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A comparison of the non-invasive
ultrasonic cardiac output monitor
(USCOM) with the oesophageal Doppler
monitor during major abdominal surgery
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Abstract

Background: Perioperative interventions, targeted to increase global blood flow defined by explicit measured goals, reduce

postoperative complications. Consequently, reliable non-invasive estimation of the cardiac output could have far-reaching

benefit.

Methods: This study compared a non-invasive Doppler device – the ultrasonic cardiac output monitor (USCOM) – with

the oesophageal Doppler monitor (ODM), on 25 patients during major abdominal surgery. Stroke volume was deter-

mined by USCOM (SVUSCOM) and ODM (SVODM) pre and post fluid challenges.

Results: A5 10% change (�) SVUSCOM had a sensitivity of 94% and specificity of 88% to detect a5 10% � SVODM; the

area under the receiver operating curve was 0.94 (95% CI 0.90–0.99). Concordance was 98%, using an exclusion zone of

<10% � SVODM. 135 measurements gave median SVUSCOM 80 ml (interquartile range 65–93 ml) and SVODM 86 ml (69–

100 ml); mean bias was 5.9 ml (limits of agreement �20 to þ30 ml) and percentage error 30%.

Conclusions: Following fluid challenges SVUSCOM showed good concordance and accurately discriminated a change 510%

in SVODM.
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Introduction

Historically, clinical assessment of volume status has
included measurement of basic haemodynamic par-
ameters (such as blood pressure), examination, ima-
ging (chest X-ray), functional measures of organ
perfusion (such as urine output) and the central
venous pressure (CVP). These measures are often
used to guide therapy outside higher dependency
areas, but do not accurately predict volume status
or responsiveness.1–3 Given that volume overload is
associated with increased morbidity and mortality4,5

then measures that may prevent this, such as titrating
resuscitation, guided by stroke volume (SV) changes,
should be explored.1,3,6

Since the first description of the pulmonary artery
catheter (PAC) in 1970,7 enthusiasm and evidence of
benefit for goal directed therapy (GDT), including
measurement of the cardiac output (CO), has ebbed
and flowed in intensive care (ICU), perioperatively8–11

and in the emergency department.12,13 In the most

recent Cochrane systematic review and meta-analysis
of GDT perioperatively (31 randomized controlled
trials (RCTs), 5292 patients), the authors concluded
that GDT reduces complications and hospital length
of stay (LOS).10 Of note, more recent trials have ques-
tioned the use of GDT and, when compared to
restrictive fluid protocols, outcomes have been
comparable.14–16 In the most recent, large RCT,
investigating use of a GDT algorithm, using a non-
calibrated cardiac output device, (LiDCOrapid,
LiDCO, Cambridge, UK), the primary outcome
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(a composite of 30-day complications and mortality),
occurred in 36.6% of intervention and 43.4% of usual
care participants (relative risk, 0.84 (95% confidence
intervals, CI, 0.71–1.01); absolute risk reduction,
6.8% (�0.3%–13.9%); P¼ 0.07).17 In the same
paper, the authors provided an updated systematic
review, concluding that complications remained less
frequent among patients treated according to a
GDT algorithm (intervention 31.5% vs. control
41.6%; RR, 0.77 (95% CI 0.71–0.83)) and LOS
was shorter (mean reduction 0.79 days (95% CI
0.96–0.62)).

Much interest has recently been focused on non-
invasive cardiac output (CO) devices that could have
application beyond the operating room.18 For such a
device to be useful clinically it must be accurate, pre-
cise and detect significant directional changes, reflect-
ing the response of the heart to an intervention – most
commonly change (�) in SV.18 The Ultrasonic
Cardiac Output Monitor (USCOM 1A, Uscom Ltd.,
Sydney, NSW, Australia) is a non-invasive continu-
ous wave (CW) Doppler ultrasound device. CW
Doppler has an accuracy measured by Doppler
string phantoms of �2.3%.19 The USCOM, tempor-
arily placed in the suprasternal notch, measures
Doppler flow at the aortic valve and determines this
over a cardiac cycle (the velocity time integral, VTI).
SV is calculated by multiplying the VTI by an esti-
mate of valve cross-sectional area (CSA),
determined by applying height-indexed regression
equations.20 USCOM has been compared positively
with flow probes in animals21,22 and in externally
driven artificial hearts in orthotopic transplantation,
with the pulmonary artery catheter (PAC).23 Two
recently published studies, by one group, have sug-
gested the USCOM, when compared to the oesopha-
geal Doppler monitor ((ODM), CardioQ-ODMTM

Deltex Medical, Chichester, UK) is able to track
changes in SV.24,25 The aim of this study was to fur-
ther investigate the ability of the USCOM to
detect significant changes in SV as assessed by
the ODM, in patients undergoing major abdominal
surgery, when performing fluid optimisation
manoeuvres.

Methods

Data were collected prospectively from 25 patients
undergoing major abdominal surgery, managed in
accordance with established clinical guidelines, pre-
pared according to the local enhanced recovery proto-
col. A favourable ethics opinion was received from the
South Central Oxford A Ethics Committee (Reference
13/SC/0222). Informed written consent was obtained.
Patients were excluded if under 18 years of age or if
they presented with a history of heart failure, valvular
disease, significant dysrhythmias, or contraindications
to ODM (such as coagulopathy, oesophageal varices,
or known aortic aneurysm).

Anaesthesia was induced to the discretion of the
attending anaesthetist. Typically, patients received a
short-acting opioid, propofol (2–3mg kg�1) and a
non-depolarizing neuromuscular blocking agent
(rocuronium or atracurium) before endotracheal
intubation. Anaesthesia was maintained with sevo-
flurane or desflurane at an age-corrected MAC value
of 0.8–1.2. Additional short-acting opioids were
administered as needed. After volume optimisation,
metaraminol was administered as necessary to achieve
a MAP of at least 60–70mmHg. Patients were venti-
lated using tidal volumes of 6–8ml kg�1, PEEP levels
of 0–7 cm H2O, and a respiratory rate of 10–15
breaths per minute to maintain normocapnia through
volume-controlled ventilation. Routine perioperative
monitoring included electrocardiography, capnogra-
phy, pulse oximetry, core temperature, airway pres-
sure, invasive arterial pressure (AP) obtained from a
radial arterial catheter and ODM. Patients were kept
normothermic using a forced-air warming mattress.

Data collection

Simultaneous haemodynamic data from the two
devices were recorded independently in a blinded
fashion. The ODM (using an oesophageal Doppler
probe OP6; Deltex Medical, Chichester, UK) has
been well described elsewhere.26 SV values were cal-
culated as the average of 10 consecutive heart cycles,
to minimise respiratory variability. Haemodynamic
variables were registered manually and saved on the
ODM software. Each USCOM reading was per-
formed by one of the authors proficient in its’ use
(experience with >200 scans) with the full focusing
technique described by the company, by intermit-
tently placing the probe in the suprasternal notch
with the Doppler flow profile held steady, for a 7.5
second sweep. Aberrant flow profile outlines on visual
inspection were rejected and scans scored according to
the Freemantle criteria27 (see supplementary file).
ODM measurements were performed by the authors
or a consultant anaesthetist experienced in ODM.

Patients

A total of 25 patients (median age 67, range 32–92, 10
male and 15 female) were recruited (Table 1).

Study protocol

Prior to the start of surgery, when haemodynamic
stability (<10% variation in SV and AP over a
period of five minutes) was achieved, a standardised
optimisation manoeuvre was conducted (with fluid
loading performed using 250ml of colloid or crystal-
loid administered over 3–5min) with haemodynamic
data (including ODM) recorded independently before
and 5min after, volume administration, as per normal
practice. During the observation period, anaesthesia
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and ventilator settings were unchanged, no vasoactive
drugs were administered and no postural changes to
the patient were made.

If SV, as measured by ODM (SVODM), increased
510%, the fluid challenge was considered positive
and an additional fluid bolus was immediately given.
SV, rather than CO, was used to assess response to a
fluid challenge, because an appropriate fall in heart rate
in response to a fluid challenge may result in a decrease
in CO, despite an increase in SV. After SV optimisation
was achieved, surgery was commenced. During the
course of surgery, optimisation manoeuvres were
repeated at the discretion of the anaesthetist.

Statistics

To address the objective of the study – the ability of
USCOM SV measurements (SVUSCOM) to reflect sig-
nificant change (�) in SVODM following intraoperative
fluid optimisation manoeuvres – a number of methods
were employed. Concordance was assessed by plotting
�SV between the two devices on a 4-quadrant scatter
plot following fluid challenges, as according to the
method used by Biancofiore et al.28,29 Studies have
used zones of exclusion (�< 10% or <15%) to
remove statistical noise from small inconsequential
changes.30,31 When this is applied concordance
should be >90–95%.30,31 A <10% change in SVODM

was used as ODM is the more established method, as
previously described.29 Percentage clinical agreement

(PCA) – the number of paired measurements within
clinically acceptable limits of agreement (�15% of
mean bias) – was also calculated.32 PCA indicates
what percentage of paired measurements can be con-
sidered clinically interchangeable. Sensitivity, specifi-
city, and likelihood ratios were all calculated at the
�10% cut-off for both devices. A receiver operating
curve was plotted to compare the ability of the
SVUSCOM to reflect a5 10% � in SVODM with a
fluid challenge.

The method of Bland and Altman to estimate bias,
95% limits of agreement and percentage error was also
employed,33 with a percentage error of<30%previously
quoted for validation studies between reference method
andnewdevice.Thishas limitations extensivelydiscussed
in the literature largely due to the difficulty comparing
two methods that are not true gold standards.31,34

Secondly, with relatively limited data points available
in the context of an acute clinical setting, this study was
not designed as a validation study. All data were
imported into an ExcelTM spreadsheet (Microsoft,
Redmond, WA, USA) used to calculate concordance.
All other statistical analyses were performed using the
open source statistical package R (GNU project, R
Foundation for Statistical Computing, Vienna,Austria).

Results

Overall 135 paired observations were obtained and 77
fluid challenges delivered. Median SV values were

Table 1. Patient characteristics.

Patient characteristics and intraoperative data

Male, female (n) 10 & 15

Age (years) 67 (32–92)

BMI (kg m�2) 26 (17–39)

ASA (II, III, IV) 18, 5, 2

Procedure

Anterior resection 8

Subtotal colectomy 1

Open reversal ileostomy 1

Laparoscopic left hemicolectomy 1

Laparoscopic sigmoidectomy 2

Open right hemicolectomy 2

laparoscopic right hemicolectomy

(2 converted to open)

9

Laparoscopic fundoplication 1

Duration surgery (min) 180 (150–300)

Blood loss (ml) 50 (50–1000)

Blood transfusion (n) 1 patient, 2 units packed red cells

Crystalloid (ml) 1000 (100–2000)

Colloid (ml) 750 (0–3500)

Dobutamine infusion (n) 2

PEEP (cm H20) 5 (0–7)

Note: Values given as absolute numbers or median (range).

BMI: body mass index; ASA: American Society of Anesthesiology physical classification system; PEEP: positive end-expiratory pressure.
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SVUSCOM 80 (IQR 65–93) and SVODM 86 (69–100).
For all paired readings correlation coefficient was
R2
¼ 0.68. 45% of the fluid challenges led to an

increase in SVODM5 10%. For SVUSCOM to predict
a5 10% increase in SVODM sensitivity was 94%
(95% CI 81–99), specificity 88% (74–96)), positive
likelihood ratio 7.9 (3.5–18.1) and negative likelihood
ratio 0.06 (0.02–0.25). Using SVODM5 10%, the area
under the receiver operating curve (AUC) for
SVUSCOM was 0.94 (0.90–0.99) (see Figure 1).
Concordance following 77 fluid challenges was 91%,
and 98% when applying an exclusion zone of
�SVODM< 10% (Figure 2). Overall percentage of
clinical agreement was 87%. Bland-Altman analysis
demonstrated an SV mean bias of 5.9 mls (95%
limits of agreement �20 to þ32) and percentage
error 30% (see Figure 3).

Discussion

During major abdominal surgery following fluid chal-
lenges SVUSCOM demonstrated good trending, with a
concordance of 98% (using an exclusion zone
�SVODM< 10%) following a fluid challenge, within
the boundaries of acceptability recommended.31 This
replicates the findings of two other recent studies.24,25

The device reliably discriminated a significant change
(�) in SVODM with an AUC of 0.94 (0.90–0.99).
SVUSCOM was found to have a bias of 5.9 mls and
percentage error of 30% compared to ODM. This
percentage error is at the limit of acceptability often
quoted, though this figure has been questioned when
comparing two devices that are not gold standard.31,34

Furthermore, in the context of significant haemo-
dynamic fluctuations, with a limited dataset, meant
that the study was not primarily designed to drawn
conclusions about accuracy of the two devices, though
the percentage error is similar to other such studies
between the USCOM and OED24,25 and the PICCO
(in septic patients).35

Validation and comparing CO devices is challen-
ging, as no true clinical gold standard exists. The PAC
overestimates CO compared to the FICK method in
humans36–38 and animals (as measured by the aortic
flow probe), in particular in the presence of low CO.39

Of the 31 studies included in the latest systematic
review of the use of GDT perioperatively, the major-
ity used PAC (13) or the ODM (11). From 16 studies,
Dark and Singer comparing PAC and ODM, found a
pooled median bias of 0.19 l/min (range: �0.69 to
2.00 l/min) for CO.32 The PAC is now less commonly
used, following evidence of lack of benefit and its rela-
tively invasive nature.40 The ODM, though widely
utilised in RCTs,41 is generally limited to intubated
patients and uses a normogram, as a calibration
factor, to translate descending aortic stroke distance
into an approximation of SV. Transthoracic echocar-
diography (TTE) requires considerable experience,
particularly in the critically ill and lacks outcome

studies of clinical benefit. Other non-invasive moni-
tors have been shown to trend with MAP,26,42 with
poor concordance compared to the PAC,43 or are
adversely affected by changes in peripheral
resistance.44

A passive leg raise (PLR), leads to an ‘‘auto-
transfusion’’ into the central circulation and predicts,
with excellent discrimination, whether a subsequent
fluid challenge will result in a significant increase in
SV.45 As maximal hemodynamic effects of this man-
oeuvre occur rapidly, a CO device must likewise allow
values to be obtained on a real-time basis.46 Thiel
et al.’s work47 suggests that the USCOM could be
used in this way. Furthermore, in certain cases
the USCOM could be of use when the ODM is
not employable because of contraindications or diffi-
culty and it is more comfortable when the patient is
awake.

In the complex healthcare environment, providing
evidence that a device is associated with clinical bene-
fit, is challenging. Indeed, the very nature of fluid
boluses and GDT following recent trials13,48 remains
an active area of discussion in the field of haemo-
dynamics. To date, the largest body of evidence for
CO devices currently supports the use of the ODM.10

It follows that a device like the USCOM, that can be
used in awake patients, using Doppler technology,
could potentially be used in further studies, to assess
whether it can be used to develop novel evidence-
based haemodynamic algorithms, for the benefit of
perioperative and acutely unwell patients in critical
care, or the emergency department environments.
Adoption of such techniques could improve assess-
ment of the circulation in our unstable patients,

Figure 1. Receiver operating curve for SVUSCOM to discrim-

inate a change5 10% in SVODM. Area under the receiver

operating curve was 0.94 (95% CI 0.90–0.99).
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Figure 2. 4-Quadrant scatter plot comparing change (�) in SVUSCOM and SVODM readings post fluid challenge (n¼ 77). A central

exclusion zone is drawn to remove statistical noise (�SVODM< 10%). Concordance analysis is performed by counting the number of

data points lying within the 2 quadrants of agreement (upper right and lower left). Overall concordance¼ 91% (70/77) and 98% after

excluding �SVODM< 10%.

Figure 3. Bland-Altman Analysis – paired ODM and USCOM stroke volume (SV) readings intra-operatively (n¼ 135). Mean bias for

SV was 5.9 mls (95% limits of agreement�20 to þ32) and percentage error 30%.
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though whether an impact on outcome is achieved,
will depend on how the additional information is
used.

Weaknesses of the study and device

The USCOM normogram to predict CSA gives rise to
a systematic error between patients that impacts upon
accuracy when Bland-Altman comparisons are made
against a reference method.31 Like the ODM, this
does not, however, affect information on trending
and if valve area has been measured (by TTE) this
can be entered into the device. Huang and
Critchley49 found the USCOM to have good repeat-
ability but found increasing age led to difficulties
obtaining good quality scans, possibly related to
unfolding of the aortic arch and/or cardiomegaly.50

In our experience, a proportion of elderly patients
are more difficult to attain high-quality images that
take longer to achieve. However, acceptable images,
assessed by the Freemantle criteria27 were achieved in
this study, which included a number of elderly
patients (24% aged> 80). Focusing of the probe
(visual and acoustic) to obtain the optimal and max-
imum Doppler signal plays a critical role in all
Doppler devices including the USCOM.51 An impro-
per technique and poor beam alignment with flow at
the aortic outflow tract will lead to suboptimal VTI
measurements and underestimation of SV.

The number of patients and data points were rela-
tively small and although a number of the patients
were high risk, undergoing interventions, they were
a relatively stable group of patients. A similar inves-
tigation on critically unwell patients on ICU, could
further add to the presented study. The USCOM
readings were taken by one experienced operator
and it must be noted that proper training using the
device is crucial, as with any Doppler device.
However, the device is more straightforward to use
than echocardiography with a learning quoted of
(at least) 20 scans.27 Though good trending was
found between the devices, absolute values in
this and other studies between devices, demonstrated
a degree of bias that should be borne in mind
when interpreting, for instance, a low cardiac output
state where the device may under, or overestimate
a result. In addition, in such situations adequate
flow profiles are crucial for correct interpretation
of results. However, all other currently avail-
able non-invasive cardiac output devices have
limitations.26,42–44

Conclusion

During major surgery the USCOM was able to accur-
ately discriminate significant changes in SV as mea-
sured by the ODM and showed good concordance
with the ODM. Future studies to assess impact on
patient outcomes are desirable.

Authors’ contributions

LH: Study design, patient recruitment, data collection, data

analysis and writing up of the paper.
LF: Study design, data analysis and writing up of the paper.

RV: Study design, writing up of the paper.

TS: Study design, data analysis, writing up of the paper.

HW: Study design, patient recruitment, data collection, data
analysis and writing up of the paper.

Declaration of Conflicting Interests

The authors declared the following potential conflicts of

interest with respect to the research, authorship, and/or
publication of this article: Dr Wakeling declares receiving
honoraria for lecturing and travel expenses to attend meet-

ings from Deltex Medical, Chichester, UK.

Funding

The authors received no financial support for the research,
authorship, and/or publication of this article.

References

1. Saugel B,Ringmaier S,HolzapfelK, et al. Physical exam-
ination, central venous pressure, and chest radiography
for the prediction of transpulmonary thermodilution-

derivedhemodynamic parameters in critically ill patients:
a prospective trial. J Crit Care 2011; 26: 402–410.

2. McGee S, Abernethy WB, and Simel DL. The rational
clinical examination Is this patient hypovolemic? JAMA

1999; 281: 1022–1029.
3. Marik PE, and Cavallazzi R. Does the central venous

pressure predict fluid responsiveness? An updated meta-

analysis and a plea for some common sense. Crit Care
Med 2013; 41: 1774–1781.

4. Vincent JL, Sakr Y, Sprung CL, et al. Sepsis in

European intensive care units: results of the SOAP
study. Crit Care Med 2006; 34: 344–353.

5. Wiedemann HP, Wheeler AP, Bernard GR, et al.
Comparison of two fluid-management strategies

in acute lung injury. N Engl J Med 2006; 354:
2564–2575.

6. Michard F, and Teboul JL. Predicting fluid responsive-

ness in ICU patients: a critical analysis of the evidence.
Chest 2002; 121: 2000–2008.

7. Swan HJ, Ganz W, Forrester J, et al.

Catheterization of the heart in man with use of a
flow-directed balloon-tipped catheter. N Engl J Med
1970; 283: 447–451.

8. Shoemaker WC, Appel PL, Kram HB, et al.
Prospective trial of supranormal values of survivors as
therapeutic goals in high-risk surgical patients. Chest
1988; 94: 1176–1186.

9. Rajaram SS, Desai NK, Kalra A, et al. Pulmonary
artery catheters for adult patients in intensive care.
Cochrane Database Syst Rev 2013; 2: CD003408.

10. Grocott MP, Dushianthan A, Hamilton MA, et al.
Perioperative increase in global blood flow to expli-
cit defined goals and outcomes after surgery: a

cochrane systematic review. Br J Anaesth 2013; 111:
535–548.

11. Hayes MA, Timmins AC, Yau EH, et al. Elevation of
systemic oxygen delivery in the treatment of critically ill

patients. N Engl J Med 1994; 330: 1717–1722.

108 Journal of the Intensive Care Society 17(2)



12. Rivers E, Nguyen B, Havstad S, et al. Early goal-direc-
ted therapy in the treatment of severe sepsis and septic
shock. N Engl J Med 2001; 345: 1368–1377.

13. Angus DC, Barnato AE, Bell D, et al. A systematic
review and meta-analysis of early goal-directed therapy
for septic shock: the ARISE, ProCESS and ProMISe

Investigators. Intensive Care Med 2015; 41: 1549–1560.
14. Phan TD, D’Souza B, Rattray MJ, et al. A randomised

controlled trial of fluid restriction compared to

oesophageal Doppler-guided goal-directed fluid therapy
in elective major colorectal surgery within an enhanced
recovery after surgery program. Anaesth Intensive Care
2014; 42: 752–760.

15. Srinivasa S, Taylor MH, Singh PP, et al. Randomized
clinical trial of goal-directed fluid therapy within an
enhanced recovery protocol for elective colectomy. Br

J Surg 2013; 100: 66–74.
16. Brandstrup B, Svendsen PE, Rasmussen M, et al.

Which goal for fluid therapy during colorectal surgery

is followed by the best outcome: near-maximal stroke
volume or zero fluid balance? Br J Anaesth 2012; 109:
191–199.

17. Pearse RM, Harrison DA, MacDonald N, et al. Effect
of a perioperative, cardiac output-guided hemodynamic
therapy algorithm on outcomes following major gastro-
intestinal surgery: a randomized clinical trial and sys-

tematic review. JAMA 2014; 311: 2181–2190.
18. Marik PE. Noninvasive cardiac output monitors: a

state-of the-art review. J Cardiothorac Vasc Anesth

2013; 27: 121–134.
19. Walker A, Olsson E, Wranne B, et al. Accuracy of spec-

tral Doppler flow and tissue velocity measurements in

ultrasound systems. Ultrasound Med Biol 2004; 30:
127–132.

20. Nidorf SM, Picard MH, Triulzi MO, et al. New per-
spectives in the assessment of cardiac chamber dimen-

sions during development and adulthood. J Am Coll
Cardiol 1992; 19: 983–988.

21. Critchley LA, Peng ZY, Fok BS, et al. Testing the reliabil-

ity of a new ultrasonic cardiac output monitor, the
USCOM, by using aortic flowprobes in anesthetized
dogs. Anesth Analg 2005; 100: 748–753. [Table of contents.]

22. Phillips RA, Hood SG, Jacobson BM, et al. Pulmonary
artery catheter (PAC) accuracy and efficacy compared
with flow probe and transcutaneous Doppler

(USCOM): an ovine cardiac output validation. Crit
Care Res Pract 2012; 2012: 621496.

23. Phillips R, Lichtenthal P, Sloniger J, et al. Noninvasive
cardiac output measurement in heart failure subjects on

circulatory support. Anesth Analg 2009; 108: 881–886.
24. Zhang J, Critchley LA, and Huang L. Five algorithms

that calculate cardiac output from the arterial wave-

form: a comparison with Doppler ultrasound. Br J
Anaesth 2015; 115: 392–402.

25. Huang L, and Critchley LA. An assessment of two

Doppler-based monitors to track cardiac output
changes in anaesthetised patients undergoing major sur-
gery. Anaesth Intensive Care 2014; 42: 631–639.

26. Nordstrom J, Hallsjo-Sander C, Shore R, et al. Stroke

volume optimization in elective bowel surgery: a com-
parison between pulse power wave analysis
(LiDCOrapid) and oesophageal Doppler (CardioQ).

Br J Anaesth 2013; 110: 374–380.

27. Dey I, and Sprivulis P. Emergency physicians can reli-
ably assess emergency department patient cardiac
output using the USCOM continuous wave Doppler

cardiac output monitor. Emerg Med Australas 2005;
17: 193–199.

28. Perrino AC Jr., O’Connor T, and Luther M.

Transtracheal Doppler cardiac output monitoring:
comparison to thermodilution during noncardiac sur-
gery. Anesth Analg 1994; 78: 1060–1066.

29. Biancofiore G, Critchley LA, Lee A, et al. Evaluation of
an uncalibrated arterial pulse contour cardiac output
monitoring system in cirrhotic patients undergoing
liver surgery. Br J Anaesth 2009; 102: 47–54.

30. Perrino AC Jr., Harris SN, and Luther MA.
Intraoperative determination of cardiac output using
multiplane transesophageal echocardiography: a com-

parison to thermodilution. Anesthesiology 1998; 89:
350–357.

31. Critchley LA, Lee A, and Ho AM. A critical review of

the ability of continuous cardiac output monitors to
measure trends in cardiac output. Anesth Analg 2010;
111: 1180–1192.

32. Dark PM, and Singer M. The validity of trans-esopha-
geal Doppler ultrasonography as a measure of cardiac
output in critically ill adults. Intensive Care Med 2004;
30: 2060–2066.

33. Bland JM, and Altman DG. Statistical methods for
assessing agreement between two methods of clinical
measurement. Lancet 1986; 1: 307–310.

34. Cecconi M, Rhodes A, Poloniecki J, et al. Bench-to-
bedside review: the importance of the precision of the
reference technique in method comparison studies –

with specific reference to the measurement of cardiac
output. Crit Care 2009; 13: 201.

35. Horster S, Stemmler HJ, Strecker N, et al. Cardiac
output measurements in septic patients: comparing the

accuracy of USCOM to PiCCO. Crit Care Res Pract
2012; 2012: 270631.

36. van Grondelle A, Ditchey RV, Groves BM, et al.

Thermodilution method overestimates low car-
diac output in humans. Am J Physiol 1983; 245:
H690–H692.

37. Dhingra VK, Fenwick JC, Walley KR, et al. Lack of
agreement between thermodilution and fick cardiac
output in critically ill patients. Chest 2002; 122: 990–997.

38. Espersen K, Jensen EW, Rosenborg D, et al.
Comparison of cardiac output measurement techniques:
thermodilution, Doppler, CO2-rebreathing and the
direct Fick method. Acta Anaesthesiol Scand 1995; 39:

245–251.
39. Yang XX, Critchley LA, Rowlands DK, et al.

Systematic error of cardiac output measured by bolus

thermodilution with a pulmonary artery catheter com-
pared with that measured by an aortic flow probe in a
pig model. J Cardiothorac Vasc Anesth 2013; 27:

1133–1139.
40. Harvey S, Harrison DA, Singer M, et al. Assessment of

the clinical effectiveness of pulmonary artery catheters
in management of patients in intensive care (PAC-

Man): a randomised controlled trial. Lancet 2005;
366: 472–477.

41. Singer M. Oesophageal Doppler. Curr Opin Crit Care

2009; 15: 244–248.

Hodgson et al. 109



42. Broch O, Renner J, Hocker J, et al. Uncalibrated pulse
power analysis fails to reliably measure cardiac output
in patients undergoing coronary artery bypass surgery.

Crit Care 2011; 15: R76.
43. Hadian M, Kim HK, Severyn DA, et al. Cross-compar-

ison of cardiac output trending accuracy of LiDCO,

PiCCO, FloTrac and pulmonary artery catheters. Crit
Care 2010; 14: R212.

44. Meng L, Tran NP, Alexander BS, et al. The impact of

phenylephrine, ephedrine, and increased preload on
third-generation Vigileo-FloTrac and esophageal dop-
pler cardiac output measurements. Anesth Analg 2011;
113: 751–757.

45. Cavallaro F, Sandroni C, Marano C, et al. Diagnostic
accuracy of passive leg raising for prediction of fluid
responsiveness in adults: systematic review and meta-

analysis of clinical studies. Intensive Care Med 2010;
36: 1475–1483.

46. Monnet X, Rienzo M, Osman D, et al. Passive leg rais-

ing predicts fluid responsiveness in the critically ill. Crit
Care Med 2006; 34: 1402–1407.

47. Thiel SW, Kollef MH, and Isakow W. Non-
invasive stroke volume measurement and passive leg
raising predict volume responsiveness in medical ICU

patients: an observational cohort study. Crit Care 2009;
13: R111.

48. Maitland K, Kiguli S, Opoka RO, et al. Mortality after

fluid bolus in African children with severe infection.
N Engl J Med 2011; 364: 2483–2495.

49. Huang L, and Critchley LA. Study to determine the

repeatability of supra-sternal Doppler (ultrasound car-
diac output monitor) during general anaesthesia: effects
of scan quality, flow volume, and increasing age. Br J
Anaesth 2013; 111: 907–915.

50. Huang L, Critchley LA, Lok RL, et al. Correlation
between supra-sternal Doppler cardiac output
(USCOM) measurements and chest radiological fea-

tures. Anaesthesia 2013; 68: 1156–1160.
51. Anderson B. Basic principles of spectral Doppler.

In: B Anderson (ed.) Echocardiography: the normal

examination and echocardiographic measurements.
Queensland: MGA Graphics, 2000, pp. 55–66.

110 Journal of the Intensive Care Society 17(2)


