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End-expiratory occlusion test predicts fluid responsiveness in
cardiac surgical patients in the operating theatre
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Background: The aim of this study was to evaluate whether a 20-second end-expiratory occlusion (EEO)
test can predict fluid responsiveness in cardiac surgery patients in the operating theatre.

Methods: This prospective study enrolled 75 mechanically ventilated patients undergoing elective
coronary artery bypass grafting surgery. Hemodynamic data coupled with transesophageal echocardiography
monitoring of the velocity time integral (VTI) and the peak velocity (Vmax) at the left ventricular outflow
tract were collected at each step (baseline 1, EEO, baseline 2 and fluid challenge). Patients were divided into
fluid responders (increase in VIT >15%) and non-responders (increase in VIT <15%) after a fluid challenge
(6 mL 0.9% saline per kg, given in 10 minutes).

Results: Fluid challenge significantly increased the VT by more than 15% in 36 (48%) patients
(responders). An increase in VTT greater than 5% during the EEO test predicted fluid responsiveness with
a sensitivity of 81% and a specificity of 93%. The area under the receiver-operating characteristic curve
(AUROC) of AVTI-EEO was 0.90 [95% confidence interval (CI): 0.83-0.97]. AVmax-EEO was poorly
predictive of fluid responsiveness, with an AUC of 0.75 (95% CI: 0.63-0.86).

Conclusions: Changes in VTT induced by a 20-second EEO can reliably predict fluid responsiveness in

cardiac surgical patients in the operating theatre, whereas the changes in Vmax cannot.
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Introduction dynamic indicators pertinent to heart-lung interactions have

limitations and can be used only under strict conditions.

Predicting fluid responsiveness is important in perioperative The test of end-respiratory occlusion (EEO) was first

management and shock resuscitation (1,2). Functional reported by Monnet ef al. in 2009 (6). By temporally

hemodynamic assessment depending on heart-lung
interactions has made great progress in recent years (3).
Respiratory variation in stroke volume (SV) or other proxy
indicators can predict fluid responsiveness in patients

receiving mechanical ventilation (4,5). However, all the
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stopping the inspiratory increase in intrathoracic pressure,
EEO may allow for an increase in venous return, which
further increases the left ventricular SV (6,7). Interestingly,
the hemodynamic response to an EEO maneuver can
predict fluid responsiveness in mechanically ventilated
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patients.

In published studies, the effects of EEO on SV have been
monitored using either pulse contour analysis devices or
transthoracic echocardiography (7-9). Most of these studies
were conducted in an intensive care unit (ICU) (9-11).
The accuracy of EEO in predicting preload responsiveness
in the operation theater has been evaluated by only two
studies, which have yielded conflicting conclusions (7,12).
Using esophageal Doppler, Guinot et /. found that changes
in SV induced by the EEO maneuver, did not accurately
predict fluid responsiveness during surgery (12). On the
contrary, Biais ef 4/. demonstrated that an increase in pulse
contour analysis SV induced by EEO accurately predicted
fluid responsiveness in patients receiving low tidal volume
mechanical ventilation in the operation room (7).

Transesophageal echocardiography (TEE) is now
routinely used during cardiac surgical procedures for
monitoring cardiac function non-invasively. The aim of the
study was to evaluate whether the change in SV induced by
the EEO maneuver under TEE monitoring could reliably
predict fluid responsiveness in cardiac surgery patients in
the operating theatre.

Methods

This study was approved by the Ethical Committee of
Zhongshan Hospital affiliated to Fudan University (No.
B2018-033R), and informed consent was obtained from
all study participants. This trial has been registered at
clinicaltrials.gov as NCT03485833.

Patient selection

Patients receiving elective coronary artery bypass
grafting between March and July of 2018 in the cardiac
surgical operating theatre of Zhongshan Hospital, Fudan
University, were screened for enrollment in the study.
The exclusion criteria included patients younger than
18 years old; patients with cardiac arrhythmia (e.g., atrial
fibrillation or frequent premature beats); patients with
moderate to severe valve disease (e.g., valve stenosis and/
or regurgitation); patients with intracardiac shunt; patients
with right heart dysfunction (tricuspid annular plane systolic
excursion <16 mm, on the basis of TTE); patients with a left
ventricular ejection fraction less than 30% before surgery;
patients having contraindications for TEE probe insertion;
and patients with poor cardiac echogenicity. Poor cardiac
echogenicity was defined as an inability to align the Doppler
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beam at the left ventricular outflow tract (LVOT) and to
obtain a reliable measurement of the velocity time integral
(VTI), the key variable in the study, during the procedure.
Patients were also excluded if the target-controlled infusion
(TCI) of propofol or the doses of vasopressors or inotropes
were modified to treat any unstable hemodynamic state
during the procedure.

All patients were monitored with a five-lead
electrocardiogram, pulse oximetry and non-invasive arterial
pressure measurement. After insertion of an 8Fr dual-lumen
central venous catheter through the right internal jugular
vein and a radial artery catheter, all enrolled patients were
induced with propofol TCI (target effect site concentration
2.5-3.0 pg/mL), sufentanil (0.3-0.5 pg/kg) and rocuronium
(0.8 mg/kg), and then intubated. The absence of
spontaneous breath was confirmed by a supervisor according
to the anesthesia ventilator waveform and parameters.
Ventilation was then performed in volume-controlled
mode (Primus IE, Driger Medical, Liibeck, Germany).
The ventilatory parameters were adjusted as follows: tidal
volume (Vt): 8 mL/kg predicted body weight, respiratory
rate: 10 breaths per minute, inspiratory to expiratory
ratio: 1:2, positive end expiratory pressure: 5 cmH,O and
FiO,: 50%. Maintenance of anesthesia was achieved with
propofol TCI (target effect site concentration 2 pg/mL).
Administration of norepinephrine and/or dobutamine was
considered according to the hemodynamic state. TEE
probe insertion was routinely performed after the induction
of anesthesia. The following baseline data were recorded for
each patient: age (years), height (cm), weight (kg), gender,
diagnosis, type of cardiac surgery, European system for
cardiac operative risk evaluation (EuroSCORE), vasoactive
drug infusion dose and preoperative echocardiographic
parameters.

Measurements

The measured hemodynamic variables included heart
rate (HR) (beats/minute), central venous pressure (CVP)
(mmHg), mean arterial pressure (MAP) (mmHg). Stroke
volume variation (SVV) was obtained from a FloTrac/
Vigileo (Edwards Lifesciences, Irvine, CA, USA) continuous
hemodynamic monitoring system. The pressure transducers
were consistently adjusted to the level of the patient’s right
atrium. The recorded ventilator settings included V¢, plateau
pressure, peak pressure and exhaled carbon dioxide (CO,).
TEE measurements were performed by the same
operator (KF Guo, who holds a certification in ultrasound
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evaluation, has 20-year experience in anesthesiology, and
was blinded to the hemodynamic variables collected by
other investigators (Y Yu and JY Hou). The probe was
positioned to obtain a deep transgastric long axis view to
acquire the optimum signal for velocity measurements
in LVOT. A Philips IE33 ultrasound device (Philips
Healthcare, Hamburg, Germany) was used to determine
the VTI, the peak velocity (Vmax) and the mean velocity.
The VTT was measured from the hand-drawn contours,
and measurements were analyzed offline by investigators
blinded to the patients’ response to fluid challenge. All
measurements were averaged on three consecutive cardiac
cycles.

The intra-observer variability and inter-observer
variability of VT measurement were investigated in 9
patients. The coefficient of variation (CV) was 1.6% for
intra-observer variability and 1.8% for inter-observer
variability. The least significant change (LSC) was
calculated as described previously (13). The coefficient of
error was calculated as the coefficient of variation divided by
Vn (n = number of replicates of measurements in each
patient). The LSC was calculated as: Coefficient of
errorx1:96x\2. The LSC was 3.2% for VTL Bland-Altman
analysis showed good concordance between estimation of
AVTI-EEO by the two investigators, with a mean bias of
-0.008 and limits of agreement between -0.035 and 0.019.
The reliability of the measurements was also analyzed with
intraclass correlation coefficients (ICCs) assessing intra-
observer and inter-observer correlation.

Study design

Measurements were taken from patients in the supine
position after induction of anesthesia, before skin incision
and after hemodynamic stabilization, which was defined as
a change in MAP less than 10% during 5 minutes. TEE
examinations and the collection of hemodynamic data
were performed at baseline (baselinel), 20 seconds EEO
maneuver, 1 min after the end of the EEO maneuver when
the hemodynamic status returned to the initial baseline
(baseline2), and after a 6 mL 0.9% saline per kg infusion in
10 min (fluid challenge) (Figure I). Patients were classified
as “fluid responders” if there was an increase in V1T >15%
after the fluid challenge, and the remaining patients were
classified as “fluid nonresponders”. During the procedure,
the ventilatory settings and other treatments were kept
constant.
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Statistical analysis

The normality of data was assessed with a Kolmogorov-
Smirnov test. All continuous variables were normally
distributed except the doses of norepinephrine and
dobutamine. The normally distributed data were
summarized as the mean + SD. The non-normal data were
reported as the medians (25-75% interquartile range) and
compared between the groups using the Wilcoxn rank
sum test. Variables before and after fluid challenge were
compared with a paired Student’s ¢-test. Receiver operating
characteristic curves (with 95% CI) were generated for
the following variables: (I) percentage change in VTI
induced by a 20-second EEO maneuver (AVTI-EEO); (II)
percentage change in Vmax induced by a 20-second EEO
maneuver (AVmax-EEO); (III) percentage change in pulse
pressure (PP) induced by a 20-second EEO maneuver
(APP-EEOQO); (IV) baseline SVV; and (V) baseline CVP.
AUC of ROC curves were compared with DeLong’s test.
Differences with P<0.05 were considered statistically
significant. Statistical analysis was performed in SPSS
Statistics 21 (IBM, Montauk, VA, USA) and R-3.4.3. The
reproducibility of VTT was assessed with Bland-Altman
analysis. Statistical analysis was performed with MedCalc
11.6.0 software (MedCalc, Mariakerke, Belgium).

Results

During the study period (March 2018 to July 2018), 101
patients underwent coronary artery bypass grafting and met
all the inclusion criteria. Eighteen (18.8%) patients were
excluded, owing to poor echogenicity, and 8 (7.9%) patients
were excluded because of changes in norepinephrine doses
to treat hypotension during the study period. Seventy-five
patients were included in the final analysis. Among them,
83% (n=62) were male. All patients were in sinus rhythm.
The mitral and/or aortic valve regurgitation grades were
less than mild. The baseline patient characteristics and
clinical data are shown in Table 1.

Hemodynamic and TEE data in responders and non-
responders at all study times (baselinel, EEO, baseline2 and
after fluid challenge) are reported in Table 2. Fluid challenge
significantly increased VIT in LVOT by more than 15% in
36 (48%) patients (responders). The remaining 39 (52%)
patients did not exhibit a significant change in VTT (non-
responders). At baseline 1, MAP and PP were significantly
lower (72+11 vs. 78«15 mmHg, P<0.05; 4611 wvs.
53+13 mmHg, P<0.05, respectively), and the SVV was
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administration. A-D, responder; E-H, non-responder.
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Table 1 Baseline characteristics of the patients

Characteristic Responders (n=36) Non-responders (n=39) P
Age (yrs) 63+9 64+9 0.374
Male sex, n (%) 29 (80.6) 33 (84.6) 0.654
Body mass index (kg/m?) 24+3 25+3 0.987
Left ventricular ejection fraction (%) 60+7 61+8 0.458
EUROScore 5+2 5+2 0.954
Tidal volume (mL) 482+61 475+55 0.735
PEEP (cm H,0) 5 5 1.000
PaO,/FiO, (mmHg) 809+237 739+203 0.734
Lactate (mmol/L) 0.81+0.26 0.71+0.26 0.748
NT-proBNP (pg/mL) 391 [116-1,102] 196 [89-761] 0.213
Patients receiving norepinephrine, n (%) 20 (55.6) 27 (69.2) 0.530
Patients receiving dobutamine, n (%) 2(5.6) 3(7.7) 1.000
Dose of norepinephrine (ug kg™ min™) 0.028+0.014 0.033+0.021 0.112

Values are expressed as mean + SD, median [25-75% interquartile range] or number and frequency in %. CABG, coronary artery bypass grafting;
APACHE Il, acute physiology and chronic health evaluation; EUROScore, European system for cardiac operative risk evaluation; PEEP, positive end-
expiratory pressure; PaO,, arterial partial pressure of oxygen; FiO,, inspiratory fraction of oxygen; NT-BNP, N-terminal pro-brain natriuretic peptide.

significantly higher (16%+7% vs. 10%+5%, P<0.05) in
responders than in non-responders. The heart rate and CVP
were similar in both groups (6512 vs. 61£9 beats min™,
P>0.05; 7£3 vs. 7+4 mmHg, P>0.05, respectively). TEE
measurements indicated that both VIT and Vmax were
lower in responders than in non-responders (12+3 wvs.
14+3 cm, P<0.05; 68+13 vs. 72+15 cm second™, P<0.05,
respectively).

Before fluid challenge, the EEO maneuver increased V1
to a significantly greater extent in responders than in non-
responders, whereas Vmax was not significantly affected. All
other hemodynamic parameters remained stable during the
EEO test (Table 2).

Fluid responsiveness was predicted by an increase of VT
greater than or equal to 5% during the EEOT (AVTI-EEO)
with a sensitivity of 81% and a specificity of 93% (Table 3).
The positive predictive and negative predictive values were
0.91 and 0.84, respectively. The AUC of AVTI-EEO to
predict fluid responsiveness was significantly higher [0.90
(0.83-0.97)] than those for CVP (Z2=4.93, P<0.01), SVV
(Z=2.25, P=0.02), APP-EEO (Z=2.64, P=0.01), and AVmax-
EEO (Z=2.60, P=0.01) (Figure 2).

We included another nine patients to investigate the
intraobserver and interobserver variabilities. We found
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good concordance between estimation of AVII-EEO by
the two investigators, with a mean bias of -0.008 and limits
of agreement between -0.035 and 0.019. The reliability
of the measurements was also analyzed with intraclass
correlation coefficients to assess intra-observer and inter-
observer correlations. The intraclass correlation coefficients
of intraobserver and interobserver reliability were 0.986
(0.938-0.997) and 0.992 (0.964-0.998), respectively.

Discussion

This study demonstrated that an increase in V1T induced
by EEO accurately predicted fluid responsiveness in
mechanically ventilated cardiac surgery patients in the
operating theatre. Moreover, the VT was superior to CVP,
SVV, APP-EEOQ, and AVmax-EEO for this purpose.
Although it has been reported that the EEO test can
accurately predict fluid responsiveness in critically ill
patients, including patients with cardiac arrhythmias and
spontaneous breathing (6,10,11,14), controversy remains
regarding this maneuver. Predicting fluid responsiveness
with the EEO test in the operating theatre seems more
applicable and convenient, because patients are intubated
and under influence of full sedation and muscle relaxation.
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Table 2 Hemodynamic parameters measured in responders and non-responders
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Variables Baseline 1 EEO Baseline 2 Fluid challenge
HR (beats min™)

Responders 65+12 64+12 64+11 62+10

Non-responders 61+9 61+9 61+8 60+8
SBP (mmHg)

Responders 104+15 107+13 105+17 122+20°

Non-responders 1154227 116+21° 116+20° 120+18
DBP (mmHg)

Responders 58+9 59+9 60+10 63+10

Non-responders 62+12 62+12 62+11 63+12
MAP (mmHg)

Responders 72+11 74+11 73+13 83+15°

Non-responders 78+157 79+16 78+14 82+14
CVP (mmHg)

Responders 7+3 7+3 7+3 8+4

Non-responders 7+4 7+3 7+4 9+4
PP (mmHg)

Responders 46+11 48+10 45+12 59+14°

Non-responders 53+13° 54+12° 54+13 57+11
SWV (%)

Responders 167 - 16+6 8+3°

Non-responders 10+5° - 10+5° 9+3
VTI of LVOT (cm)

Responders 123 14+3° 123 16+3°

Non-responders 14+3° 14+3 14+3° 15+3
Vmax of LVOT (cm sec™)

Responders 68+13 70+14 69+14 7412

Non-responders 72+15 70+14 72+13 71+13

Values are expressed as mean + SD. ?, P<0.05 non-responders vs. responders; °, P<0.05 EEO vs. baseline 1; °, P<0.05 fluid challenge vs.
Baseline 2. EEO, end-expiratory occlusion test; HR, heart rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean
arterial pressure; CVP, central venous pressure; PP, artery pulse pressure; SVV, stroke volume variation; VTI, Velocity time integral; LVOT,

left ventricular outflow tract; Vmax, peak velocity of LVOT.

"Two studies have evaluated the accuracy of the EEO test
in the operating theatre. Guinot ez 4/. have reported that
changes in SV measured by esophageal Doppler during an
EEO maneuver cannot not predict fluid responsiveness (12).
However, the investigators did not measure the changes in
aortic diameter that physiologically accompany the changes

© Annals of Translational Medicine. All rights reserved.

in arterial blood pressure (15), thus potentially providing
a partial explanation for the negative results of the study.
In another study, Biais er 4/. have reported that changes in
SV induced by EEO can predict fluid responsiveness (7).
In their study, pulse contour analysis was used to estimate
SV (7). However, they included a small number of highly
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Table 3 Diagnostic ability of the different parameters to predict fluid responsiveness
. Optimal  Sensitivity Specificity Youden Positive Negative Positive Negative
()

Variables AUC (5% Cl) cutoff (%) (%) index predictive value predictive value likelihood ratio likelihood ratio
SW 0.75 (0.64-0.86) 12% 72.22 64.10 0.36 0.65 0.71 2.01 0.43
CVP 0.49 (0.36-0.62) 7 56.80 45.00 0.02 0.49 0.53 1.03 0.96
AVTI-EEO  0.90 (0.83-0.97) 5% 80.56 92.50 0.73 0.91 0.84 10.74 0.21
AVmax-EEO 0.75 (0.63-0.86) 3% 31.43 94.97 0.26 0.85 0.61 6.13 0.72
APP-EEO 0.71 (0.59-0.83) 5% 60.61 74.36 0.35 0.67 0.69 2.36 0.53

AUC, area under the receiver operating characteristic curve; Cl, confidence interval; SVV, respiratory variation of stroke volume; CVP,
central venous pressure; AVTI-EEO, changes in VTl induced by end-expiratory occlusion; AVmax-EEO, changes in peak velocity induced
by end-expiratory occlusion; APP-EEO, changes in artery pulse pressure induced by end-expiratory occlusion.
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Figure 2 Comparison of the areas under the ROC curves for the
indicators used for predicting fluid responsiveness. ROC, receiver
operating characteristics; SVV, stroke volume variation; CVP,
central venous pressure; AVIT-EEO, percentage change in VTT
induced by EEO maneuver; AVmax-EEO, percentage change in
Vmax induced by EEO maneuver; APP-EEQO, percentage change

in pulse pressure induced by EEO maneuver.

selected patients. Patients with cardiac dysfunction and use
of vasopressors or inotropes before and during anesthesia
were excluded from that study. To our knowledge, the
present study is the first to evaluate the EEO test in
predicting fluid responsiveness in cardiac surgical patients
using TEE monitoring in the operating theatre.
Pulsed-wave Doppler provides an estimation of SV on
the basis of calculation of the VTT and the diameter of the
LVOT. Because the area of the LVOT does not change

© Annals of Translational Medicine. All rights reserved.

over time, changes in the VTT allow the changes in SV to
be assessed (16-18). In this study, we found that an increase
in VTI greater than 5% during an EEO test predicted
fluid responsiveness with a receiver operating characteristic
area of 0.90 as well as satisfactory positive and negative
predictive values. This finding was consistent with those
from previous studies using calibrated or uncalibrated
pulse contour analysis to evaluate the utility of the EEO
test to predict fluid responsiveness (6,7,11). Weber et al.
have revealed that the esophageal Doppler peak velocity is
predictive of fluid responsiveness (19). However, AVmax
induced by EEO was found to be poorly predictive of fluid
responsiveness in this study. We presumed that the changes
in PP induced by EEO might be able to reflect the changes
in SV induced by EEO. Nevertheless, changes in PP during
EEO test were not able to predict fluid responsiveness in
this study. Since we measured PP 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 (20,21).

With the rapid development of point-of-care ultrasound
in recent years, non-invasive ultrasound appears to be an
ideal bedside tool for fluid status assessment (22,23). Two
studies have assessed the hemodynamic changes induced by
EEQO, by using transthoracic echocardiography monitoring
(8,9). Jozwiak et al. have confirmed that an increase in VTT
greater than or equal to 5% during an EEO test can reliably
predict fluid responsiveness, with a sensitivity of 93% and
a specificity of 100%. When combining EEO and an end-
inspiratory occlusion maneuver, a change in VIT>13% can
predict fluid responsiveness, with a sensitivity of 93% and
a specificity of 93% (8). Georges er al. have revealed that a
9% increase in V'ITinduced by the 12-second EEO test can

Ann Transl Med 2019;7(14):315 | http://dx.doi.org/10.21037/atm.2019.06.58



Page 8 of 9

predict fluid responsiveness, with a sensitivity of 89% and
a specificity of 95% (9). TEE is now routinely used during
cardiac surgery, thus allowing for continuous measurement
of SV. After the depth and scanning angle of the probe is
fixed, the echocardiographic views can also be well fixed,
a crucial aspect for evaluating the hemodynamic changes
during both EEO and fluid challenge. Even though the cut-
off value (5%) was close to the intra-observer variability
for the VTT measurement (8,24), we found that the VTI
change during the EEO was a reliable predictor of fluid
responsiveness.

Our study has several limitations. First, we enrolled
mechanically ventilated patients with only coronary artery
disease. Whether the conclusions can be extrapolated to
other populations remains uncertain. Although we did not
calculate the sample size required in this study, the number
of enrolled patients was larger than those in similar studies
evaluating the prediction ability of EEO (7-9,12). Second,
we performed an EEO during 20 seconds instead of 15 or
12 seconds, as previously described (6,9). It was considered
that extended EEO tests were feasible and convenient to
perform in the operating theatre and might possibly lead to
higher magnitude changes in SV. Third, we did not measure
the SV on the basis of calibrated pulse contour analysis.
The response to the EEO has already been assessed by
using pulse contour analysis-derived cardiac output in
previous studies (6,7). Although the absolute value of SV
measured by TEE might not be equal to that measured by
the thermodilution method (25,26), TEE is considered to
detect rapid changes in SV induced by EEO.

Conclusions

This study showed that an increase in VTT of at least 5%
induced by a 20-second EEO can reliably predict fluid
responsiveness in cardiac surgical patients in the operating
theatre, whereas the EEO-induced changes in Vmax and
PP cannot. EEO tests monitored by TEE can therefore be
regarded as a method to predict fluid responsiveness during
cardiac surgery.
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