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Introduction

Hypotension is one of the most frequently encountered 
hemodynamic disturbances in the perioperative setting. 

Treatment for hypotension typically involves intravenous 

fluid administration. However, in patients with impaired 

ventricular contractility, further volume loading is not 
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accompanied by an increase in cardiac output (CO) but may 
lead to deterioration of cardiopulmonary function (1,2). 
To prevent such complications, several methods have been 
developed to test preload responsiveness (3,4). For example, 
passive leg raising (PLR) is a test that predicts whether 
CO will increase with volume expansion. By a gravitational 
shift in blood from the lower body toward the right heart, 
PLR mimics a fluid challenge (FC) (5). This test has been 
proposed as an attractive way to predict fluid responsiveness 
in various clinical scenarios, thus avoiding the potential 
harm caused by fluid loading (6,7). However, PLR is 
not possible in the operating room. The Trendelenburg 
position (TP) involves placing the patient with head down 
and feet elevated. It is often used to treat hemodynamically 
unstable patients when hypovolemia is suspected (8). 
Having a mechanism similar to PLR, TP likewise increases 
venous return to the right side of the heart increasing  
CO (9). Patients with coronary artery bypass graft (CABG) 
procedures often present with a modest deterioration of 
global or regional ventricular contractility as well as reduced 
ejection fraction caused by prior myocardial ischemia (10). 
Therefore, perioperative fluid management should balance 
volume status and cardiac function. The aim of this study 
was to evaluate whether the TP maneuver could be used 
to predict fluid responsiveness in CABG patients in the 
operating theatre.

Methods

This was a prospective single-center observational 
study conducted in the cardiac surgery operating room 
at Zhongshan Hospital, which is affiliated with Fudan 
University (Shanghai, China). The study was approved by 
the local Ethics Committee (No. B2018-033R) and written 
informed consent was obtained from participating patients 
pre-operatively.

Sample size estimation

The sample size was estimated by using PASS software 
and was based on previous studies (11,12). We used the 
following settings: AUC0 =0.5, AUC1 =0.75, power =0.9, 
alpha =0.05, allocation ratio =1.0, lower false positive rate 
(FPR) =0, upper FPR =1.00, type of data =continuous, and 
alternative hypothesis = two-sided test. Therefore, the least 
number of measurements required was determined as 60 
participants.

Study population

Patients scheduled for CABG surgery were prospectively 
screened. Between April and September 2019, there were 
90 nonconsecutive patients who received fluid therapy in 
the cardiac surgical operating room. Fluid administration 
was performed at the discretion of the attending 
anesthesiologist. Criteria for fluid administration was 
arterial hypotension defined as a reduction of more than 
20% in systolic arterial pressure with respect to the values 
observed before anesthesia induction. Inclusion criteria 
were as follows: patients older than 18 years and receiving at 
least 12 hours preoperative fasting. Exclusion criteria were 
the following: cardiac arrhythmia (e.g., atrial fibrillation 
or frequent premature beats), contra-indication to the TP 
procedure (e.g., cerebral edema or retinal detachment), 
contra-indication for transesophageal echocardiography 
(TEE) probe insertion, echocardiographic evidence of 
existence of moderate to severe valve disease (e.g., valve 
stenosis and/or regurgitation) or right heart dysfunction 
(right ventricular fractional area change <35% or tricuspid 
annular plane systolic excursion <16 mm) (13), left 
ventricular ejection fraction less than 30% before surgery, 
intracardiac shunt, pulmonary hypertension, poor cardiac 
echogenicity [inability to align the Doppler beam at the 
left ventricular outflow tract (LVOT), and to inability to 
obtain a reliable measurement of velocity time integral 
(VTI)], lower limb amputation, or known obstruction of the 
inferior vena cava.

Anesthetic management

Upon arriving at the operating theatre, each patient 
received standard anesthetic monitoring, including five-lead 
electrocardiogram, pulse oximetry, and non-invasive arterial 
pressure measurements. Induction and maintenance of 
general anesthesia were performed using a target-controlled 
infusion of propofol TCI (target effect site concentration 
2.5–3.0 μg/mL), sufentanil (0.3–0.5 μg/kg) and rocuronium 
(0.8 mg/kg). After tracheal intubation, patients were 
mechanically ventilated using the volume-control mode 
(Primus IE, Dräger Medical, Lübeck, Germany), with 
a tidal volume (VT) of 8 mL/kg predicted body weight, 
positive end expiratory pressure of 5 cmH2O, respiratory 
rate of 10–12 breaths per minute, inspiratory to expiratory 
ratio of 1:2, and a FiO2 of 50%. Ventilatory parameters 
were adjusted to maintain a plateau pressure less than  
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30 cmH2O, end-tidal carbon dioxide (EtCO2) concentration 
to 35–40 mmHg and peripheral oxygen saturation above 
96%. EtCO2 was continuously measured at the tip of the 
endotracheal tube using a sidestream infrared gas analyzer 
(compact airway module CAPNOTAT, Dräger, Lübeck, 
Germany) connected to the patient’s monitor. The results 
were recorded online in a laptop computer every 10 
seconds using proprietary data acquisition software (Dräger 
Medical AG & Co. KG, Lübeck, Germany). Anesthesia 
was maintained with continuous infusion of propofol and 
sufentanil to maintain a bispectral index between 40 and 60. 
Patients were excluded if the target-controlled infusion of 
propofol and/or sufentanil was modified during the study 
period.

Hemodynamic monitoring

Before induction of anesthesia, each patient received a 
conventional right internal jugular vein catheter (double 
lumen central line, ARROW, USA). After induction 
of anesthesia, an arterial catheter (SURFLO Flash, 
TERUMO, Japan) was inserted into the radial artery. The 
catheter was connected to a transducer and bedside Draeger 
monitoring. After the TEE probe was in place, the internal 
jugular vein catheter tip position was confirmed by the 
TEE in the superior vena cava. Heart rate, invasive arterial 
pressure and central venous pressure (CVP) were monitored 
continuously. The pressure transducers were positioned 
on the mid-axillary line and fixed to the operating table 
remaining at the atrial level during the TP. To minimize the 
effect of mechanical ventilation, CVP was measured at the 
end of expiration.

TEE

TEE probe insertion was routinely performed after 
induction of anesthesia and positioned to obtain a deep 
transgastric long axis view to acquire the optimum signal 
for velocity measurements in LVOT. This position 
was maintained throughout the whole study period. 
Echocardiographic variables were derived from the iE33 
ultrasound imaging system (Philips Healthcare, Hamburg, 
Germany). All measurements were standardized and 
conducted by the same investigator (Li-Ying Xu). The 
VTI, the peak velocity (Vmax) and the mean velocity 
were measured with pulsed wave Doppler through 
the LVOT. In order to obtain precise measurements 

for ultrasonic parameters, the investigator performed 
an average of three measurements within one TEE  
examination (14). For each measurement, an average of 
at least four consecutive cardiac beats was evaluated. If 
the VTI could not be measured due to anatomic reasons, 
or aliasing was too high because of high velocity flow, 
the patient was excluded from the study. Simultaneously 
acquired TEE images and electrocardiogram signals were 
recorded on a magnetooptical disk and analyzed off-line 
by other experienced investigators (Li-Ying Xu and Jun-Yi 
Hou) blinded to the hemodynamic results.

Protocol description and data collection

This study was done after induction of anesthesia and 
before skin incision. Patients were studied at baseline with 
a 15° upward bed angulation (baseline 1), during a 1 min 
postural change to the TP with a −15° downward bed 
angulation (TP, a shift of intravascular volume from the 
extra- to the intrathoracic compartment), 1 min after the 
end of the TP maneuver when the hemodynamic status 
returned to the initial baseline (baseline 2), and after a  
500 mL of Gelofusine infusion within 30 min (FC)  
(Figure 1). Hemodynamic and TEE measurements were 
performed in each position. The study was terminated if the 
following adverse events occurred throughout the protocol: 
increase in heart rate >20%, decrease in peripheral oxygen 
saturation <90%, new onset of cardiac arrhythmia, or any 
other adverse event considered relevant by investigators. 
During the procedure, the ventilatory settings and other 
treatments were kept constant.

The VTI was measured from hand-drawn contours 
(Figure 2). The percent (%) change in the VTI was 
determined by the following equation: (Post VTI − Pre 
VTI)/Pre VTI ×100%. Similarly, the percent (%) change 
in the Vmax and pulse pressure (PP) was determined by the 
same equation: (Post Vmax − Pre Vmax)/Pre Vmax ×100% 
and (Post PP − Pre PP)/Pre PP ×100%. Fluid responders 
were deemed present if the VTI assessed by TEE increased 
by at least 15% after FC, as compared to baseline 2. This 
cutoff value was chosen based on previous studies (15). In 
addition, study participants’ demographic characteristics, 
etiology of cardiac surgery, history of co-morbidities, 
preoperative cardiac function parameters, European system 
for cardiac operative risk evaluation, and vasoactive drug 
infusion doses were recorded. The recorded ventilator 
settings included VT, plateau pressure and EtCO2.
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Study outcome

The primary outcome was the diagnostic performance 
of LVOT VTI change during TP [ΔVTI-TP (%)] in 
predicting fluid responsiveness in patients undergoing 
CABG surgery. The secondary outcome was diagnostic 
performance of the changes in Vmax and PP during TP 
[ΔVmax-TP (%) and ΔPP-TP (%)].

Statistical analysis

The distribution of variables was assessed using the 
D’Agostino-Pearson test. Values are expressed as mean 

(standard deviation), median (25–75% inter-quartile range) 
or number and proportion (%). Comparisons within-group 
changes in hemodynamic variables were assessed using 
Student’s paired t-test or the nonparametric Wilcoxon rank-
sum test, as appropriate. Differences between responders 
and non-responders were compared by Student’s t-test. 
The relationship between ΔVTI-TP (%) and changes in 
VTI induced by FC [ΔVTI-FC (%)] was tested using linear 
correlation. Linear correlations were tested by the Pearson 
rank method. A receiver-operating characteristic (ROC) 
curve was established for ΔVTI-TP, ΔVmax-TP, and ΔPP-
TP. Statistical evaluation of ΔVTI-TP, ΔVmax-TP, and 

Figure 1 Study flow chart. (A) Postural change during the Trendelenburg position and design of the study procedure; (B) starting position 
of the Trendelenburg position with bed angulation +15°; and (C) Trendelenburg position with a −15° downward bed angulation.

Baseline 1 Baseline 2 Fluid challengeTrendelenburg position

A

B C

Figure 2 VTI and Vmax of the left ventricular outflow tract measured by trans-esophageal echocardiography at baselines, during 
Trendelenburg position, and after fluid challenge. VTI, velocity-time integral; Vmax, peak velocity.
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ΔPP-TP was based on areas under the ROC curve (AUC) 
with a 95% confidence interval (CI) and likelihood ratio. A 
difference between two AUCs was considered statistically 
significant, when the P value reported by DeLong et al. 
was <0.05. Statistical analysis was performed using IBM 
SPSS Statistics 21 (IBM, Montauk, VA, USA) and MedCalc 
15.2.2 (Mariakerke, Belgium). Grey zones were constructed 
using a two-step procedure as described previously (16).

Results

Patients’ characteristics

During the study period, 90 patients presented with 
inclusion criteria: four (4.4%) patients refused to 
participate; six (6.7%) were found to be in atrial fibrillation; 
five (5.6%) incurred adverse events; seven (7.8%) with 
poor echogenicity; and three (3.3%) had changes in 
norepinephrine dosages to treat hypotension during the 
study period. A total of 65 patients were included in all 
(Figure 3). Primary characteristics, clinical complications, 
cardiac and respiratory parameters at inclusion are reported 
in Table 1. Fifty-five (84.6%) patients received β-blockers 
preoperatively. Of all the patients enrolled, there were 28 
(43.1%) responders, as defined by an increase in the LVOT 

VTI ≥15% after FC, and 37 (56.9%) were non-responders.

Hemodynamic changes after TP and after FC

Hemodynamic and TEE data in responders and non-
responders at all study times (baseline 1, during TP, 
baseline 2 and after FC) are reported in Table 2. In volume 
responders, TP or FC significantly decreased the heart rate. 
TP or FC induced an increase in systolic arterial pressure, 
mean arterial pressure, PP, and CVP in both responders 
and non-responders. Responders displayed an increase in 
VTI and Vmax of LVOT from baseline 1 to TP or FC, but 
the Vmax did not change during TP nor after FC in non-
responders. In responders, VTI increased from 12±3 cm at 
baseline 2 to 15±4 cm after FC. EtCO2 was higher during 
TP and after FC in responders, but no significant change 
was observed in non-responders.

Changes in VTI induced by TP and by FC

The relationship between ΔVTI-TP and ΔVTI-FC is 
shown in Figure 4 (r2=0.37, P<0.001). The relationship 
between these measures was closely correlated (r=0.61). 
The concordance rate between the two variables in a four-
quadrant analysis with an adequate exclusion zone is shown 

2019.04-2019.09

90 patients with CABG surgery

80 patients entered the study protocol

65 patients included in the analysis

28 patients as responders 37 patients as non-responders

10 patients excluded:

• 4 refused to participate

• 6 with atrial fibrillation

15 patients excluded:

• 7 with poor cardiac echogenicity

• 3 changed in norepinephrine dosages

• 5 terminated study

1 decreased in peripheral oxygen saturation <90%

2 with new onset of cardiac arrhythmia

2 increased in heart rate >20%

Figure 3 Flow diagram showing the patient enrollment. CABG, coronary artery bypass graft.
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in Figure 5.

Prediction of fluid responsiveness

The prediction of ΔVTI-TP, ΔVmax-TP and ΔPP-TP to 
fluid responsiveness is shown in Tables 3,4 and Figure 6. The 
AUC generated for ΔVTI-TP (0.90, 95% CI, 0.79–0.96) 
was significantly higher than those generated for ΔVmax 
(0.72, 95% CI, 0.60–0.82) and ΔPP (0.66, 95% CI, 0.53–

0.77). The best AUC cut-off value when detecting fluid 
responsiveness was >10% for ΔVTI, with a sensitivity of 
100% (95% CI, 88–100%) and a specificity of 70% (95% 
CI, 53–84%). Figure 7 shows the limits of the inconclusive 
zone for ΔVTI-TP, ΔVmax-TP, and ΔPP-TP. A large grey 
zone was found for ΔVmax and ΔPP, 68% and 72% of the 
subjects were within this inconclusive zone, respectively. 
Conversely, a small grey zone for ΔVTI was observed, 
which included only 29% of subjects (Table 3 and Figure 7).

Table 1 Baseline characteristics of the patients

Characteristic Total (n=65) Responders (n=28) Non–responders (n=37) P value

Age, years 64 [59–70] 65 [60–70] 64 [59–70] 0.968

Male, n (%) 55 (85%) 25 (89%) 30 (81%) 0.495

BMI, kg/m² 25±3 25±3 24±3 0.203

DM, n (%) 15 (23%) 10 (36%) 5 (14%) 0.043

HTN, n (%) 39 (60%) 16 (57%) 23 (62%) 0.799

CKD, n (%) 2 (3%) 2 (7%) 0 (0) 0.182

LVEF, % 60±8 60±8 60±8 0.914

RVFAC, % 45±6 46±5 45±5 0.637

NT-proBNP, pg/mL 183 [77–480] 181 [69–480] 201 [77–621] 0.517

Lactate, mmol/L 0.7±0.3 0.8±0.2 0.7±0.3 0.748

Tidal volume, mL/kg 8.1±0.6 8.1±0.3 8.2±0.8 0.445

PEEP, cm H2O 5±0 5±0 5±0 1.000

Pplat, cm H2O 11±2 12±2 11±2 0.269

PaO2/FiO2, mmHg 472±98 481±104 466±95 0.548

PaCO2, mmHg 40±4 40±4 40±4 0.702

Patients receiving 
norepinephrine, n (%)

42 (65%) 19 (68%) 23 (62%) 0.561

Patients receiving 
dobutamine, n (%)

10 (15%) 4 (14%) 6 (16%) 0.532

Dose of norepinephrine 
(μg·kg−1·min−1)

0.1 [0.2–0.4] 0.1 [0.2–0.3] 0.1 [0.3–0.5] 0.422

Dose of dobutamine 
(μg·kg−1·min−1)

0.4 [0.3–0.8] 0.3 [0.3–0.9] 0.5 [0.2–0.7] 0.981

Preoperative β-blockers 
administration, n (%)

55 (85%) 23 (82%) 32 (86%) 0.734

EURO score 5 [0–9] 5 [1–8] 5 [0–9] 0.408

Values are expressed as the mean ± standard deviation, median [25th–75th percentile] or number (percentage). BMI, body mass index; 
DM, diabetes mellitus; HTN, hypertension; CKD, chronic kidney disease; LVEF, left ventricular ejection fraction; RVFAC, right ventricular 
fractional area change; NT-proBNP, N-terminal pro-brain natriuretic peptide; PEEP, positive end-expiratory pressure; Pplat, airway pressure 
platform; PaO2, arterial partial pressure of oxygen; FiO2, inspiratory fraction of oxygen; PaCO2, arterial partial pressure of carbon dioxide; 
EURO score, European system for cardiac operative risk evaluation.
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Discussion

This study demonstrated that an increase in the LVOT 
VTI measured by TEE induced by the TP maneuver is a 
highly reliable test to predict fluid responsiveness in patients 
undergoing coronary revascularization in the operating room.

In acute circulatory failure, PLR is a test that predicts 
whether CO will increase with volume expansion (17). 
However, the standardized PLR maneuver should start 
from a semi-recumbent position. The patient’s bed must 
be automatically tilted to the final position with the trunk 

Table 2 Hemodynamic parameters measured in responders and non-responders

Variables Baseline 1 Trendelenburg position Baseline 2 Fluid challenge

HR, beats/min

Responders 65±12 63±10† 64±11 62±10‡$

Non-responders 60±10 60±8 60±9 60±8

SAP, mmHg

Responders 103±15 117±16† 102±16 118±18‡$

Non-responders 115±20# 124±18† 115±19# 129±20‡$#

DAP, mmHg

Responders 58±10 61±10† 58±11 61±10‡$

Non-responders 61±12 62±11 61±11 66±12‡$

MAP, mmHg

Responders 71±11 79±11† 73±12 79±13‡$

Non-responders 78±14# 83±13† 79±13# 87±15‡$#

PP, mmHg

Responders 45±11 56±12† 44±12 56±13‡$

Non-responders 54±12# 62±12† 53±12# 63±13‡$#

CVP, mmHg

Responders 7±4 10±4† 7±4 9±5‡$

Non-responders 7±3 10±3† 7±3 9±4‡$

VTI of LVOT, cm

Responders 12±3 14±3† 12±3 15±4‡$

Non-responders 15±3# 16±4† 15±3# 16±4‡$

Vmax of LVOT, cm/s

Responders 67±14 72±12† 69±16 73±13‡$

Non-responders 73±15 75±16 73±15 73±15

EtCO2, mmHg

Responders 37±3 38±3† 36±3* 38±2‡$

Non-responders 37±3 38±3† 36±4 37±3

Values are expressed as mean ± standard deviation. †, P<0.05 Baseline 1 vs. after Trendelenburg position; ‡, P<0.05 Baseline 1 vs. 
after Fluid challenge; $, P<0.05 Baseline 2 vs. after Fluid challenge; *, P<0.05 Baseline 1 vs. Baseline 2; #, P<0.05 non-responders vs. 
responders. HR, heart rate; SAP, systolic arterial pressure; DAP, diastolic arterial pressure; MAP, mean arterial pressure; PP, pulse pressure; 
CVP, central venous pressure; VTI, velocity time integral; LVOT, left ventricular outflow tract; Vmax, peak velocity; EtCO2, end-tidal carbon 
dioxide.



3140 Ma et al. Change in VTI during Trendelenburg maneuver predicts FR

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2021;11(7):3133-3145 | http://dx.doi.org/10.21037/qims-20-700

Table 3 Predictive accuracy of fluid responsiveness by Trendelenburg position 

Index ΔVTI ΔVmax ΔPP

Best threshold 10% 7% 22%

Gray zone 8% to 15% −2% to 14% 14% to 48%

Patients in the gray zone 29% 68% 72%

AUROC (95% CI) 0.90 (0.79–0.96) 0.72 (0.60–0.82) 0.66 (0.53–0.77)

Sensitivity (95% CI) 100% (88–100%) 68% (48–84%) 57% (37–76%)

Specificity (95% CI) 70% (53–84%) 76% (59–88%) 73% (56–86%)

PPV (95% CI) 72% (55–85%) 68% (48–84%) 62% (41–80%)

NPV (95% CI) 100% (87–100%) 76% (59–88%) 69% (52–83%)

Youden index J 0.70 0.44 0.30

AUROC, area under the receiver operating characteristic curve; CI, confidence interval; ΔVTI, changes in VTI induced by Trendelenburg 
position; ΔVmax, changes in peak velocity induced by Trendelenburg position; ΔPP, changes in pulse pressure by Trendelenburg position; 
PPV, positive predictive value; NPV, negative predictive value.

Table 4 The comparison of different AUROCs

Statistic data ΔVTI vs. ΔPP ΔPP vs. ΔVmax ΔVTI vs. ΔVmax

Differences between areas. 0.237 0.062 0.175

Standard error 0.073 0.102 0.056

95% CI 0.094–0.380 −0.138–0.262 0.065–0.286

Z statistics 3.258 0.605 3.110

P value 0.001 0.545 0.002

AUROCs, area under the receiver operating characteristic curves; CI, confidence interval; ΔVTI, changes in VTI induced by Trendelenburg 
position; ΔVmax, changes in peak velocity induced by Trendelenburg position; ΔPP, changes in pulse pressure by Trendelenburg position.
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Figure 4 Relationship between percent changes in VTI during 
TP and after FC. VTI, velocity-time integral; TP, Trendelenburg 
position; FC, fluid challenge; r2, R-squared.

Figure 5 Four-quadrant concordance analysis between changes in 
VTI during TP and after FC. ΔVTI-TP, changes in velocity-time 
integral during the Trendelenburg position; ΔVTI-FC, changes in 
velocity-time integral after fluid challenge.
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in the supine position and the legs with an elevation of 
45° (18). Thus, for logistical reasons, this procedure could 
not be implemented in the operating room. However, TP, 
with a mechanism similar to PLR, is commonly used to 
temporarily treat intraoperative suspected hypovolemia 
in clinical practice (8,19). Rex et al. reported that the TP 

maneuver significantly increases left ventricular preload 
and stroke volume index, demonstrating effectiveness 
in inducing a relevant volume challenge (11). Likewise, 
Yonis et al. showed that an increase in a cardiac index 
≥8% during TP enabled diagnosis of fluid responsiveness 
in acute respiratory distress syndrome patients (12). 
Routinely intraoperative TEE monitoring during a cardiac 
operation allows for correlation of functional imaging 
with hemodynamic measurements, determination of 
optimal right and left ventricular preload, guidance of 
inotropic therapy, and definition the effect of surgery (20). 
LVOT VTI was recommended as a simple, feasible and 
reproducible measurement to serially track CO (21). Recent 
studies have shown that VTI can be used for assessing the 
effects of some therapeutic interventions on CO, or for 
performing tests assessing preload responsiveness. Lamia 
et al. showed that a 12.5% increase in VTI after FC with 
77% sensitivity and 100% specificity can detect fluid 
responsiveness (22). Jozwiak et al. also demonstrated that 
changes in VTI ≥13% during consecutive end-expiratory 
and end-inspiratory occlusions could reliably predict fluid 
responsiveness (23). Thus, VTI in conjunction with the 
TP maneuver seems to be a feasible way to predict fluid 
responsiveness. In the present study, we confirmed that the 
reliability of ΔVTI-TP with a value of 10% in detecting 
fluid responsiveness, with a sensitivity of 100% and a 
specificity of 70%. This method has the advantage of being 
less invasive. It might be used to test fluid responsiveness 
when no other technique is in place for monitoring CO. 
This might also be applicable and convenient in the 
operating theatre, especially in perioperative cardiac surgical 
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patients involving TEE. To the best of our knowledge, this 
work was the first study to evaluate the TP maneuver using 
TEE monitoring in predicting volume responsiveness in the 
operating theatre.

In the current study, ΔVTI-TP achieved a high 
sensitivity (100%) and a relatively low specificity (70%). It 
is speculated that TP might induce sympathetic or cardiac 
reflex stimulation to some extent (24). This can partially 
explain the relatively low specificity. ΔVmax-TP was not 
able to predict fluid responsiveness in this study (AUC 
0.72, 95% CI: 0.60–0.82). Similar to the present findings, a 
ΔVmax that is induced by an end-expiratory occlusion test 
was also found to poorly predict fluid responsiveness. This 
was determined in a previous study from our laboratory 
with an AUC of 0.75 (95% CI: 0.63–0.86) (2). It was also 
found in the present study that ΔPP-TP could not predict 
fluid responsiveness (AUC 0.66, 95% CI: 0.53–0.77). This 
result is consistent with our two previous studies (2,25). 
Since PP was measured at a peripheral level and not in the 
aorta, we cannot exclude that the pulse wave amplification 
phenomenon at the peripheral level might be responsible 
for this result (26).

Hamzaoui et al. recently demonstrated that an increase 
in CVP greater than or equal to 4 mmHg during PLR 
cannot identify preload unresponsiveness in critically ill 
patients (27). No difference in changes of CVP induced 
by PLR (ΔCVP-PLR) was found between positive PLR 
and negative PLR test cases. There is a body of evidence 
indicating that a given value of CVP or change in CVP 
cannot predict fluid responsiveness (28,29). In our 
study, the ability of ΔCVP-TP and CVP to detect fluid 
responsiveness was also poor, with an AUC of 0.555 
(95% CI: 0.413–0.697) and 0.511 (95% CI: 0.369–0.653), 
respectively. Some studies have confirmed that variations 
in EtCO2 induced by PLR can track changes in the 
cardiac index and thus predict fluid responsiveness (30,31). 
Toupin’s study showed that an increase of 2 mmHg 
in EtCO2 induced by PLR was associated with fluid 
responsiveness, with a sensitivity of 75% and an AUC 
of 0.8 (95% CI, 0.7−0.9). Monnet et al. reported that a 
PLR-induced increase in EtCO2 ≥5% predicted a fluid 
induced increase in CI ≥15% with an AUC of 0.93 (0.81–
0.99), a sensitivity of 71 % and a specificity of 100%. In 
contrast to the above findings, Arango-Granados et al. 
reported that variation in EtCO2 after PLR has limited 
utility to discriminate fluid responders among healthy 

spontaneously breathing adults (32). In the current study, 
the changes in EtCO2 induced by TP (ΔEtCO2-TP) could 
not predict fluid responsiveness with an AUC of 0.532 
(95% CI: 0.391–0.674).

We also acknowledge some limitations to our study. 
First, there was a relatively small sample of selected 
patients with only coronary artery disease. Whether 
conclusions can be extrapolated to other types of patients 
remains uncertain. Second, we did not use advanced 
hemodynamic  monitor ing sys tems ( t radi t ional ly 
transpulmonary thermodilution devices) to measure CO, 
but used VTI to track the changes in CO. Although 
accuracy between TEE and an advanced CO device might 
be questioned, there is evidence to support the use of 
TEE for CO-guided intraoperative fluid optimization  
(33-35).  This technique is  convenient during the 
operation, particularly in cardiac surgeries where 
intraoperative hemodynamic optimization routinely 
involves TEE (20). Third, ultrasound has the disadvantage 
of being operator-dependent. Data measured from 
ultrasound are better understood as semi-quantitative, 
because they are inherently not precise. In the current 
study, an average of three measurements was performed 
within one TEE examination. This was sufficient for 
obtaining precise measurements for the majority of 
common variables (14). In addition, TEE was performed 
by the same investigator and measurements were recorded 
blind by other investigators. The intention was to reduce 
intra- and inter-observer variability and echocardiographic 
measurement errors among clinicians dedicated to data 
collection. Lastly, patients with atrial fibrillation or left 
ventricular ejection fraction <30% were excluded in 
this study. Further studies are needed to validate the 
conclusion in these patients.

Conclusions

This study demonstrated that an increase in VTI induced 
by TP could predict fluid responsiveness in CABG patients 
in the operating theatre. However, changes of Vmax 
and PP stimulated by TP could not reliably predict fluid 
responsiveness.
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