methods of analy- 
sis of M-mode recordings already discussed with respect 
to transthoracic echocardiography apply equally to tran- 
soesophageal echocardiography, although validation of 
normal ranges is incomplete at this time. Simultaneously 
acquired data of left ventricular dimension, together with 
high fidelity intraventricular pressure recordings, can be 
combined to obtain a pressure-dimension loop. This al- 
lows the measurement of end systolic and end diastolic 
area-pressure relationships which may be considered the 
best available reflection of myocardial properties and 
provide a technique for assessing the Frank-Starling 
mechanism in the clinical situation. Such analysis may 
reveal subtle abnormalities of function not detected by 



other techniques, though at present remains a research 
tool. Two-dimensional images from either the trans- 
thoracic or transoesophageal approach may reveal extrin- 
sic causes for a compromised circulation such as pericar- 
dial fluid, with compression or collapse of the right atri- 
um or ventricle [52, 53]. The transoesophageal approach 
is superior in identifying localised thrombus with focal 
right atrial tamponade [54], and this should be consid- 
ered in post cardiac surgery patients with a falling cardiac 
output despite rising right atrial pressures. TOE has a 
high diagnostic sensitivity and specificity, though it's pre- 
cision as a quantitative monitor is very much more limit- 
ed. In common with other echo techniques TOE is also 
highly operator and observer dependent [55]. This is an 
expensive technology which is unlikely to be universally 
available and is not suitable for continuous real time use. 

Doppler echocardiography. Doppler echocardiography 
has now become an integral part of any cardiac ultrasonic 
examination, particularly with respect to functional 
assessment [56, 57]. Apart from the assessment of valvu- 
lar stenotic and regurgitant lesions, which will not be dis- 
cussed further, Doppler characteristics of the flow into 
the ventricles have been widely and rapidly adopted as 
markers of diastolic function [58-60]. The ease of mea- 
surement, and convenience of deriving a ratio of early di- 
astolic/atrial filling velocities (the E/A ratio), perhaps ex- 
plains the popularity. However, it is now recognised that 
age, heart rate, left atrial pressure and peripheral vascular 
resistance may all influence the transmitral Doppler E/A 
ratio quite independently of intrinsic diastolic properties 
of the ventricle [61-63]. In ischaemia and hypertrophy, 
the nature and duration of isovolumic relaxation are the 
strongest determinants of the E/A ratio, and it appears 
that they act as a final common pathway through which 
all other influences operate [64]. Nevertheless, when used 
with other information such as end-diastolic pressure, 
such indices may provide useful information. Doppler 
flow velocity traces of aortic flow have proved useful in 
assessing systolic function, and cardiac output may be 
calculated from this technique. Finally, Doppler record- 
ings of tricuspid regurgitation can provide a useful non- 
invasive measure of pulmonary artery pressure [65- 67]. 
The peak tricuspid regurgitant velocity is directly related 
to the right ventricular - right atrial pressure drop, and 
peak pulmonary artery systolic pressure can be estimated 
from this. Even if the peak velocity is not recorded, the 
time interval from pulmonary closure to the end of the 
tricuspid regurgitant signal may be used as a measure of 
peak systolic pressure [68]. 

Doppler flow probes. Simple oesophageal Doppler pro- 
bes without an imaging facility can also be used for 
monitoring indices of cardiac output by measuring flow 
velocity in the descending aorta. Since the technique was 
first used in 1971 [69] there has been considerable devel- 
opment. In use the operation of such devices is relatively 
simple and atraumatic with the probe positioned blind 
and manipulated until a good signal is received. Though 
selection of a suitable ultrasound frequency (5.1 MHz) 
limits the depth of view so that only blood flow in the 
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aorta is monitored without interference from other 
mediastinal vessels. 

The signal from the probe is fed into a spectral 
analyser which produces a velocity/time curve for blood 
flow in the aorta. From the analysis of the area under the 
curve cardiac output and stroke volume can be calculat- 
ed. By analysis of the shape of the curve changes in in- 
otropic state, volume status and vascular resistance can 
be recognised [70]. This technique has been used with 
some success in both ICU and the peri-operative period. 
The reproducibility of indices of cardiac output compar- 
ing favourably with thermodilution methods [71], though 
a relative rather than absolute value is obtained as mea- 
surements are made in the descending aorta excluding 
blood flow to the subclavians and carotids. This compen- 
sated for using a correction coefficient assuming that the 
relative distribution of blood flow remains constant. Ad- 
ditionally in common with other Doppler techniques the 
accuracy relies on several assumptions, that the cross-sec- 
tional area of the aorta is constant throughout the car- 
diac cycle, that the angle of the probe to the direction of 
blood flow is constant and that there is laminar flow of 
blood within the aorta [72]. 

Radio nuclide techniques 

The use of radioisotopes to study cardiac performance 
began with simple measurements of circulation time in 
1927 [73] and developed with the development of quanti- 
tative techniques in the early 1960s. All techniques rely 
upon the labelling of the circulation with a radioactive 
tracer which will remain in the circulation for a time ap- 
propriate for the investigation performed. In the case of 
first pass studies, that is a study which records the pas- 
sage of a single bolus of activity through the heart, this 
may simply be an injection of a suitable salt. For studies 
of a longer duration the blood may be labelled with a 
protein such as albumin which remains in the circulation, 
or the red blood cells can be labelled. The changing vol- 
ume of blood in the heart is then imaged or measured to 
provide the data on cardiac function. 

The variables measured are commonly ejection frac- 
tion (EF), ejection and filling rates and times, from which 
relative cardiac output may be calculated, and when us- 
ing imaging techniques, regional contraction phase and 
amplitude information. When interpreting the data from 
these studies it is important to appreciate the clinical sig- 
nificance of the data. Ejection fraction is primarily de- 
pendant upon myocardial contractility and afterload and 
to a lesser extent preload, it has been shown to be an im- 
portant prognostic indicator post myocardial infarction 
and has also been used as a predictor of cardiovascular 
risk prior to cardiac and major vascular surgery. Howev- 
er, its place as a bed side index of myocardial perfor- 
mance has not been established. Regional wall motion 
abnormalities correlate well with areas of infarction and 
ischaemia. 

Imaging techniques. Multiple Gated Acquisition 
(MUGA) scans, first introduced in the early 1970s, and 
radionuclide ventriculography (RNV) now have a recog- 
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nised place in cardiology. The labelled blood pool is im- 
aged within the heart using a gamma camera. The images 
obtained are recorded by gated acquisition using an ECG 
signal so that accurate systolic and diastolic images can 
be built up. The reproducibility of the measurement of 
EF using different analysis techniques is of the order of 
10% [74, 75]. The technique has been refined and validat- 
ed against other techniques such as angiographic ven- 
triculography. MUGA scans can be performed using a 
portable gamma camera and therefore within the ICU en- 
vironment, but the system does have shortcomings for 
routine bedside use. The equipment required is cumber- 
some and the time required for accurate measurements to 
be made is tong in comparison with other techniques 
such as thermodilution cardiac output. Once acquired, 
images require processing to provide quantitative data. 
There is also only a limited period during which scans can 
be made after the initial blood pool is radiolabelled as the 
half-life of the most widely used isotope (Technetium 
99Tcm) is 6 h. The rate of image acquisition, which de- 
pends upon the number of counts measured for the fidel- 
ity of the image produced, therefore increases. The devel- 
opment of new technology such as multi-wire cameras 
and the use of new isotopes such as tantalum may provide 
a more portable systems with rapid image acquisition and 
processing and a greatly reduced radiation dose facilitat- 
ing repeated studies. Preliminary results suggest that this 
system will provide a level of precision similar to conven- 
tional cameras [76]. However, these will never be on-line 
techniques and require a skilled dedicated operator to 
perform the study and analyse the images. 

Non-imaging techniques. Some of the drawbacks outlin- 
ed above have been obviated by the new generation of 
non-imaging detection systems, which trade the spatial 
resolution of the conventional gamma camera for very 
much higher temporal resolution by viewing the left ven- 
tricle as a single pixel and monitoring changes in activity 
within this field, gated against an ECG signal to provide 
a measurement of changing left ventricular volume. 
These devices have the additional advantage of being 
physically smaller and some provide near realtime moni- 
toring of left ventricular function. The first device avail- 
able which could be used at the bed side, the "Nuclear 
Stethoscope" was developed in 1976 [77] and has been 
considerably refined since. More recent refinements mean 
that ejection fraction, ejection time, peak ejection rate, 
peak filling time, time to peak filling rate, first one third 
filling fraction, relative stroke volume, end systolic vol- 
ume, and end diastolic volume can all be measured. A rel- 
ative cardiac output is derived from these values. Such 
devices measure indices of diastolic function, such as 
peak filling rate and time-to-peak filling in addition to in- 
dices of systolic function in the form of ejection fraction 
and peak ejection rate. The importance of changes in dia- 
stolic function has been demonstrated in both ischaemic 
heart disease and sepsis [15]. Measurement of ejection 
fraction using these techniques has been validated in a 
number of clinical settings; for diagnostic use in 
ischaemic heart disease [78, 79], for continuous ambula- 
tory monitoring of left ventricular function, in the moni- 

toring of vasodilator therapy [80, 81], pre-, post- and dur- 
ing angioplasty [82], and pre- and post-cardiac surgery 
[83]. The principal disadvantages of these techniques are 
the necessity of labelling the red blood cells with radio- 
isotope (99m-technetium), the limited duration of the la- 
belling allowing typically 8 h of monitoring after each la- 
belling. Their use may also be excluded for practical rea- 
sons, such as an ability to position the probe on the chest 
wall or anatomical abnormalities which mean that a 
straightforward view of the LV from the chest wall is not 
possible. 

Theoretically, the use of these devices is attractive as 
they provide a continuous on-line monitor of both systol- 
ic and diastolic function and avoid the morbidity associ- 
ated with the more invasive techniques. Current work 
suggest that the data that they provide on myocardial 
contractility in terms of EF and ejection rates, and com- 
pliance in terms of filling rates and changes in diastolic 
volume are reproducible and at least as precise as other 
currently available non-invasive techniques. Before their 
place in intensive care can be established further work in 
needed. 

Impedance cardiography 

Impedance cardiography is an attractive technique to use 
at the bedside, providing an estimation of EF and stroke 
volume, from which end diastolic volume is calculated. It 
is non-invasive, requiring only surface electrodes, involves 
no radiation exposure, provides real-time data and does 
not require a dedicated, skilled operator. A significant 
correlation between this technique and RNV [84] has 
been reported, but recent work and analysis of the origi- 
nal data using more appropriate statistical techniques 
[85] suggest that the limits of agreement between the two 
techniques are too wide to be clinically acceptable. 

Summary 

No measurement of myocardial performance currently 
available in the ICU can be regarded is ideal. Table 2 sum- 
marises the main features of the major monitoring tech- 
niques. As many of the indices of myocardial perfor- 
mance are interdependent, quantifying the contribution 
of each component to overall cardiac function is not pos- 
sible currently, and the clinical utility of monitoring each 
individually is not therefore established. Bedside mea- 
surements of LV dimensions, volumes and ejection frac- 
tion, and the other indices of systolic and diastolic func- 
tion can now be made, but the case for their routine use 
in influencing clinical practice remains unproven. Tran- 
soesophageal echocardiography has an important and es- 
tablished diagnostic role and has been used successfully 
for continuous monitoring during surgery, but practical 
considerations seriously limit its potential for routine use. 
Radionuclide techniques allow the measurement of many 
of the same parameters and have the potential for contin- 
uous use, but practical problems and the additional risk 
of radiation exposure may limit this application in the 
critical care environment. Doppler techniques are non-in- 
vasive, provide continuous data and are simple to operate, 



Table 2. Summary of properties of the major monitoring techniques 

Technique Dedicated Continuous Diagnostic Monitoring Parameters monitored Precision and Complications 
operator data utility utility reproducibility 

Transthoracic/ Yes No High Under Anatomy, valvular function, Operator Rare [87] 
transoesophageal (52-54)  evaluation qualitative wall motion. Quan- dependant [55] 
echocardiography titative, systolic and diastolic 

function with suitable analysis. 
Estimations of CO and pressures 
with Doppler 

Yes Low Under CO. Qualitative data on contrac- 
evaluation tility, vascular resistance and 

volume status with wave form 
display [70J 

Yes- Low High RAP, PAP, PAOP, CO. SvO 2 
pressure with fiberoptic catheter 
No-CO 
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Oesophageal Doppler No 
flow probes 

Pulmonary artery No 
catheter 

Continuous cardiac No Yes Low High 
output PA catheter 

Radionuclide Yes No High No 
ventriculography 

Non-imaging nuclear Yes Yes Low Not 
probes established 

RAP, PAP, PAOP, CO 

EF, pFr, pEjr, regional wall mo- 
tion information 

EF, pFr, pEjr, relative CO 

Coefficient of Rare 
variation 407o 
[711 

4070-9% =3.5070 
(measurement (1 070 [24] - 30070 
of cardiac out- [251) 
put under 
ideal cir- 
cumstances) 
[291 

Comparable Assumed to be as 
with above, above. 
eliminates 
variation in 
technique 

5 - 10% [74] Radiation exposure 
Reproducibility (1 in 2000), 
3 EF units [75] 

5 - 10% Radiation exposure 
(1 in 2000), 

Key: CO, cardiac output. RAP, right atrial pressure, PAP, pulmonary artery pressure. PAOP, pulmonary artery occlusion pressure. EF, ejection 
fraction, pFr, peak filling rate. pEjr, peak ejection rate. t :  Following dose of 740 Mbq 99Tcm 1 in 2000 lifetime risk of fatal malignancy 

but the data provided has important limitations. Al- 
though the pulmonary artery catheter has been in use for 
over twenty years, questions regarding the information is 
provides concerning myocardial function remain and the 
extent to which it should influence therapeutic decisions 
is still controversial. However with the development of 
additional facilities, particularly the continuous measure- 
ment of cardiac output the pulmonary artery catheter 
seems likely to remain the mainstay of bedside monitor- 
ing of myocardial performance in the critically ill in the 
immediate future. 

References 

1. Shoemaker WC, Czer LSC (1979) Evaluation of the biologic impor- 
tance of various haemodynamic and oxygen transport variables. 
Crit Care Med 7:424-431 

2. Schulman DS, Biondi JW, Matthay R.A, Zaret BL, Soufer R (1989) 
Differing responses in right and left ventricular filling, loading and 
volumes during positive end-expiratory pressure. Am J Cardiol 
64:772- 777 

3. Jardin F, Farcot JC, Boisante L, Curien N, Margairaz A, Bour- 
darias JP (1981) Influence of positive end-expiratory pressure on 
left ventricular performance. N Engl J Med 304:387-392 

4. Fewell JE, Abendschein DR, Carlson C J, Murray JF, Rapaport E 
[1980) Continuous positive-pressure ventilation decreases right and 
left ventricular end-diastolic volumes in the dog. Circ Res 46: 
125-132 

5. Fiddian-Green R, Baker S (1987) Predictive value of the stomach 
wall pH for complications after cardiac operations; comparison 
with other monitoring. Crit Care Med I5:153-156 

6. Gys T, van Esbroeck G, Hubens A (1991) Assessment of the perfu- 
sion in peripheral tissue beds by subcutaneous oximetry and gastric 
intra mucosal pH-metry in elective colorectal surgery. Intensive 
Care Med 17:78-82 

7. Schreiber TL, Miller DH, Zola B (1989) Management of myocar- 
dial infarction shock: current status. Am Heart J 117:435-443 

8. Patel B, Kloner R, Przyklenk K, Braunwald E (1988) Postischaemic 
myocardial "stunning": a clinically relevant phenomenon. Ann In- 
tern Med 108:626-629 

9. Creamer JE, Edwards JD, Nightingale P (1990) Haemodynamic 
and oxygen transport variables in cardiogenic shock secondary to 
acute myocardial infarction and response to treatment. Am J Car- 
diol 65:1297 - 1300 

10. Breisblatt WM, Stein KL, Wolfe C J, Follansbee WP, Capozzi J, Ar- 
mitage JM, Hardesty RL (1990) Acute myocardial dysfunction and 
recovery: a common occurrence after coronary bypass surgery. J 
Am Coll Cardiol 15:1261-1269 

11. Polanco G, Jafri S, Alam M, Levine TB (1992) Transesophageal 
echocardiographic findings in patients with orthotopic heart trans- 
plantation. Chest 101:599-602 

12. Snell R J, Parrillo JE (1991) Cardiovascular dysfunction in septic 
shock. Chest 99:1000-1009 

13. Vincent JL, Bihari D (1992) Sepsis, severe sepsis or sepsis syn- 
drome: need for clarification. Intensive Care Med 18:255-257 

14. Parrillo JE, Burch C, Shelhamer JH, Parker MM, Natanson C, 
Schuette W (1985) A circulating myocardial depressant substance in 
humans with septic shock. J Clin Invest 76:1539-1553 

15. Parker MM, Shelhamer JH, Bacharach SL, Green MV, Natanson 



520 

C, Frederick TM, Damske BA, Parrillo JE (1984) Profound but re- 
versible myocardial depression in patients with septic shock. Ann 
Intern Med 100:483-490 

16. Wolf YG, Cotev S, Perel A, Manny J (1987) Dependence of oxygen 
consumption on cardiac output in sepsis. Crit Care Med 15: 
198-203 

17. Ruokonen E, Takala J, Kari A, Saxen H, Mertosola J, Hansen EJ 
(1993) Regional blood flow and oxygen transport in septic shock. 
Crit Care Med 21:1296-1303 

18. Forrester JS, Diamond GA, Swan HJC (1977) Correlative classifi- 
cation of clinical and haemodynamic function after acute myocar- 
dial infarction. Am J Cardiol 39:137-145 

19. Eisenberg PR, Jaffe AS, Schuster DP (1984) Clinical evaluation 
compared to pulmonary artery catheterization in the haemo- 
dynamic assessment of critically ill patients. Crit Care Med 12: 
549-553 

20. Dhainaut JF, Brunet F, Monsallier JF, Villemant D, Devaux JY, 
Konno M, De Gournay JM, Armaganidis A, Iotti G, Huyghebaert 
MF (1987) Bedside evaluation of right ventricular performance us- 
ing a rapid computerised tbermodilution method. Crit Care Med 
15:148-152 

21. Forrester JS, Diamond G, Chatterjee K, Swan HJC (1976) Medical 
therapy of acute myocardial infarction by application of 
haemodynamic subsets. N Engl J Med 295:1356-1362 

22. Gore JM, Goldberg RJ, Spodick DH, Alpert JS, Dalen JE (1987) 
A community-wide assessment of the use of pulmonary artery cath- 
eters in patients with acute myocardial infarction. Chest 
92:721 - 727 

23. Robin ED (1987) Death by pulmonary artery flow-directed catheter 
(Editorial) Time for a moratorium? Chest 92:727-731 

24. Puri VK, Carlson RW, Bander JJ et al (1980) Complications of vas- 
cular catheterization in the critically ill. Crit Care Med 8:495 

25. Elliot CG, Zimmerman GA, Clemmer TP (1979) Complications of 
pulmonary artery catheterization in the care of critically ill pa- 
tients. Chest 76:647-652 

26. Pinsky MR (1990) The meaning of cardiac output (Editorial). In- 
tensive Care Med 16:415-417 

27. Jansen JRC, Schreuder J J, Bogaard JM, van Rooyen W, Versprille 
A (1981) Thermodilution technique for measurement of cardiac 
output during artificial ventilation. J Appl Physiol 51:584-591 

28. Jansen JRC, Schreuder JJ, Settels J J, Kloek J J, Versprille A (1990) 
An adequate strategy for the thermodilution technique in patients 
during mechanical ventilation. Intensive Care Med 16:422-425 

29. Jansen JRC, Schreuder J J, Versprille A (1990) Reliability of cardiac 
output measurements by the thermodilution method. In: Vincent 
JL (ed) Update in intensive care and emergency medicine. Springer, 
Berlin Heidelberg New York, pp 408-441 

30. Rafferty T, Durkin M, Hines R, Elefteriades J, Harris SN, O'Con- 
nor TZ (1992) Thermodilution right ventricular ejection fraction 
measurement reproducibility - a study in patients undergoing cor- 
onary artery bypass graft surgery. Crit Care Med 20:1524-1528 

31. Yelderman ML, Ramsay MA, Quinn MD, Paulsen AW, McKown 
RC, Gillman PH (1992) Continuous thermodilution cardiac output 
measurement in intensive care unit patients. J Cardiothorac Vasc 
Anaesth 6:270-274 

32. Yelderman ML, Quinn MD, McKown, Eberhart RC, Dollar ML 
(1992) Continuous thermodilution cardiac output measurement in 
sheep. J Thorac Cardiovasc Surg 104:315-320 

33. Segal J, Pearl RG, Ford A J, Stern RA, Gehlbach SM (1989) Instan- 
taneous and continuous cardiac output obtained with a Doppler 
pulmonary artery catheter. J Am Coll Cardiol 13:1382-1392 

34. Lichtwarck-Aschoff M, Zeravik J, Pfeiffer UJ (t 992) Intrathoracie 
blood volume accurately reflects circulatory volume status in criti- 
cally ill patients with mechanical ventilation. Intensive Care Med 
18:142-147 

35. Odake M, Takeuchi M, Takaoka H, Hayashi Y, Yokoyama M (1992) 
Determination of left ventricular volume using a conductance cath- 
eter in the diseased human heart. Eur Heart J 13:E22-E27 

36. Kass DA, Midei M, Graves W, Brinker JA, Maughn WL (1988) Use 
of a conductance (volume) catheter and transient inferior vena 

caval occlusion for rapid determination of pressure volume rela- 
tionships in man. Cathet Cardiovasc Diagn 15:192-202 

37. Edler I, Gustafson A (1957) Ultrasonic cardiogram in mitral 
stenosis. Acta Med Scand 159:85-90 

38. Edler I (I961) Ultrasoundcardiography. Ystad: Bjurstr6m&Co 
Boktryckeri 

39. Gibson DG (1973) Estimation of left ventricular size by echocar- 
diography. Br Heart J 35:128-134 

40. McDonald IG, Feigenbaum H, Chang S (1972) Analysis of left ven- 
tricular wall motion by reflected ultrasound: application to assess- 
ment of myocardial function. Circulation 46:14-25 

41. Gibson DG, Brown DJ (1975) Continuous assessment of left ven- 
tricular shape in man. Br Heart J 37:904-910 

42. Doran JH, TrailI TA, Brown DJ, Gibson DG (1978) Detection of ab- 
normal left ventricular wall movement during isovolumic contrac- 
tion and early relaxation. Comparison of echo- and angiocar- 
diography. Br Heart J 40:367-371 

43. Jones CJH, Raposo L, Gibson DG (i990) Functional importance 
of the long axis dynamics of the human left ventricle. Br Heart J 
63:215 -220  

44. Jones CJH, Song GJ, Gibson DG (1991) An echocardiographic as- 
sessment of atrial mechanical behaviour. Br Heart J 65:3t -36 

45. Keren G, Sonnenblick EH, LeJemtel TH (1988) Mitrat annulus mo- 
tion. Relation to pulmonary venous and transmittal flows in nor- 
mal subjects and in patients with dilated cardiomyopathy. Circula- 
tion 78:621-629 

46. Gibson DG, Brown D (1973) Measurement of instantaneous left 
ventricular dimension and filling rate in man, using echocar- 
diography. Br Heart J 35:1141-1149 

47. Gibson DG, Brown DJ (1974) Relation between diastolic left ven- 
tricular wall stress and strain in man. Br Heart J 36:1066-1077 

48. Vandenberg BF, Rath LS, Stuhlmuller P, Melton HE Jr, Skorton DJ 
(1992) Estimation of left ventricular cavity area with an on-line, 
semiautomated echocardiographic edge detection system. Circula- 
tion 86:159-166 

49. Schnittger I, Popp RL (1988) Transesophageal Doppler echocar- 
diography. Mayo Clin Proc 63:726-728 

50. Seward JB, Khandheria BK, Oh JK et al (1988) Transesophageal 
echocardiography: technique, anatomic correlations, implementa- 
tion, and clinical applications. Mayo Clin Proc 63:649-680 

51. Seward JB, Khandheria BK, Oh JK, Freeman WK, Tajik AJ (1992) 
Critical appraisal of transesophageal echocardiography: limita- 
tions, pitfalls, and complications. J Am Soc Echocardiogr 5: 
288-  305 

52. Armstrong WF, Schilt BF, Helper DJ, Dillon JC, Feigenbaum H 
(1982) Diastolic collapse of the right ventricle with cardiac tam- 
ponade: an echocardiographic study. Circulation 65:1491 - 1496 

53. Gillam LD, Guyer DE, Gibson TC, King ME, Marshall JE, 
Weyman AE (1983) Hydrodynamic compression of the right atri- 
um: a new echocardiographic sign of cardiac tamponade. Circula- 
tion 68:294-301 

54. Kochar GS, Jacobs LE, Kotler MN (1990) Right atrial compression 
in postoperative cardiac patients: detection by transesophageal 
echocardiography. J Am Coll Cardiol 16:511-516 

55. Bondy R, Ralley F (1993) Con: TEE is not a routine monitor in 
anesthesia for cardiac surgery. J Cardiothorac Vasc Anaesth 
7:361-363 

56. Appleton CP, Hatle LK, Popp RL (1988) Relation of transmitral 
flow velocity patterns to left ventricular diastolic function: new in- 
sights from a combined hemodynamic and Doppler echocar- 
diographic study. J Am Coll Cardiol 2:426-440 

57. Nishimura RA, Abel MD, Hatle LK, Tajik AJ (1989) Assessment 
of diastolic function of the heart: background and current applica- 
tions of Doppler echocardiography. Part II. Clinical studies. Mayo 
Clin Proc 64:181-204 

58. Kitabatake A, Inoue M, Asao Met  al (1982) Transmitral blood flow 
reflecting diastolic behaviour of the left ventricle in health and dis- 
ease - a study by pulsed Doppler technique. Jpn Circul J 46: 
92-102 

59. Takenaka K, Dabestani A, Gardin JM et al (1986) Pulsed Doppler 



521 

echocardiographic study of left ventricular filling in dilated car- 
diomyopathy. Am J CardioI 58:143-147 

60. Labovitz A J, Pearson AC (1987) Evaluation of left ventricular dia- 
stolic function: Clinical relevance and recent Doppler echocar- 
diographic insights. Am Heart J 114:836-851 

61. Bryg RJ, Williams GA, Labovitz AJ (1987) Effect of aging on left 
ventricular diastolic filling in normal subjects. Am J Cardiol 
59:971 - 974 

62. Choong CY, Herrmann HC, Weyman AE, Fifer MA (I987) Preload 
dependence of Doppler-derived indexes of left ventricular diastolic 
function in humans. J Am Coll Cardiol 10:800-808 

63. Lavine S J, Arends D (1989) Importance of the left ventricular fill- 
ing pressure on diastolic filling in idiopathic dilated car- 
diomyopathy. Am J Cardiol 64:61-65 

64. Brecker SJD, Lee CH, Gibson DG (1992) Relationship of left ven- 
tricular isovolumic relaxation time and incoordination to trans- 
mitral Doppler filling patterns. Br Heart J (in press) 

65. Carrie PJ, Seward JB, Chan K-L et al (1985) Continuous wave 
Doppler determination of right ventricular pressure: a simulta- 
neous Doppler-catheterization study in 127 patients. J Am Coll 
Cardiol 6:750-756 

66. Hatle L, Angelsen BAJ, Tromsdal A (1981) Non-invasive estima- 
tion of pulmonary artery systolic pressure with Doppler ultrasound. 
Br Heart J 45:157-165 

67. Yock PG, Popp RL (1984) Noninvasive estimation of right ventricu- 
lar systolic pressure by Doppler ultrasound in patients with 
tricuspid regurgitation. Circulation 70:657-662 

68. Brecker SJD, Xiao HB, Stojnic BB, Mbaissouroum M, Gibson DG 
(1992) Assessment of the peak tricuspid regurgitant velocity from 
the dynamics of retrograde flow. Int J Cardiol 34:267-271 

69. Side CD, Gosling RG (1971) Non-surgical assessment of cardiac 
function. Nature 232:335-336 

70. Singer M, Bennett ED (1991) Noninvasive optimisation of left ven- 
tricular function using esophageal Doppler. Crit Care Med 19: 
1132-1137 

71. Singer M, Clarke J, Bennett ED (1989) Continuous haemodynamic 
monitoring by oesophageal Doppler. Crit Care Med I7:447-452 

72. Bernstein DP (1987) Noninvasive cardiac output, Doppler flow- 
merry, and gold-plated assumptions. Crit Care Med 15:886-887 

73. Blumgart HL, Weiss S (1927) Studies in the velocity of blood flow, 
VII. J Clin Invest iv:399-425 

74. Hains ADB, A1-Khawaja H, Hinge DA, Lahiri A, Raftery EB 
(1987) Radionuclide left ventricular ejection fraction: a comparison 
of three methods. Br Heart J 57:242-246 

75. Zaret BL, Wackers FJ (1993) Nuclear cardiology. N Engl J Med 
329:855 - 863 

76. Lacy JL, Verani MS, Ball ME, Boyce TM, Gibson RW, Roberts R 
(1988) First-pass radionuclide angiography using a multiwire gam- 
ma camera and tantalum-178. J Nucl Med 29:293-301 

77. Wagner HN, Wake R, Nickloff E, Natarajan TK (1976) The nuclear 
stethescope: a simple device for generation of left ventricular vol- 
ume curves. Am J CardioI 38:747-750 

78. Davies GJ, Bencivelli W, Fragasso G, Chierchia S, Crea F, Crow J, 
Crean PA, Pratt T, Morgan M, Maseri A (1988) Sequence and mag- 
nitude of ventricular volume changes in painful and painless myo- 
cardial ischaemia. Circulation 78:310-319 

79. Ishibashi M, Yasuda T, Rocco TP, Alpert N, Moore RH, Strauss 
HW (1990) Evaluation of left ventricular diastolic function using 
an ambulatory radionuclide monitor: relationship to left ventricu- 
lar systolic performance. Am Heart J 120:96-103 

80. Briesblatt WM, Vita NA, Armuchastegui M, Cohen LS, Zaret BL 
(1988) Usefulness of serial radionuclide monitoring during graded 
nitroglycerine infusion for unstable angina pectoris for determining 
left ventricular function and individualised therapeutic dose. Am J 
Cardiol 61:685 - 690 

81. Mohiuddin IH, Kambara H, Ohkusa T, Nohara R, Fudo T, Ono S, 
Tamaki N, Ohtani H, Yonekura Y, Kawai C, Konishi J (1992) Clini- 
cal evaluation of cardiac function by ambulatory ventricular scin- 
tographic monitoring (VEST): validation and study of the effects of 
nitroglycerine and nifedapine in patients with and without coro- 
nary artery disease. Am Heart J 123:386-394 

82. Kayden DS, Remetz MS, Cabin HS, Deckelbaum LI, Cleman MW, 
Wackers FJT, Zaret BL (1991) Validation of continuous ra- 
dionuclide left ventricular functioning monitoring in detecting si- 
lent myocardial ischaemia during balloon angioplasty of the left 
anterior descending coronary artery. Am J Cardiol 67:1339- 1343 

83. Lewis RL, Videl JS, Strong MD, Maranhao V, Lumia FJ (1987) Ex- 
ercise radionuclide assessment of left ventricular function before 
and after coronary bypass surgery. Angiology 38:601-608 

84. Capan LM, Bernstein DP, Patel KP et al (1987) Measurement of 
ejection fraction by bioimpedence. Crit Care Med 15:402-404 

85. Bowling LS, Sageman WS, O'Connor SM, Cole R, Amundsen DE 
(1993) Lack of agreement between measurement of ejection frac- 
tion by impedence cardiography versus radionuclide ventri- 
culography. Crit Care Meal 21:1523-1527 


