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Abstract External leg compression (ELC) may increase

cardiac output (CO) in fluid-responsive patients like passive

leg raising (PLR). We compared the hemodynamic effects of

two methods of ELC and PLR measured by thermodilution

(COtd), pressure curve analysis ModelflowTM (COmf) and

ultra-sound HemoSonicTM (COhs), to evaluate the method

with the greatest hemodynamic effect and the most accurate

less invasive method to measure that effect. We compared

hemodynamic effects of two different ELC methods (cir-

cular, A (n = 16), vs. wide, B (n = 13), bandages inflated to

30 cm H2O for 15 min) with PLR prior to each ELC method,

in 29 post-operative cardiac surgical patients. Hemodynamic

responses were measured with COtd, COmf and COhs. PLR

A increased COtd from 6.1 ± 1.7 to 6.3 ± 1.8 L�min-1

(P = 0.016), and increased COhs from 4.9 ± 1.5 to

5.3 ± 1.6 L�min-1 (P = 0.001), but did not increase COmf.

ELC A increased COtd from 6.4 ± 1.8 to 6.7 ±

1.9 L�min-1 (P = 0.001) and COmf from 6.9 ± 1.7 to

7.1 ± 1.8 L�min-1 (P = 0.021), but did not increase COhs.

ELC A increased COtd and COmf as in PLR A. PLR B

increased COtd from 5.4 ± 1.3 to 5.8 ± 1.4 L�min-1

(P \ 0.001), and COhs from 5.0 ± 1.0 to

5.4 ± 1.0 L�min-1 (P = 0.013), but not COmf. ELC B

increased COtd from 5.2 ± 1.2 to 5.4 ± 1.1 L�min-1

(P = 0.003), but less than during PLR B (P = 0.012), while

COmf and COhs did not change. Bland–Altman and polar

plots showed lower limits of agreement with changes in

COtd for COmf than for COhs. The circular leg compression

increases CO more than bandage compression, and is able to

increase CO as in PLR. The less invasive ModelflowTM can

detect these changes reasonably well.

Keywords Passive leg raising � External leg compression �
Hemodynamic � Cardiac output � Less invasive analysis

1 Introduction

Passive leg raising (PLR) has been reported to increase

cardiac output (CO) and blood pressure in fluid-loading-

responsive patients [1–9]. PLR transiently increases venous

return by shifting 150–300 mL of venous blood from the

legs into the thorax, thereby augmenting biventricular

preload on the steep part of the cardiac function curve and

thereby increasing stroke volume, arterial blood and pulse

pressures [1–9]. External leg compression (ELC) by

stockings or trousers is also known to increase CO by blood

volume redistribution from the legs particularly when done

in graduated or in a peristaltic manner [10–18]. Interest is

increasing since it may support hemodynamics during

mechanical ventilation [10], surgery [19] or septic shock

[20], among others. Techniques and effects vary from study

to study, however, and it is unknown which system best

supports hemodynamics.
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Changes in CO upon PLR or ELC can be invasively

measured with use of a pulmonary artery catheter and

thermodilution technique, but alternative and less invasive

and more easily applicable methods are actively searched

for [1–9, 21–25]. Devices based on beat-to-beat assessment

of stroke volume to monitor changes in CO are either based

on arterial pressure wave analysis (such as the Model-

flowTM technique) [4, 9, 21–25] or on transthoracic or

transoesophageal Doppler ultrasound (as applied by the

HemoSonicTM) [2–6, 24].

In the current study, we compared the hemodynamic

effects of two ELC methods, with circular and wide ban-

dages, and PLR prior to each ELC method, and studied the

effects on stroke volume and CO measured by three dif-

ferent methods: thermodilution, ModelflowTM and Hemo-

SonicTM. The hypothesis was that ELC circular rather than

wide bandage is as effective as PLR for hemodynamic

optimization and can be used in future studies in the crit-

ically ill patient, guided by less invasive CO monitoring.

2 Patients and methods

The medical ethical committee of Leiden University

Medical Center approved the study (protocol number

P01.111). Informed consent was obtained from each patient

before surgery. Consecutive post-cardiac-surgery patients

(arterial bypass grafting or valve reconstruction) who were

referred to the intensive care unit (ICU) were enrolled, if a

radial artery catheter and a pulmonary artery catheter with

thermodilution were in place. In the operating room,

patients were instrumented with a radial artery catheter

(20G Arrow Int., Reading, PA, USA) and a pulmonary

artery thermodilution catheter (8.5-Fr, CCO/VIP, Edwards

Life Sciences, Irvine, Clf, USA). Exclusion criteria were a

history of clinically significant ventricular dysfunction,

aortic aneurysm, extensive peripheral arterial occlusive

disease and aortic valve pathology. We also excluded

patients with persistent postoperative arrhythmias, artificial

pacing or heart assist devices and with extensive leg ulcers.

Patients were studied within 3 h after admission in the

ICU. They were sedated with propofol (1 mg�kg-1�h-1)

or midazolam (0.1 mg�kg-1�h-1) and sufentanil (0.5 lg�
kg-1�h-1). Stabilization was allowed within 30 to 60 min.

Mechanical ventilation (Dräger EVITA 4, Dräger AG,

Lübeck, Germany) was in volume-control mode aiming at

tidal volumes below 10 mL�kg-1. Ventilation frequency

was set between 10 and 13 breaths�min-1 to maintain the

arterial PCO2 in the normal range (4.5–6.0 kPa). The

fraction of inspired oxygen given was 0.4 and positive end-

expiratory pressure (PEEP) was 5 cm H2O. To maintain a

steady state, nursing activities were minimised during the

study. During the observation period, the ventilator settings

and administration rates of sedative and vasoactive drugs

were unchanged.

Two sets of specially designed inflatable bandages for

the right and left leg were tested. Set A was a plastic,

rectangular (15 9 900 cm) bandage used in the first 16

patients. After applying protective gauzes, the bandages

were draped circularly around both legs (starting distally

around the ankle). In the next 13 patients and after applying

protective gauzes, set B was used, consisting of a wide,

trapezium-shaped sleeve (120 9 90–65 cm) in combina-

tion with a canvas sleeve to direct pressure inwards. The

inflatable bandages were connected to a plastic Y-shaped

tubing and a compressed air-generating device (Hokanson

E20 AG 101, DE Hokanson Inc., WA, USA) to deliver a

constant pressure of 30 cm H2O (23 mmHg). Pressure

inside the bandages was checked continuously with a

manometer.

2.1 Measurements and study protocol

Characteristics such as age, gender, body surface area

(calculated from height and weight), type of surgery and

logistic EuroSCORE were collected. Before, during and

after PLR and ELC, a series of hemodynamic measure-

ments was done with use of the pulmonary artery catheter,

including those of central venous pressure (CVP), mean

pulmonary artery pressures (PAP) and pulmonary artery

occlusion pressure (PAOP). From the radial artery catheter,

arterial pressures (systolic, diastolic, pulse and mean) were

obtained. Pressures were measured at end-expiration after

calibration and zeroing to atmospheric pressure, at the mid-

chest level with patients in supine position (in mmHg). The

heart rate (HR, bpm) was derived from the electrocardio-

gram. The CO was measured by thermodilution

(COtd, L�min-1) in triplicate and averaging of values,

obtained after central venous bolus injections of 10 mL of

glucose 5 % at 4–6 �C, equally spread over the ventilatory

cycle, with a typical measurement error of around 5 %

[26]. The arterial catheter was connected to a bedside

monitor pressure module (Hewlett Packard model

M1006A, Hewlett Packard Company, Palo Alto, CA, USA)

of which the output was used as the input signal to the

modified ModelflowTM system (FMS, Amsterdam, The

Netherlands) to estimate cardiac output (COmf) without

calibration. An ultrasound probe (HemoSonic100TM;

Arrow, Reading, PA, USA) to monitor aortic blood flow

was inserted through the mouth and advanced in the

oesophagus to the level of the 4th intercostals space and its

position adjusted to obtain the highest Doppler velocity

signal and best visualization of the aortic wall [2, 4, 24].

The final position of the probe was checked by chest X-ray,

and readjusted after changes in position of the patient. All

measurements were made by the same clinician under
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supervision of team members experienced with Hemo-

SonicTM CO monitoring. The CO was calculated from

aortic blood flow and diameter [3, 6].

At baseline, 10 min before PLR, a series of measure-

ments was performed. The PLR was applied from the

supine position by lifting both legs at an angle of 308 for

5 min in all 29 patients. Two minutes later a series of

measurements was repeated. Then, the legs were returned

to the normal position for 5 min, and another series of

measurements was done. This sequence was done twice

and values for baseline and PLR in these series were

averaged since they did not statistically significantly differ.

In 16 patients PLR was followed by ELC A, and in 13

patients PLR B was followed by ELC B. Leg compression

with ELC A was applied for 5 min at a pressure of 30 cm

H2O. Two minutes after starting compression, the next

series of measurements was done. Five minutes after

decompression, another series of measurements was per-

formed. The same leg compression procedure was also

done for ELC B. Again, ELC A or B was applied twice and

there were no differences in consecutive series so data were

averaged, per method. We did not measure PAOP in the

PLR B and ELC B series.

2.2 Statistical analysis

A formal power analysis was not done for this exploratory

physiologic study. After confirming normally distributed

data by Kolmogorov–Smirnov test (P [ 0.05), continuous

variables were summarised as mean and standard deviation

(SD). Systemic vascular resistance (SVR) was calculated

from ((MAP-CVP)/CO) 9 80, dynessec�cm-5. Variables

were compared before and after, and during interventions

with use of paired and unpaired t tests, respectively. The

Pearson correlation coefficient was used to express how

well COmf and COhs conformed to COtd (changes upon

interventions). The Kappa statistics were used to assess

agreement of preload responsiveness among interventions,

with a response defined by a CO increase [5 % since the

amount of blood mobilized is limited but still enough to be

detected by thermodilution. A Bland–Altman analysis was

performed, for the means versus differences between COtd

and COmf or COtd and COhs (and their changes), adjusted

for repeated measurements (Medcalc software, Mariakerke,

Belgium). Accuracy (bias), precision (SD), limits of

agreement (bias ± 1.96 SD) and % error (2SD/mean) were

calculated. Polar plots (SigmaPlot software, San Jose, CA)

were also used to analyse the agreement in CO trend

monitoring between methods. In the polar plot, the changes

of CO data are converted to a radial vector where the

degree of agreement between 2 devices becomes the angle

between radial vector and horizontal axis (i.e., polar axis).

If agreement is perfect, the radial vector will lie along the

polar axis and the angle is zero. The distance from the

center of the plot (vector) represents the mean changes in

CO [27]. A P value less than 0.05 was considered statis-

tically significant and exact values are given when[0.001.

3 Results

Patient characteristics are shown in Table 1.

3.1 Hemodynamics (Tables 2, 3)

PLR A increased COtd, and COhs, but did not increase

COmf. ELC A increased COtd and COmf, but did not

increase COhs. ELC A was able to increase COtd and

COmf as in PLR A, in spite of less increase in cardiac

filling pressures. The manoeuvres also increased (pul-

monary) arterial and pulse pressures. PLR B increased

COtd and COhs but not COmf. ELC B increased COtd, but

less than during PLR B, while COmf and COhs did not

change. Response or non-response (Table 4) to PLR and

ELC in both series (A and B) showed moderate agreement

for COtd, substantial agreement for COmf, and less than

chance agreement for COhs.

3.2 Correlation and agreement

There were good correlations between COtd and COmf

before/during PLR A (r = 0.67, P \ 0.001), ELC A

(r = 0.70, P \ 0.001), PLR B (r = 0.72, P \ 0.001), and

ELC B (r = 0.63, P = 0.001). COtd and COhs less well

correlated before/during PLR A (r = 0.33, P = 0.07), ELC

A (r = 0.46, P = 0.008), PLR B (r = 0.64, P \ 0.001),

and ELC B (r = 0.49, P = 0.011). Conversely, the corre-

lation between COmf and COhs before/during PLR A was

0.55, P = 0.003, for ELC A r = 0.54, P = 0.003, for PLR

Table 1 Patient characteristics

Age (year) 51 ± 15

Gender (m/f) 25/4

BSA (m2) 2.0 ± 0.2

Type of surgery

CABG 21

Valvular 6

Combined 2

Logistic EuroSCORE 2.5 ± 1.5

Tidal volume (mL�kg-1) 9.1 ± 1.1

Norepinephrine (lg�kg-1�min-1) 0.009 ± 0.02

Dopamine (lg�kg-1�min-1) 0.41 ± 1.75

Mean ± SD or number of patients

BSA body surface area
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Table 2 Hemodynamic responses to passive leg raising A (PLR A) and leg compression A (ELC A)

PLR ELC P changes

Before PLR After P Before ELC After P PLR vs. ELC

HR (bpm) 80 ± 12 79 ± 12 80 ± 12 0.114 81 ± 13 81 ± 13 82 ± 13 0.686 0.109

SAP (mmHg) 131 ± 13 140 ± 15 129 ± 15 0.001 129 ± 13 132 ± 12 129 ± 12 0.046 0.012

DAP (mmHg) 68 ± 8 71 ± 10 66 ± 9 0.007 65 ± 8 66 ± 8 64 ± 8 0.048 0.063

MAP (mmHg) 91 ± 9 97 ± 11 88 ± 10 0.006 87 ± 9 89 ± 8 87 ± 8 0.040 0.033

PP (mmHg) 62 ± 12 69 ± 12 63 ± 12 \0.001 64 ± 12 66 ± 11 65 ± 12 0.095 0.007

MPAP (mmHg) 21 ± 7 24 ± 7 21 ± 7 \0.001 21 ± 7 23 ± 7 21 ± 7 0.003 0.108

PAOP (mmHg) 10 ± 4 12 ± 5 10 ± 5 \0.001 10 ± 5 11 ± 5 10 ± 4 \0.001 0.036

CVP (mmHg) 9 ± 4 11 ± 4 9 ± 4 \0.001 9 ± 4 10 ± 4 9 ± 4 0.001 0.014

COtd (L�min-1) 6.1 ± 1.7 6.3 ± 1.8 6.3 ± 1.8 0.016 6.4 ± 1.8 6.7 ± 1.9 6.5 ± 1.8 0.001 0.757

COmf(L�min-1) 6.6 ± 1.6 6.6 ± 1.7 6.7 ± 1.6 0.301 6.9 ± 1.7 7.1 ± 1.8 6.9 ± 2.0 0.021 0.357

COhs(L�min-1) 4.9 ± 1.5 5.3 ± 1.6 5.1 ± 1.5 0.001 5.2 ± 1.8 5.2 ± 1.6 5.2 ± 1.8 0.860 0.007

SVtd (mL) 77 ± 20 81 ± 20 79 ± 19 0.002 80 ± 19 82 ± 18 80 ± 17 0.007 0.167

SVmf (mL) 83 ± 23 85 ± 20 84 ± 21 0.114 86 ± 21 87 ± 21 85 ± 23 0.158 0.782

SVhs (mL) 63 ± 21 69 ± 24 65 ± 22 0.001 66 ± 22 66 ± 22 64 ± 21 0.852 0.004

SVRtd (dynessec�cm-5) 1167 ± 368 1176 ± 429 1098 ± 379 0.766 1064 ± 389 1030 ± 384 1037 ± 373 0.063 0.160

Mean ± SD

Before is the baseline value before intervention, After is the baseline value after the intervention, PLR is the value during passive leg raising, ELC is the

value during external leg compression, HR heart rate, SAP systolic arterial pressure, DAP diastolic arterial pressure, MAP mean arterial pressure, PP
systemic pulse pressure, MPAP mean pulmonary artery pressure, PAOP pulmonary artery occlusion pressure, CVP central venous pressure, CO/SVtd
cardiac output/stroke volume measured by thermodilution, CO/SVmf cardiac output/stroke volume measured by ModelflowTM, CO/SVhs cardiac output/

stroke volume measured by HemoSonicTM, SVRtd systemic vascular resistance by thermodilution, PP value of difference in values before and during each

intervention, P changes PLR vs. ELCP value of the changes during PLR vs. ELC

Table 3 Hemodynamic responses to passive leg raising B (PLR B) and leg compression B (ELC B)

PLR ELC P changes

Before PLR After P Before ELC After P PLR vs. ELC

HR (bpm) 74 ± 7 74 ± 8 76 ± 7 0.111 76 ± 7 75 ± 7 76 ± 7 0.055 1.000

SAP (mmHg) 125 ± 19 134 ± 17 124 ± 17 \0.001 118 ± 14 123 ± 13 116 ± 13 0.022 0.081

DAP (mmHg) 63 ± 14 67 ± 13 63 ± 13 0.004 61 ± 12 62 ± 12 58 ± 11 0.485 0.094

MAP (mmHg) 83 ± 16 87 ± 15 83 ± 14 0.005 79 ± 13 81 ± 13 76 ± 11 0.203 0.153

PP (mmHg) 61 ± 12 67 ± 11 61 ± 11 \0.001 57 ± 11 61 ± 10 57 ± 10 0.004 0.119

MPAP (mmHg) 21 ± 4 23 ± 4 21 ± 4 \0.001 22 ± 7 21 ± 3 22 ± 9 0.511 0.093

CVP (mmHg) 10 ± 1 12 ± 2 9 ± 3 0.002 9 ± 2 9 ± 2 9 ± 2 0.324 0.015

COtd (L�min-1) 5.4 ± 1.3 5.8 ± 1.4 5.4 ± 1.2 \0.001 5.2 ± 1.2 5.4 ± 1.2 5.2 ± 1.1 0.003 0.012

COmf(L�min-1) 6.1 ± 1.7 6.3 ± 1.5 6.2 ± 1.6 0.120 6.1 ± 1.7 6.1 ± 1.6 6.0 ± 1.7 0.539 0.479

COhs(L�min-1) 5.0 ± 1.0 5.4 ± 1.0 5.2 ± 1.0 0.013 4.8 ± 1.0 5.0 ± 1.0 4.8 ± 0.9 0.106 0.190

SVtd (mL) 73 ± 18 80 ± 20 72 ± 17 \0.001 70 ± 17 73 ± 17 69 ± 16 \0.001 0.009

SVmf (mL) 82 ± 21 86 ± 20 81 ± 18 0.022 80 ± 19 82 ± 19 80 ± 20 0.201 0.342

SVhs (mL) 68 ± 17 75 ± 17 69 ± 16 0.003 65 ± 16 68 ± 16 64 ± 16 0.015 0.149

SVRtd (dynessec�cm-5) 1142 ± 360 1100 ± 318 1145 ± 358 0.021 1117 ± 316 1106 ± 306 1095 ± 295 0.558 0.076

Mean ± SD

Before is the baseline value before intervention, After is the baseline value after the intervention, PLR is the value during passive leg raising, ELC is the

value during external leg compression, HR heart rate, SAP systolic arterial pressure, DAP diastolic arterial pressure, MAP mean arterial pressure, PP
systemic pulse pressure, MPAP mean pulmonary artery pressure, CVP central venous pressure, CO/SVtd cardiac output/stroke volume measured by

thermodilution, CO/SVmf cardiac output/stroke volume measured by ModelflowTM, CO/SVhs cardiac output/stroke volume measured by HemoSonicTM,

SVRtd systemic vascular resistance by thermodilution, PP value of difference in values before and during each intervention, P changes PLR vs.
ELCP value of the changes during PLR vs. ELC
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B r = 0.062, P = 0.76, and for ELC B r = -0.24,

P = 0.25. The correlation of the changes in COmf with

changes in COtd for PLR A and ELC A was r = 0.72,

P \ 0.001, and for PLR B and ELC B r = 0.62,

P = 0.001. In contrast, changes in COhs less well corre-

lated to COtd during PLR A and ELC A (r = -0.03,

P = 0.851), and during PLR B and ELC B (r = 0.43,

P = 0.029).

Bias and limits of agreement of CO before and after PLR A

and ELC A for COtd and COmf were -0.3 and -3.0 to

2.5 L�min-1, respectively, for COtd and COhs 1.2 and -2.4

to 4.8 L�min-1, respectively, while for COmf and COhs 1.4

and -1.6 to 4.5 L�min-1, respectively. Bias and limits of

agreement of CO before and after PLR B and ELC B for COtd

and COmf were -0.7 and -3.0 to 1.7 L�min-1, respectively,

for COtd and COhs 0.3 and -1.8 to 2.4, respectively, while

for COmf and COhs 0.95 and -2.9 to 4.8 L�min-1, respec-

tively. Bland–Altman analysis (Fig. 1) shows that bias and

limits of agreement of the changes in COtd and COmf were

0.15 and -0.3 to 0.6 L�min-1 in PLR A and ELC A, and 0.15

and -0.4 to 0.7 L�min-1 in PLR B and ELC B, respectively.

The percentage of error for A and B was 42.4 and 41.2 % for

COtd and COmf, and 63.3 and 40.4 % for COtd and COhs,

respectively. Bias and limits of agreement of the changes in

COtd and COhs were 0.09 and -0.9 to 1.1 L�min-1 in PLR A

and ELC A, and -0.01 and -0.7 to 0.7 L�min-1 in PLR B

and ELC B, respectively. The polar plots (Fig. 2) support the

level of moderate to good agreement (deviation of angles

from zero or less than 30�) of COmf.

4 Discussion

This study shows that circular, rather than wide, ELC

carries similar, albeit relatively small, hemodynamic

responses in stroke volume and CO as PLR, and that these

responses can be less invasively monitored with the use of

ModelflowTM.

PLR is a simple intervention that mimics rapid fluid

loading while circumventing, by its reversibility, the

potentially harmful fluid infusion in fluid non-responsive

patients [1–9]. The evaluation of effects has been done with

the use of pulmonary artery or transpulmonary

thermodilution [1, 4, 6–9], transesophageal or transthoracic

Doppler ultrasound [2–6, 20] and various pulse contour

methods [3, 4, 6, 9] Increases in cardiac filling pressures and

(pulmonary) arterial blood (pulse) pressures are surrogate

indicators of an increase in stroke volume and CO upon

PLR and our results are in line with earlier studies [1–9].

ELC also augments venous return by increasing mean

systemic filling pressure, thus increasing cardiac preload

and thereby CO [10–12, 14, 18] and the moderate effect

observed complies with the literature [10–12, 14, 18]. Even

when ELC includes the abdomen, the autotransfusion

effect may be limited; the increase in cardiac output gen-

erally does not exceed 25 %. Nevertheless, ELC may

increase afterload to the left ventricle by increasing mean

arterial blood pressure and this in turn may limit a rise in

cardiac output, particularly when systolic function is

compromised, as during congestive heart failure [16, 28].

ELC with help of an inflation pump is generally mono

compartmental and sometimes multi-compartmental, in the

form of graduated or sequential/peristaltic compression

[13, 15, 17, 20]. A single chambered compression unit

applies pressure in a uniform fashion to the leg. This

increases venous blood flow velocity, even at a low com-

pression pressure of about 50 mmHg, during and after

surgery for instance [13, 15]. The graduated or sequential/

peristaltic compression device applies pressure from sev-

eral chambers located at the lower to the upper part of the

leg, producing several peaks in venous blood flow velocity

thereby stabilizing hemodynamics, for instance during

anaesthesia, mechanical ventilation and surgery [11, 13,

15–17, 29]. Sequential/graduated may have greater effect

than intermittent pneumatic compression and the latter may

be more effective than static compression, although these

differences have not been observed in all studies [30–34].

Application may reduce fluid and inotropic requirements

and reduce postoperative edema [17]. Indeed, less fluid

requirements would be beneficial in the critically ill, since

fluid overloading is associated with increased ventilator

dependency and excess mortality [29].

Our study, again, suggests that the manner of com-

pression is important. Since we utilised a single pressure

level of 30 cm H2O (about 23 mmHg) for both ELC

methods, we cannot judge pressure-dependency of ELC

effects. However, the circular compression shows greater

hemodynamic improvement compared to wide compres-

sion. This may relate to the circular compression and

inflation from lower to upper leg moving more blood to the

thorax by squeezing [32–34]. In contrast, CVP was unal-

tered during wide compression; hence the increase in pre-

load was lower in this method compared to circular

compression. Payen et al. and Geelen et al. suggest a fall in

sympathetic tone by ELC [10, 12]. Indeed, the rise in

arterial blood and pulse pressure with ELC (method A) was

Table 4 Kappa statistics for responses ([5 % increase in cardiac

output, CO)

PLR

A

ELC

A

Kappa P PLR

B

ELC

B

Kappa P

COtd 13 12 0.45 0.06 12 10 0.43 0.06

COmf 9 8 0.80 0.001 8 8 0.67 0.02

COhs 15 9 -0.12 0.42 12 9 -0.14 0.49

td thermodilution, mf ModelflowTM, hs HemosonicTM
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smaller than with PLR, although stroke volume and CO

responses were similar. This argues in favor of a fall in

vascular resistance and rise in compliance, which may have

followed sympathetic inhibition. Increases in cardiac filling

pressures were also somewhat less in ELC (method A) than

in PLR, in spite of similar blood flow responses, and we

therefore cannot exclude a rise in cardiac compliance with

ELC as well. In our study, ELC therefore did probably not

increase left ventricular afterload.

Our data suggest that CO and changes therein recorded

by thermodilution can be well tracked by the less-invasive,

non-calibrated ModelflowTM compared to the transesoph-

ageal Doppler technique [4, 24], as in other studies on

changes in body position or ventilatory settings [4, 9, 21–

25]. The former is attractive, as it would provide the cli-

nician with a simple, readily available and robust measure

that can be obtained at the bedside, even though the %

error may be still above the currently accepted upper limit

for clinical use of about 30 %. In contrast, transesophageal

Doppler ultrasound may be dependent on the expertise of

the observer, thereby explaining the somewhat larger limits

of agreement than COmf with COtd, even though the

technique has been used to assess fluid responsiveness by

PLR in previous studies [2, 4, 6, 24]. In our study the

transesophageal Doppler did not perform well, at least

during leg compression, and this may caused by the fact

that this device measures blood flow in the descending

aorta and the latter may not remain a constant fraction of

cardiac output during ELC.

Finally, we compared all interventions in a similar,

supine position although PLR from semi-recumbent to

supine position may mobilise more blood volume and CO

than from the supine position [2, 5] and ELC may mobilise

more blood volume and CO in the tilted than supine position

[11, 12, 18]. We may speculate that hemodynamic changes

would still have been similar between PLR A and ELC A

when body position had changed from semi-recumbent to

supine during both leg interventions. Finally, changes in the

level of the heart in relation to pressure transducers would

confound blood pressure measurements, and, together with

its impracticality for this study, we did not start with the

semi-recumbent position. Although the consecutive

Fig. 1 Bland-Altman plot of changes in cardiac output (L�min-1)

derived by thermodilution (COtd) and ModelflowTM (COmf) or

HemoSonicTM (COhs). Uninterrupted lines bias; interrupted lines
95 % limits of agreement; y-axis: differences; x-axis: means; open
symbols: PLR; closed symbols ELC. PanelA.1 COtd and COmf for

PLR A and ELC A(bias 0.15 L�min-1); panelA.2 COtd and COhs for

PLR A and ELC A (bias 0.09 L�min-1), panelB.1 COtd and COmf

during PLR B and ELC B (bias 0.15 L�min-1); panelB.2 COtd and

COhs for PLR B and ELC B (bias -0.01 L�min-1)
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interventions took some time and could distort a steady state

condition and thereby confound the data, the repeatred

measurements for PLR and ELC A and B did not statisti-

cally significantly differ from each other. Nevertheless, the

hemodynamic changes in this study are, expectedly, rela-

tively small, but as the results suggest, detectable to some

extent by less-invasive techniques.

In conclusion ELCs by circular inflatable bandages are

more effective then ELC by wide bandages and equally

effective as PLR in augmenting preload-dependent stroke

volume and CO after cardiac surgery. This can be well

evaluated with the use of the non-invasive ModelflowTM.

The observations may facilitate future studies on ELC to

optimise hemodynamics in mechanically ventilated patients.
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