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Abstract 

Background: The right ventricular end-diastolic volume index (RVEDVI) is a good indicator of 
preload in patients undergoing liver transplantation. Although dynamic indices, such as stroke 
volume variation (SVV), have been used as reliable indicators in predicting fluid responsiveness, the 
evaluation of the relationship between SVV and direct preload status is limited. We investigated 
the relationship between SVV and RVEDVI, and tested the cutoff value of SVV to predict RVEDVI 
during liver transplantation. 
Methods: A total of 150 data pairs in 30 living donor liver transplant recipients were retro-
spectively investigated. Hemodynamic parameters, including SVV and RVEDVI were obtained from 
each patient at the 5 specific time points. Linear regression and receiver operating characteristic 
(ROC) curve analyses were performed. 
Results: The SVV significantly correlated with the RVEDVI (r = –0.616, P < 0.001). Cutoff values 
for the upper and lower tertiles of RVEDVI were 157 mL/m2 and 128 mL/m2, respectively. Tertile 
analysis indicated that upper tertile of RVEDVI had a significantly lower SVV than the middle tertile 
(median; 5% vs 8%, P < 0.05), and middle tertile of RVEDVI had a significantly lower SVV than the 
lower tertile (median; 8% vs 11%, P < 0.05). A 6% cutoff value of SVV estimated the upper tertile 
RVEDVI (>157 mL/m2) with the area under the curve of ROC curve of 0.832. A 9% cutoff value of 
SVV estimated the lower tertile RVEDVI (<128 mL/m2) with the area under the curve of ROC 
curve of 0.792.  
Conclusion: SVV may be a valuable estimator of RVEDVI in patients undergoing liver trans-
plantation. 

Key words: liver transplantation, preload index, stroke volume variation, right ventricular 
end-diastolic volume index. 

Introduction 
Accurate estimation of the preload status and 

optimal intraoperative fluid management is a major 
concern in patients undergoing liver transplantation. 
The most direct clinical correlate of ventricular pre-
load is the end-diastolic ventricular volume. Although 
traditional static preload indices, including central 

venous pressure (CVP) and pulmonary artery oc-
cluding pressure (PAOP), have been commonly used 
to guide volume management, such pressure-based 
measurements represent only an indirect estimate of 
preload, and thus may not appropriately reflect 
changes in cardiac preload.1,2 Instead, volumetric ap-
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proaches, such as determination of the right ventric-
ular end-diastolic volume index (RVEDVI) using the 
thermodilution technique, have been demonstrated to 
better reflect preload than other static indices in liver 
transplant recipients.3 

Dynamic preload indices, such as stroke volume 
variation (SVV), have been used as reliable indicators 
in predicting fluid responsiveness.4 An elevated SVV 
greater than 12% to 15% suggests that a patient is on 
the steeper portion of the Frank-Starling curves, and 
can enable clinicians to discern between a possible 
responsiveness and non-responsiveness to a fluid 
challenge.5 However, the ability of SVV to predict 
fluid responsiveness is not actually binary but more 
typically linear, with a high SVV predicting a larger 
increase in stroke volume in response to fluid chal-
lenge than a small SVV.6 Moreover, the studies ex-
ploring the lower portion of SVV level or evaluating 
the relationship between SVV and direct preload sta-
tus are limited. The objective of present study was to 
investigate the relationship between SVV and 
RVEDVI, and to test the cutoff value of SVV to predict 
RVEDVI during liver transplantation. 

Materials and methods 
After obtaining approval from our Institutional 

Ethics Committee, we retrospectively reviewed the 
electronic anesthesia records of 37 patients who un-
derwent living donor liver transplantation surgery at 
the Asan Medical Center between April 2012 and June 
2012. Seven patients were excluded from the analysis; 
four patients had cardiac arrhythmias and three pa-
tients had incomplete data with poor signal quality 
because of electrical noise. 

All of the patients were subjected to our institu-
tional standard anesthesia protocol for living donor 
liver transplantation.7-11 Briefly, anesthesia was in-
duced with thiopental, fentanyl, midazolam and 
vecuronium, and was maintained using 1–2 vol% 
sevoflurane, 50% oxygen/air, and continuous infu-
sion with vecuronium and fentanyl. Mechanical ven-
tilation was performed without positive 
end-expiratory pressure, using a constant tidal vol-
ume of 8–10 mL/kg and a respiratory rate of 10–12 
breaths/min to maintain a constant end tidal carbon 
dioxide tension of 30–35 mmHg. 

Five-lead electrocardiography was applied and 
invasive radial arterial pressure was measured. The 
FloTrac/Vigileo device (software version 3.0, Ed-
wards Lifescience, Irvine, CA) was used to analyze 
arterial pressure waveform data over 20-second in-
tervals, using a recalibration interval of 1 minute. A 
7.5 Fr pulmonary artery catheter (Swan-Ganz 
CCOmbo CCO/SvO2/CEDV, Edwards Lifescience), 

which was inserted via a 9-Fr introducer sheath into 
the internal jugular vein, was advanced to a wedged 
position under the guidance of a pressure curve. The 
pulmonary artery catheter was connected to a Vigi-
lance device (Vigilance II, Edwards Lifescience), and 
STAT-mode RVEDVI was measured over 1-minute 
intervals to simultaneously obtain the corresponding 
SVV data. The Vigileo device computed SVV from its 
relationship to the difference between the maximal 
and minimal values of the stroke volume, divided by 
the mean value of stroke volume over a 20-second 
interval. We used a Multi-Data Logger (version 4.0, 
Edwards Lifescience) to capture and store patient data 
simultaneously from the Vigilance II and Vigileo de-
vices. 

Hemodynamic parameters, including blood 
pressure, heart rate, CVP, PAOP, SVV, and RVEDVI 
were obtained from each patient at the following time 
points: (1) 60 minutes after skin incision, (2) 30 
minutes after extraction of the diseased liver, (3) 5 
minutes after liver graft reperfusion, (4) 30 minutes 
after liver graft reperfusion, and (5) at the completion 
of hepatic artery reconstruction. The values of the 
hemodynamic measurements obtained at the five 
specific time points, which were obtained by deter-
mining the means of the measurements taken over 
3-minute intervals, were used for statistical analysis. 
Measurement of the hemodynamic parameters inves-
tigated yielded a total of 150 data pairs. 

The normality of distribution was assessed using 
the Shapiro-Wilk test. Normally distributed data were 
presented as the mean ± SD and skewed data were 
expressed as median values (interquartile range). 
Linear regressions among the RVEDVI, SVV, CVP, 
and PAOP values were assessed using the Pearson’s 
or Spearman’s rank order correlation coefficient, as 
appropriate. The differences in SVV divided by 
RVEDVI tertiles were compared using the one-way 
repeated measures analysis of variance on ranks with 
Dunn’s test for pairwise multiple comparison. The 
area under the curve (AUC) values of receiver oper-
ating characteristic (ROC) curves that predict 100 
mL/m2 (upper limit of RVEDVI in the normal popu-
lation), 140 mL/m2 (approximate average value of the 
RVEDVI of liver transplant recipients from our pre-
vious publications),7-11 and the upper and lower ter-
tiles of RVEDVI were calculated. Statistical analyses 
were performed using MedCalc 10.0.1.0 (MedCalc 
Software, Mariakerke, Belgium) and SPSS 20.0 for 
windows (SPSS Inc, Chicago, IL). Based on our pre-
liminary data, the expected AUC was 0.8, thus at least 
28 patients were required for ROC curve analysis 
compared to null hypothesis that SVV cannot dis-
criminate RVEDVI (AUC of 0.5), with 0.05 of alpha 
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and 0.8 of power. Because SVV and RVEDVI were 
measured 5 observations per patient (so-called cluster 
data), we used the block bootstrap, which tried to 
replicate the correlation by resampling instead of 
blocks of data. Specifically, standard errors and con-
fidence intervals of the AUC are computed with block 
bootstrap resampling that accounted for clustering of 
same patient using R 2.14.0 (The R Foundation for 
Statistical Computing, Frederiksberg, Denmark). A P 
value of <0.05 was considered to denote a statistically 
significant difference. 

Results 
Thirty recipients (age: 52.9 ± 8.0 years, body 

mass index: 24.5 ± 3.4 kg/m2) were analyzed. The 
patient demographic data and the results of preoper-
ative evaluation are presented in Table 1. During the 
overall operative period, the RVEDVI and SVV ob-
tained at five predetermined time points were 143 
(118–167) mL/m2 and 8% (5%–11%), respectively. The 
intraoperative values of mean arterial pressure, heart 
rate, CVP, and PAOP were 75 (64–85) mmHg, 77 
(67–87) beats/min, 7 (5–10) mmHg, and 11 (8–15) 
mmHg, respectively. Table 2 shows hemodynamic 
data obtained at five predetermined time points dur-
ing liver transplantation in 30 recipients. 

We found that the SVV well correlated with the 
RVEDVI (r = –0.616, P < 0.001), whereas the CVP (r = 
–0.107, P = 0.189) and PAOP (r = –0.184, P = 0.305) did 
not (Table 3). Cutoff values for the upper and lower 
tertiles of RVEDVI were 157 mL/m2 and 128 mL/m2, 
respectively. The relationships between RVEDVI ter-
tiles and SVV are shown in Figure 1. We found that 
the upper tertile of RVEDVI had a significantly lower 
SVV than middle tertile (median; 5% vs 8%, P < 0.05), 
and middle tertile of RVEDVI had a significantly 
lower SVV than the lower tertile (median; 8% vs 11%, 
P < 0.05). 

Table 4 indicates the cutoff values and their 
AUCs of the SVV measurements predicting different 
RVEDVI values. A 6% cutoff value for the SVV esti-
mated the upper tertile of RVEDVI (>157 mL/m2) 
with a sensitivity 72% and a specificity 81%, and the 
AUC of the SVV was 0.832 (95% confidence interval 
0.740–0.905). A 9% cutoff value for the SVV estimated 
the lower tertile of RVEDVI (<128 mL/m2) with a 
sensitivity 83% and a specificity 60%, and the AUC of 
the SVV was then 0.792 (95% confidence interval 
0.709–0.871).  

 

 
Figure 1. Stroke volume variation (SVV) according to right ven-
tricular end-diastolic volume index (RVEDVI) tertile in liver 
transplant recipients.  Data are shown in box-plot, with 10%–90% 
ranges (whiskers), interquartile ranges (boxes), and median (solid 
line). 

 
 

Table 1. Demographic Data and Preoperative Findings of 
30 Liver Transplant Recipients. 

Characteristics  
Sex (M/F) 19/11 
Age (yr) 52.9 ± 8.0 
Weight (kg) 65.1 ± 11.9 
Height (cm) 162.8 ±10.6  
Classification of liver transplant recipients  
 Hepatitis virus-related liver cirrhosis 24 
 Secondary biliary cirrhosis 1 
 Alcoholic cirrhosis 1 
 Autoimmune or cryptogenic cirrhosis 4 
Child-Turcotte-Pugh score 7.6 ± 2.0 
Model for End-Stage Liver Disease score 13.0 ± 5.6 
Preoperative transthoracic echocardiographic find-
ings 

 

 Ejection fraction (%) 63.5 ± 4.0 
 End-diastolic volume (mL) 109.0 ± 38.6 
 End-systolic volume (mL) 40.1 ± 16.1 
 Left ventricular mass (g) 146.9 ± 46.4 
Preoperative hematologic profiles  
 Hemoglobin (g/dL) 11.0 ± 2.0 
 Platelet count (* 103/mm3) 62.5 ± 34.6 
          Prothrombin time (international normalized ratio) 1.4 ± 0.3 
 Albumin (g/dL) 3.2 ± 0.6 
 Creatinine (mg/dL) 0.8 ± 0.2 
 Bilirubin (mg/dL) 3.8 ± 7.1 
Values represent number of recipients or mean ± SD. 
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Table 2. Hemodynamic Data Obtained at Five Predetermined Time Points During Liver Transplantation in 30 Recipients. 

Parameter I+60 A+30 R+5 R+30 HA 
MAP (mmHg) 82.7 ± 14.7 80.0 ± 13.0 70.5 ± 22.2* 74.3 ± 12.9* 70.1 ± 11.7* 
HR (beats/min) 81.0 ± 16.5 82.5 ± 13.6 80.1 ± 13.8 77.0 ± 11.9 72.4 ± 13.9* 
CVP (mmHg) 8.5 ± 4.0 7.5 ± 4.8 6.7 ± 4.8 7.6 ± 4.9 6.7 ± 3.8* 
PAOP (mmHg) 11.0 ± 4.2 9.7 ± 3.1 10.4 ± 4.0 11.6 ± 3.8 11.3 ± 4.0 
BT (°C) 36.0 ± 0.5 35.2 ± 0.8* 34.5 ± 1.0* 34.8 ± 0.9* 35.3 ± 0.9* 
Values derived from the PAC      
             CO (L/min) 6.6 ± 1.9 5.6 ± 1.8* 6.5 ± 2.2 7.4 ± 1.8* 6.8 ± 1.5 
             SV (mL/beat) 81.7 ± 23.1 67.0 ± 22.3* 77.7 ± 25.4 97.4 ± 26.6* 95.5 ± 24.9* 
             RVEDVI (mL/m2) 153.1 ± 31.0 130.5 ± 35.6* 137.1 ± 35.9* 152.8 ± 34.8 154.4 ± 38.8 
             SVR (dyne · s/cm5) 
             RVEF (%) 

945.8 ± 365.3 
32.1 ± 5.5 

1077.2 ± 470.2 
31.5 ± 6.3 

884.2 ± 530.0 
33.6 ± 5.2 

721.4 ± 237.0* 
37.5 ± 6.5* 

753.6 ± 253.5* 
37.9 ± 8.2* 

Values derived from the Vigileo     
             CO (L/min) 6.7 ± 2.2 5.8 ± 1.8* 7.5 ± 3.1* 7.1 ± 2.3 6.7 ± 2.2 
             SV (mL/beat) 90.6 ± 31.4 73.5 ± 24.7* 90.3 ± 36.0 92.4 ± 33.1 95.0 ± 34.9 
             SVV (%) 8.4 ± 4.5 10.5 ± 5.5 9.3 ± 5.1 7.3 ± 3.2 7.2 ± 3.6 
             SVR (dyne · s/cm5) 888.8 ± 303.7 897.3 ± 322.9 677.8 ± 247.1* 729.5 ± 261.6* 780.7 ± 319.1* 
Data are presented as mean ± SD. MAP, mean arterial pressure; HR, heart rate; CVP, central venous pressure; PAOP, pulmonary arterial occlusion pressure; BT, 
body temperature; PAC, pulmonary arterial catheter; CO, cardiac output; SV, stroke volume; RVEDVI, right ventricular end-diastolic volume index; SVR, sys-
temic vascular resistance; RVEF, right ventricular ejection fraction; SVV, stroke volume variation; I+60, 60 minutes after skin incision; A+30, 30 minutes after 
extraction of the diseased liver; R+5, 5 minutes after liver graft reperfusion; R+30, 30 minutes after liver graft reperfusion; HA, at the completion of hepatic artery 
reconstruction. *P<0.05 compared with hemodynamic values obtained at the I+60 time point. 

 

Table 3. Correlations Between RVEDVI and Preload Variables Obtained at Five Predetermined Time Points During Liver 
Transplantation in 30 Recipients. 

 I+60 A+30 R+5 R+30 HA 
SVV vs RVEDVI r -0.560 -0.566 -0.658 -0.701 -0.592 
 P 0.001 0.001 <0.001 <0.001 <0.001 
CVP vs RVEDVI r 0.037 -0.304 0.048 -0.070 0.014 
 P 0.845 0.103 0.803 0.971 0.942 
PAOP vs RVEDVI  r 0.351 -0.107 -0.061 -0.081 0.002 
 P 0.057 0.575 0.751 0.669 0.990 
SVV, stroke volume variation; RVEDVI, right ventricular end-diastolic volume index; CVP, central venous pressure; PAOP, pulmonary arterial occlusion pres-
sure; I+60, 60 minutes after the incision; A+30, 30 minutes after extraction of the diseased liver; R+5, 5 minutes after liver graft reperfusion; R+30, 30 minutes after 
liver graft reperfusion ; HA, at the completion of hepatic artery reconstruction. 

 

Table 4. Cutoff Values of SVV Predicting RVEDVI Level During Liver Transplantation. 

RVEDVI 
(mL/m2) 

SVV  
cutoff value (%) 

AUC Standard error  Significance level 
(Comparison to AUC of 0.5) 

Sensitivity (%) Specificity (%) 

100a 12 0.814  0.0558 0.0001 85.5 66.7 
  (0.704–0.925)   (79.7–91.3) (41.7–91.7) 

128b 9 0.792  0.0417 0.0001 83.0  60.0 
  (0.709–0.871)   (75.0–90.0) (46.0–72.0) 

140c 7 0.799  0.0395 0.0001 66.7 78.3 
  (0.719–0.870)   (55.6–76.5) (69.5–87.0) 

157d 6 0.832  0.0426 0.0001 72.0 81.0 

  (0.740–0.905)   (60.0–84.0) (73.0–89.0) 

Data are presented as number (95% confidence interval). RVEDVI, right ventricular end-diastolic volume index; SVV, stroke volume variation; AUC, area under 
the curve.  a upper limit of RVEDVI in normal population, b lower tertile of RVEDVI in present dataset, c approximate mean value of RVEDVI in our previous 
studies,7-11 and d upper tertile of RVEDVI in present dataset. 
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Discussion 
 A major finding of our present study is that SVV 

may be a useful preload index in patients undergoing 
liver transplantation. We found that each tertiles of 
RVEDVI were significantly discriminated from each 
other by SVV values. We also found that the SVV has 
a superior correlation coefficient with RVEDVI com-
pared with the CVP or PAOP, suggesting that it may 
be a better preload index than indicators of static fill-
ing pressure in liver transplant recipients. 

Patients undergoing liver transplantation may 
develop significant hemodynamic instability. In such 
patients, monitoring of a reliable preload index would 
aid in the differential diagnosis of hypotension and 
optimal guidance for hemodynamic management. 
The RVEDVI, measured by thermodilution using a 
pulmonary artery catheter, is an accurate predictor of 
the intravascular volume status in critically ill surgical 
patients with open abdomens.12 Although a possible 
disadvantage is that the thermodilutional technique 
can overestimate the preload status compared to 
3-dimensional echocardiography or magnetic reso-
nance imaging,13-15 the availabilities of latter two mo-
dalities are relatively limited in the operating theater. 
The assessment of right ventricle by magnetic reso-
nance imaging is still a very difficult task due to its 
geometric complexity, and the echocardiographic 
transgastric view is unavailable during most of liver 
transplant procedure because of posterior retraction 
of the stomach.3 Furthermore, the RVEDVI is still re-
garded as the best clinical estimator of a right ven-
tricular preload in patients undergoing liver trans-
plantation,3,16,17 and its use during liver transplanta-
tion is encouraged.18,19 In agreement with our previ-
ous studies,7-11 the RVEDVI obtained from patients 
undergoing liver transplantation in our present report 
typically showed a relatively high values (approxi-
mate average 140 mL/m2, range 76–264 mL/m2), 
compared with healthy individuals (60–100 mL/m2). 
Given that the high range of the RVEDVI observed in 
end-stage liver disease patients implies hyper-
dynamic circulation, caution is warranted when using 
this parameter to assess the volume status in such 
cases.  

We found in our current analyses that the SVV 
significantly correlates with the RVEDVI over a wide 
range in recipients undergoing liver transplantation, 
and that lower SVV values are associated with higher 
RVEDVI values. This result indicates that an increase 
in ventricular preload during liver transplantation 
surgery may be estimated by simply identifying the 
decrease in SVV. Several sources of evidence support 
the proposal that SVV reflects the intravascular vol-

ume status and can serve as a valuable preload index. 
Reuter et al.20 showed in the earlier report that 500 mL 
of blood removal in patients undergoing coronary 
artery bypass surgery significantly increases the SVV 
(from 6.7% to 12.7%), whilst decreasing both the car-
diac index determined by thermodilution (from 2.9 
L/min/m2 to 2.3 L/min/m2) and the global EDVI 
determined by PiCCO pulse-contour analysis (from 
650 mL/m2 to 565 mL/m2). Following blood removal, 
substitution of the volume with 500 mL of hydroxy-
ethyl starch caused SVV to decrease significantly 
(from 12.7% to 6.8%), while significant increases were 
noted for both the cardiac index (from 2.3 to 3.3 
L/min/m2) and global EDVI (from 565 to 663 
mL/m2).20 However, a limitation of their study is that 
they did not evaluate the direct correlation between 
the SVV and RVEDVI. 

An important implication of present study is that 
each tertiles of RVEDVI can be estimated by SVV in 
patients undergoing liver transplantation. We found 
that the upper tertile RVEDVI (>157 mL/m2) in our 
patient population can be discriminated by a 6% SVV 
cutoff value with good credibility (AUC = 0.832). In-
terestingly, we had previously shown that a low SVV 
(<6%) is associated with increased intraoperative 
hemorrhage (>700 mL) during hepatectomy in living 
liver donors.21 Our previous and present results indi-
cate that the SVV is a significant predictor of increased 
donor hepatectomy-related blood loss, whilst also 
providing a valuable functional preload index. A 
possible mechanism underlying a low SVV value 
could involve an association with decreased respira-
tory variations of venous return and stroke volume, 
suggesting that low SVV values may be associated 
with increased intravascular volume status. In con-
trast, a high SVV was not found to be associated with 
increased intravascular volume status and hemor-
rhage during donor hepatectomy.21 In our present 
analysis, an RVEDVI of 128 mL/m2 (lower tertile) can 
be discriminated by an SVV cutoff value of 9%. In 
addition, an RVEDVI of 100 mL/m2, which is at ap-
proximately the upper limit of this parameter in 
healthy individuals,22 has an SVV cutoff value of 12%. 
A higher SVV may be seen in patients with 
hypovolemia, resulting from a steeper position of the 
Frank-Starling curve and collapsible vena cava. 

In agreement with previous reports,23 we found 
in our present study that the SVV was better corre-
lated with the RVEDVI than with the CVP or PAOP 
measures. Although CVP has been used to estimate 
preload in major surgery, recent studies have shown a 
lack of correlation between CVP and preload status.2 
Moreover, CVP measurements may be uncertain, es-
pecially because it can be affected by factors such as 
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patient position, liver manipulation by the surgeon, 
tricuspid-valve disease, positive end expiratory 
pressure, and intra-abdominal pressure.24 In addition, 
although CVP monitoring has been strongly advo-
cated to reduce hepatic venous bleeding during 
parenchymal transaction,25,26 several recent studies 
have found no significant correlation between CVP 
and blood loss during hepatic resection.27-29 The 
PAOP, measured using a pulmonary artery catheter, 
has been considered to be a good index of left ven-
tricular preload. However, changes in PAOP have 
also been shown to correlate poorly with changes in 
ventricular volume during liver transplantation.30 
Furthermore, the lack of evidence for any improved 
outcomes with the pulmonary arterial catheter and 
the fear of development of fatal complications during 
insertion may account for the decreased use of PAOP 
as a preload index.18,31 

The results of our present study need to be in-
terpreted with some caution. Firstly, as mentioned 
above, thermodilutional technique has its own dis-
advantage which can overestimate RVEDVI. Alt-
hough RVEDVI is clearly a better indicator of preload 
than other filling pressure and its serial measurements 
can be reliably used,3 the possible overestimation of 
RVEDVI may be considered in interpretation of the 
result of present study.13,14 Secondly, because our 
present study was performed at a single large volume 
center, the results may differ from those of multicen-
ter studies or from the results of other centers. How-
ever, the characteristic of patient population in this 
study was comparable to that of our previous studies 
on elective living donor liver transplantation sur-
gery,7-11 which suggests little probability of any selec-
tion bias in the population selected. Lastly, our study 
has the limitation in that retrospective analyses of 
results obtained from the computerized database 
were performed. 

To our knowledge, this is the first report to in-
vestigate the correlation between the SVV and 
RVEDVI in liver transplant recipients, and provides 
the best SVV cutoff values to estimate the RVEDVI 
using ROC curve analysis. Our current results suggest 
that the SVV may be a better preload index than tra-
ditional static hemodynamic parameters, including 
CVP and PAOP. We thus propose that our current 
data offer valuable clinical insights into the use of the 
SVV as a useful preload index, especially when pul-
monary arterial catheter is unavailable. 
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