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Summary
It is important to detect and treat hypovolaemia; however, detection is particularly challenging in the conscious,

spontaneously breathing patient. Eight healthy male volunteers were monitored using four minimally invasive moni-

tors: Vigileo FloTracTM; LiDCOrapidTM; USCOM 1A; and CardioQTM oesophageal Doppler. Monitor output and clini-

cal signs were recorded during incremental venesection of 2.5% estimated blood volume aliquots to a total of 20%

blood volume removed. A statistically significant difference from baseline stroke volume was detected after 2.5%

blood loss using the LiDCO (p = 0.007), 7.5% blood loss using the USCOM (p = 0.019), and 12.5% blood loss using

the CardioQ (p = 0.046) and the FloTrac (p = 0.028). Receiver operator characteristic curves for predicting > 10%

blood loss had areas under the curve of 0.68–0.82. The minimally invasive cardiac output devices tested can detect

blood loss by a reduction in stroke volume in awake volunteers, and may have a role in guiding fluid replacement in

conscious patients with suspected hypovolaemia.
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Introduction
Detection of blood loss and hypovolaemia in conscious

patients is difficult, yet important [1]. Clinical signs

[2], central venous and pulmonary capillary wedge

pressures [3, 4], and haemoglobin and lactate levels

[5–7] all correlate poorly with intravascular volume

status. Occult hypovolaemia is associated with poor

clinical outcomes postoperatively [8, 9]. Clinicians seek

to prevent the development of such hypovolaemia by

restricting pre-operative fasting times and paying close

attention to intravenous fluid replacement intra-opera-

tively. Such fluid replacement may be guided by mini-

mally invasive cardiac output monitors [10–12]. There

is some evidence that such devices can detect small

(4%) degrees of blood loss in patients receiving con-

trolled ventilation intra-operatively [13]. A pertinent
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question is whether these monitors can assist in the

detection of hypovolaemia in the postoperative period,

which would be a useful extension of their application

in at-risk patients. More broadly, can these monitors

detect occult hypovolaemia in any spontaneously

breathing patient at risk of blood loss, potentially facil-

itating timely treatment?

This study tests the hypothesis that minimally

invasive cardiac output monitors can detect the physi-

ological changes associated with hypovolaemia in con-

scious, spontaneously breathing patients at lower levels

of blood loss and hence at an earlier time point than

changes in clinical signs. In addition, the utility of a

dynamic challenge, a passive leg raise, was also

assessed.

Methods
This trial received ethical approval from the South

Metropolitan Health Service, and all volunteers pro-

vided written informed consent. Eight healthy male

anaesthetists, who were not taking any medications,

were recruited from the anaesthetic departments of Fre-

mantle and Royal Perth Hospitals. A pre-procedure

physical examination was conducted and electrocardio-

gram (ECG) performed. Participant’s blood volumes

were estimated using the Nadler formula [14]. Subjects

were instructed not to eat solid food for at least 6 h

before the start of the study, but to maintain clear fluid

intake until 2 h before venesection, to be as close as

possible to euvolaemic status for the start of the study.

Four minimally invasive hemodynamic monitoring

devices that were commercially available in Western

Australia at the time of this study were assessed: Vigi-

leo FloTracTM (Edwards Lifesciences, Irvine, CA, USA);

LiDCOrapidTM (LiDCO, London, UK); USCOM 1A

(USCOM, Sydney, NSW, Australia); and CardioQTM

oesophageal Doppler (Deltex Medical, Chichester,

West Sussex, UK). Device names are subsequently

abbreviated to FloTrac, LiDCO, USCOM and CardioQ,

respectively.

Heart rate, intra-arterial blood pressure, oxygen

saturation and time were recorded from the monitor

of an Aisys� (GE Healthcare, Madison, WI, USA)

anaesthetic machine. Data recorded from all the mini-

mally invasive devices were stroke volume (SV). The

FloTrac and LiDCO also measured SV variation. The

USCOM and CardioQ recorded peak velocity and

time-corrected flow (FTc: duration of systolic flow

corrected for a heart rate of 60 bpm), and the CardioQ

also recorded maximum amplitude.

The study was conducted in the operating theatres

at Fremantle Hospital over a one-week period. A 20-G

intravenous cannula was inserted in the right hand, a

20-G cannula was placed in the left radial artery, and

a short 14-G intravenous cannula was placed in the

left antecubital fossa for venesection. A CardioQ nasal

oesophageal Doppler probe was inserted by an experi-

enced operator after application of topical anaesthesia

using 4% lidocaine viscous gargle and 10% lidocaine

nasal spray. Continuous pulse oximetry and three-lead

ECG were also used.

The arterial cannula was connected via a trans-

ducer to the anaesthetic monitor and zeroed. Invasive

arterial pressure, ECG-measured heart rate and oxygen

saturation were displayed. LiDCO and FloTrac moni-

toring was established using this arterial cannula; the

USCOM Doppler signal was acquired by an experi-

enced operator using the device-specific probe in the

sternal notch; and the CardioQ was adjusted to obtain

an optimal signal. All individuals who were recording

data were blinded to the other monitors and to the

stage of venesection via drapes concealing the patient’s

arm. The investigator performing venesection acted as

the timekeeper.

The operator of each device was asked to record

data specific to their monitor at baseline (time point

0). Following this, each operator recorded two sets of

observations at 5-min intervals, one before and one

after a passive leg raise. Venesection was commenced

at a random time point during the first 30 min to

maintain blinding of the operators.

Once venesection commenced, 2.5% of estimated

blood volume was removed over 5 min. Collection was

into citrate-phosphate-dextrose bags weighed using

electronic scales tared to the weight of the bag. Total

venesection was 20% of estimated blood volume over a

period of 40 min. Re-infusion of venesected blood was

commenced immediately after the measurements taken

at maximal blood loss: 5% of blood volume was

returned every 10 min with device measurements con-

tinued every 5 min to maintain blinding. Arterial

blood gas samples were taken at baseline and at
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maximum blood loss to assess haemoglobin and lactate

concentrations.

A sequential approach to assessing changes in

recorded data was used. Paired t-tests or Wilcoxon

signed-rank tests for paired data were conducted, as

appropriate, to compare first baseline with 20% blood

loss, then baseline with 10% blood loss. If the results

of these tests were statistically significant, up to two

further tests were conducted to define the percentage

blood loss at which observed changes were likely to

occur with an unadjusted probability of < 0.05. These

tests were also used to assess changes before and after

passive leg raise and during the re-infusion of blood.

Receiver operator characteristic (ROC) curve analy-

sis was used to compare detection of a known 10%

blood loss using clinical signs and the SV output of the

monitors. As clinical signs and monitored variables had

different baselines and scales, data were converted to

ratios. Area under the curve was computed, and the

optimal cut-off point, defined as the point that maxi-

mised sensitivity and specificity for detection of > 10%

blood loss, was identified for each variable. For each

optimal cut-off point, the positive predictive value, neg-

ative predictive value and positive signal, which

describes the magnitude and direction of change in

variable from baseline, were calculated. Positive likeli-

hood ratios were calculated for the change in SV and

heart rate modelled in the ROC curve analysis for

> 10%, 15% and 20% blood loss. We used SPSS for

Windows (Version 20.0.0; IBM SPSS Chicago, IL, USA)

for statistical analysis. Significance was set at 5%.

Results
All eight participants confirmed they were fasted for sol-

ids but had had variable oral intakes determined by thirst

as instructed, and all completed the protocol of venesec-

tion and blood re-infusion. Mean (SD) age was 36.5

(2.0) years, height 1.79 (0.03) m and weight 77.1 (6.8) kg.

Mean estimated blood volume was 5.20 (0.33) l and 1.04

(0.07) l blood was venesected in eight aliquots. The Car-

dioQ Doppler probe could not be used in two subjects;

the probe would not pass the nose in one, and the other

complained of recurrent regurgitation due to the presence

of the probe. All subjects experienced discomfort from

the CardioQ probe after the local anaesthetic used to

facilitate insertion wore off. This discomfort was often

coincident with the period of blood re-infusion and was

worst when the USCOM probe was used.

One subject developed a supraventricular tachycar-

dia at maximal (20%) blood loss. This was self-

terminating after re-infusion of approximately 5% of

his blood volume. The results for this participant have

been analysed excluding the period of tachyarrythmia.

There was a fall in haemoglobin concentration from

a mean (SD) of 143.9 (7.8) g.l�1 to 138.8 (5.3) g.l�1

(mean (95% CI) decrease 5.1 g.l�1) (2.2–8.0) g.l�1,

p = 0.004) over the course of the venesection, but no

other significant changes in arterial blood gas analysis

were detected.

Mean (SD) heart rate increased from 70.6

(5.2) bpm at baseline to 77.2 (7.2) bpm after 17.5%

blood loss (mean (95% CI) increase 6.6 (2.9–10.1)

bpm, p = 0.004). Mean (SD) systolic blood pressure

was lower after venesection of 2.5% blood volume

(144.0 (18.6) mmHg) compared with baseline (153.5

(18.4) mmHg), mean (95% CI) difference 9.5 (5.8–

13.2) mmHg, p < 0.001), but following this the blood

pressure remained stable (Fig. 1).

Graphical representations of the change in the

monitored variables with increasing blood loss are

presented in Figs. 2–5, with the first instance of a

variable’s being significantly different from baseline

marked. Statistically significant changes in SV from

baseline were detected by all four monitors: at blood

loss levels of 2.5% with the LiDCO; 7.5% with the US-
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Figure 1 Mean heart rate in eight volunteers as blood
loss increased up to 20%. Error bars are SD. *p < 0.05
vs baseline.
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Figure 2 Mean stroke volume (red; ml) and stroke
volume variation (green; ml) measured using the Flo-
Trac in eight volunteers as blood loss increased up to
20%. Error bars = SD. *First point at which p < 0.05
from baseline.
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Figure 3 Mean stroke volume (red; ml) and stroke
volume variation (green; ml) measured using the LiD-
CO in eight volunteers as blood loss increased up to
20%. Error bars = SD. *First point at which p < 0.05
from baseline.
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Figure 4 Mean stroke volume (red; ml), peak velocity
(green; cm.s�1) and time-corrected flow (blue; ms)
measured using the USCOM in eight volunteers as
blood loss increased up to 20%. Error bars = SD.
*First point at which p < 0.05 from baseline.

400

300

200

100

0
0 2.5 5 7.5 12.5

Percentage blood loss

17.510 15 20

Figure 5 Mean stroke volume (red; ml), peak velocity
(green; cm.s�1) and time-corrected flow (blue; ms)
measured using the CardioQ in eight volunteers as
blood loss increased up to 20%. Error bars = SD.
*First point at which p < 0.05 from baseline.
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COM; and 12.5% with the CardioQ and the FloTrac.

The absolute magnitude of these changes ranged from

3.25 ml with the LiDCO to 17 ml with the FloTrac

(Figs. 2–5). The only variable to change significantly

from baseline apart from SV was peak velocity, as

measured by the CardioQ; this fell from 116.2 cm.s�1 to

106 cm.s�1 after 10% blood loss (95% CI of difference

1.8, 18.6, p = 0.026). The monitor-specific change in SV

for predicting > 10% blood loss is shown in Fig. 6.

The sizes of the changes in SV and clinical signs

used for constructing the ROC curves, areas under the

curves, and positive and negative predictive values are

presented in Table 1. Of note, the optimal change

modelled to predict blood loss is different for each

monitor. The positive likelihood ratios for the whole

number changes in heart rate (3 bpm) or SV

(7–12 ml) modelled for the ROC curves by device are

presented in Table 2.

The only significant haemodynamic changes in

response to a passive leg raise were seen after 20%

blood volume venesection. Mean (SD) heart rate fell

by 3.7 (3.6) bpm (95% CI 0.35–7.7 bpm), p = 0.036).

The CardioQ demonstrated an increase in mean (SD)

SV from 70.5 (12.2) ml to 82 (8.2) ml (mean (95% CI)

difference 11.5 (2.7–20.3) ml, p = 0.02) and peak

velocity rose from 96.6 (17.3) cm.s�1 to 103.7

(17.7) cm.s�1 (p = 0.012).

During re-infusion of the blood, heart rate did not

return to baseline. Mean heart rate at restoration of

blood volume was unchanged compared with maximal

hypovolaemia (mean (95% CI) difference 1.8 (�8 to

4.5) bpm, p = 0.53) but higher than pre-venesection

(mean (95% CI) difference 9.3 (2.5–16.1) bpm,

p = 0.015). Mean (SD) blood pressure was unchanged

compared with that at maximal blood loss for both

systolic (respectively 148 (15) mmHg vs 144

(17) mmHg, mean (95% CI) difference 3.6 (�9.3 to
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Figure 6 Receiver operator characteristic curve for
change in stroke volume predicting > 10% blood loss,
using the FloTrac (yellow), LiDCO (purple), USCOM
(blue) and CardioQ (green).

Table 1 Changes in clinical signs and stroke volume
(SV) measured using four minimally invasive monitors
in eight volunteers during venesection of 20% blood
loss in 2.5% aliquots.

AUC Baseline
Change
modelled PPV NPV

Heart rate;
bpm

0.783 70.8 +2.6 71.0% 69.7%

Systolic BP;
mmHg

0.598 153.5 �8.7 62.5% 62.5%

Diastolic BP;
mmHg

0.563 72.5 �2.8 61.3% 60.6%

FloTrac
SV; ml

0.821 138.9 �11.8 71.0% 80.8%

LiDCO
SV; ml

0.712 106 �7.4 74.2% 72.7%

USCOM
SV; ml

0.684 96.2 �9.4 66.7% 67.7%

CardioQ
SV; ml

0.788 90.8 �10.7 73.9% 70.8%

AUC, area under the ROC curve; PPV, positive predictive
value; NPV, negative predictive value; BP, blood pressure.

Table 2 Positive likelihood ratios for change from
baseline in heart rate or stroke volume measured using
four minimally invasive monitors in eight volunteers
during venesection of 20% blood loss in 2.5% aliquots.

Change
modelled

Positive likelihood ratio

10%
blood
loss

15%
blood
loss

20%
blood
loss

Heart rate; bpm +3 5.7 14.0 21.0
Flotrac; ml �12 6.0 9.5 6.7
LiDCO; ml �7 5.0 3.3 3.0
USCOM; ml �9 2.9 2.4 2.4
CardioQ; ml �11 6.2 8.8 7.4
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2.0) mmHg, p = 0.172) and diastolic (72.5 (5.0)

mmHg vs 70.5 (4.9) mmHg, mean (95% CI) difference

2.0 (�5.1 to 1.1) mmHg p = 0.174).

Over the period of blood re-infusion, SV recovered

to pre-venesection levels. The first statistically signifi-

cant increase in SV was seen after 10% blood had been

re-infused with the CardioQ (mean (95% CI) 14.7

(6.1–23.2) ml, p = 0.007) and the FloTrac (11.4 (0.5–

22.2) ml, p = 0.042), 15% with the LiDCO (7.1 (1.6–

12.6) ml, p = 0.018) and 20% for USCOM (15.8 (5.6–

25.6) ml, p = 0.008). Passive straight leg raise during

re-infusion of venesected blood was not associated

with any significant changes in clinical signs at any

level of blood loss.

Discussion
This study illustrates the potential of minimally inva-

sive cardiac output monitors to aid detection of blood

loss in the conscious patient. The change in SV tracks

blood loss and restoration of blood volume better than

other variables monitored by these devices, or indeed

clinical signs.

This study affirms a number of previous studies

that highlight the poor utility of clinical signs in

predicting blood loss or hypovolaemia [2, 4, 15, 16],

and challenges the classical teaching of the presence of

tachycardia with more than 15% blood loss [17]. The

participant who developed supraventricular tachycardia

at 20% blood loss stated subsequently that he had not

maintained an oral intake of clear fluids until 2 h pre-

procedure (he had fasted for over 12 h), and was

therefore likely to have been dehydrated by the time of

the study.

Surprisingly, passive leg raise did not aid immedi-

ate detection of hypovolaemia until maximal blood

loss; even then, a significant change from the supine

state was only observed with the CardioQ. The litera-

ture in this area is limited [18], but the method of pas-

sive leg raise used in this study, from supine to 30°,

rather than to 45°, may be associated with a reduced

to redistribution of blood to the central circulation

[19]. The possibility that a 30° leg raise is insufficient

to redistribute blood volume is supported by a recent

study in non-fasted volunteers in which a 45° leg raise

produced a > 10% change in SV in nearly half of those

studied [20].

Without the dynamic challenge to the circulation

of positive pressure ventilation, it is not surprising that

SV variation was not altered with the levels of blood

loss assessed in this study. This is consistent with pub-

lished studies demonstrating a lack of change in

peripheral measures of cardiovascular status with

normal breathing [21], or patterned breathing [22],

despite simulated hypovolaemia. Other dynamic

manoeuvres, such as a Valsalva manoeuvre, may war-

rant further investigation.

The strength of this study is the methodology of

measuring actual blood loss rather than a surrogate or

alternative method of cardiac output or SV. This has

allowed a small study to demonstrate that a moderate

degree of blood loss (> 10%) was predicted better using

these monitors than by changes in invasive arterial

blood pressure. Heart rate change generated a reason-

able area under the ROC curve and positive likelihood

ratios during venesection; however, the small size of the

change in heart rate and the failure of heart rate to

return to normal with re-infusion of blood raise ques-

tions about its utility. All of the minimally invasive

monitors, with the exception of USCOM, had greater

than 70% positive and negative predictive values for

detecting blood loss. The magnitudes of the changes in

SV (8.5–11.8% of baseline, or 7–12 ml) were big enough

to be clinically detectable. It may be possible to improve

the predictive value of these devices by utilising addi-

tional clinical or computed information [23, 24].

There are a number of limitations to this study.

The study participants were young, healthy males who

took no medication and had minimal discomfort and

no pathological process occurring to cause the blood

loss. This state is fundamentally different from the

state of intense sympathetic stimulation, systemic

inflammatory activation and immunomodulation [25]

that may be associated with injuries or surgery causing

similar or larger degrees of blood loss. Despite this

lack of major trauma, it is possible that the small

increases in heart rate observed may be related to

nociception from the study technique rather than the

level of blood loss, as heart rate failed to return to

baseline values despite complete volume restoration.

A consequence of the small study size is the

inability to apply repeated measures modelling,

beyond the paired analysis conducted. The sequential
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approach to paired statistical testing, to minimise the

number of tests performed, resulted in different num-

bers of tests to detect changes applied for each device.

This made it impossible to apply a consistent reduc-

tion in the statistical significance cut-off, so our

results need to be interpreted with caution. The study

is small, and although it has defined likely levels of

detection of blood loss in conscious patients, a larger

study would facilitate in-depth statistical modelling

and greater precision. This could allow for improved

detection of blood loss by incorporating clinical signs

and monitor output, or by modelling multiple moni-

tor outputs into a single ‘chance of blood loss’ score.

The ROC curves and positive and negative predictive

values generated from this study also need validating

in another setting.

Our experience suggests that the utility of the

devices may vary according to the clinical setting. The

nasal oesophageal Doppler probe was poorly tolerated

in the unmedicated patient after 45–60 min, and only

successfully placed in six of eight motivated partici-

pants. This is a different situation to that where the

CardioQ is used intra-operatively and inserted during

anaesthesia.

The question of how much blood loss is important

before consequences of hypovolaemia are seen has not

been answered by our study. An interplay of patient

and surgical factors will influence this for an individual

patient. The issue of SV optimisation is a related but

different issue [26]. It may be that the monitors we

tested have their ideal role in the detection of hypovol-

aemia as measured by a fall in SV from baseline,

rather than attempting to maximise SV. These technol-

ogies offer at least the chance for better detection of

hypovolaemia in the conscious patient, potentially

improving fluid replacement, avoiding the adverse con-

sequences of blood loss and possibly facilitating timely

surgical intervention in these patients. We hope that

this proof of concept study stimulates further clinical

work in this area.
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