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 Background: Fluid resuscitation is a cornerstone of minimizing morbidity and mortality in critically ill patients, but the tech-
niques for predicting fluid responsiveness is still a matter of debate. In this study, we aimed to evaluate the 
utility of noninvasive stroke volume variation (SVV), pulse pressure variation (PPV), and systolic pressure vari-
ation (SPV) as a dynamic predictor for assessing fluid responsiveness during different ventilation modes in an-
aesthetized, intubated dogs recovering from cardiac surgery.

 Material/Methods: Thirty-six adult Beagle dogs undergoing experimental surgery for isolated right ventricular failure were mon-
itored for SVV, PPV, and SPV simultaneously using electrical velocimetry device. The relationships between 
each indicator and SVI before and after volume loading were compared in 3 ventilatory modes: assist control 
(A/C), synchronized intermittent mandatory ventilation (SIMV), and continuous positive airway pressure (CPAP). 
Responders were defined as those whose stroke volume index increased by ³10%.

 Results: In all of the indices, the baseline values were greater in responders than in nonresponders (P<0.01) under A/C 
and SIMV. Receiver operating curve analysis confirmed the best predictive value during A/C [area under the 
curve (AUC): SVV, 0.90; PPV, 0.88; SPV, 0.85; P<0.05] followed by SIMV (AUC: SVV, 0.86; PPV, 0.83; CPAP, 0.80; 
P<0.05), with their sensitivities and specificities of ³7 5%. By contrast, no statistically significance detected in 
any parameter during CPAP (AUC: SVV, 0.71; PPV, 0.66; CPAP, 0.65; P>0.05).

 Conclusions: SVV, PPV, and SVV are all useful to predict cardiac response to fluid loading in dogs during A/C and SIMV, while 
their reliabilities during CPAP are poor.
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Background

Assessment of intravascular volume status in high-risk surgical 
patients is challenging. Cardiac filling pressures such as central 
venous pressure and pulmonary capillary wedge pressure have 
been traditionally used in clinical practice to estimate the circu-
lating blood volume for guiding fluid therapy, but studies have 
shown that these static indices cannot reliably estimate pre-
load [1–3]. On the other hand, volumetric variable global end-dia-
stolic or intrathoracic blood volume obtained by transpulmonary 
thermodilution have been shown to reliably predict the response 
of the heart due to a volume challenge in different patient pop-
ulations [2–4]. In addition, several studies suggest that dynamic 
variables of fluid responsiveness based on arterial pressure wave-
form analysis, such as stroke volume variation (SVV), pulse pres-
sure variation (PPV), and systolic pressure variation (SPV), may 
also be suitable preload indicators in patients under mechanical 
ventilation [5–9]. More recently, noninvasive hemodynamic mon-
itoring system using the electrical velocimetry (EV) method en-
ables continuous measurements of SVV, stroke volume (SV), and 
cardiac output (CO), without the need for calibration and arterial 
line [10–13], while standard anesthesia monitors integrated with 
workstations for arterial pressure analyses are usually required 
for determination of PPV and SPV [14].

For perioperative management of cardiothoracic anesthesia, 
assessment of fluid responsiveness can be included at any point 
during surgery even during the course of weaning from mechan-
ical ventilation. However, the reliability of functional dynamic 
indices in different ventilation modes has yet to be compared. 
Thus, the aim of this study was to compare the utility of nonin-
vasive SVV, PPV, and SPV as a dynamic predictor for assessing 
fluid responsiveness among different ventilation modes in 
anesthetized, intubated dogs recovering from cardiac surgery.

Material and Methods

Animals

A total of 36 purpose-bred, adult male Beagle dogs with a 
median weight of 13.3 kg were studied. Dogs were determined 
to be healthy based on a physical examination, complete blood 
cell count, and serum biochemistry profile. All animals were 
fasted for 12 hours prior to each experiment, with free access 
to water. This study was approved by and conducted in accor-
dance with the guidelines set forth by the Institutional Animal 
Care and Use Committee.

Anesthesia and instrumentation

This study measured hemodynamic variables anesthetized, 
intubated dogs following an experimental cardiac surgery that 

created a chronic model of isolated right ventricular failure [15]. 
The details of the apparatus and operating techniques have 
been fully described elsewhere [12,13]. At the conclusion of 
the previous experiment, dogs were randomly allocated to re-
ceive each of the 3 ventilator modes: A/C, synchronized inter-
mittent mandatory ventilation (SIMV), and continuous posi-
tive airway pressure (CPAP) (Figure 1).

All instruments used for this study were established prior the 
surgical study. Lactated Ringer’s solution was infused intra-
venously (IV) at 5 mL/kg/h. After induction of anesthesia with 
5% sevoflurane delivered by facemask [16–19], the trachea 
was intubated and connected to a semi-closed rebreathing 
circle anesthesia system (GE Datex S/5; GE Datex-Ohmeda, 
Inc., Finland), which was calibrated at the start of each exper-
iment using standard calibration gases supplied by the manu-
facturer. Anesthesia was then maintained with 2.0–3.5% sevo-
flurane delivered in 60% oxygen at a flow rate of 2 L/min and 
fentanyl administered an IV bolus (5 μg/kg) followed by con-
stant rate infusion (CRI) of 10 μg/kg/h [20,21]. Mechanical ven-
tilation was instituted immediately following the induction of 
anesthesia using an A/C mode [initial setting: volume-controlled 
ventilation with tidal volume (VT) of 10 mL/kg, respiratory rate 
of 10–16 breaths/min, positive end-expiratory pressure (PEEP) 
of 2 cm H2O, and inspired fraction of oxygen (FIO2) of 0.6] (PRO-
NEXT +i/+s; ACOMA Medical Industry, Tokyo, Japan). End-tidal 
carbon dioxide partial pressure (PETCO2) was adjusted to main-
tain between 30–42 mm Hg. Animals were paralyzed with 
rocuronium (0.5 mg/kg) administered IV as an initial loading 
dose and then a CRI of 0.2 mg/kg/h, adjusted to facilitate 
ventilation. Rectal temperature was maintained at 37–38°C 
using a forced-air patient warmer.

A noninvasive EV system (Aesculon; Osypka Medical, La Jolla, 
CA, USA) was established by placing four electrocardiographic 
electrodes for continuous measurements of heart rate, SV, 
CO, and SVV [12]. The values of CO and SV were indexed to 
body surface area and body weight (cardiac index and SVI, 
respectively). SVV was calculated as the ratio of the standard 
deviation of the SV to the arithmetic mean of SV over 30 car-
diac cycles multiplied by 100 (%). A 20 G arterial pressure 
was placed in the right dorsal pedal artery for measurements 
of arterial blood pressure. The pressure transducer was hori-
zontally placed at the level of the costochondral junction for 
the zero reference point. The measurement of SPV and PPV 
using simple tools on the Datex Ohmeda S/5 has been de-
scribed by Gouvea and Gouvea [22]. PPV as percent of the 
mean pulse pressure PPV (%) and SPV (mm Hg) were calcu-
lated using the following formulas: SPV (%)=200×(SBPmax–
SBPmin)/(SBPmax+SBPmin); SPV (mm Hg)=SBPmax–SBPmin; 
where SBPmax, SBPmin, PPmax, and PPmin are the maximal 
and minimal values within one respiratory cycle.
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Experimental protocol

At the conclusion of the previous experiment, anesthesia was 
maintained at 2.36% (1 MAC) of end-tidal sevoflurane concentra-
tion (FEsevo) for at least 15 minutes until a steady hemodynamic 
state was attained. After simultaneous recordings of the baseline 
data including the SVI, SVV, PPV, and PSV, lactated Ringer’s solution 
was administered as an IV bolus of 10 mL/kg over 15 minutes to 
assess fluid responsiveness. Dogs were considered fluid respon-
sive if SVI measured immediately after completion of the fluid 
challenge increased by 10% or more after volume loading [23,24].

In each animal, the protocol was performed in each of the 3 ven-
tilator modes studied (A/C, SIMV, and CPAP) as part of the post-
operative weaning strategy. SIMV was started 3–5 minutes after 
cessation of rocuronium infusion with the following settings: 
VT: 10 mL/kg, mandatory respiratory rate (RR) of 8 breaths/min, 
PEEP of 2 cm H2O, inspiratory pressure support (PS) above 
PEEP of 8 cm H2O, I: E ratio of 1: 2, and FIO2 of 0.6. After sub-
sequent reversal with sugammadex (8 mg/kg), dogs were al-
lowed to breathe spontaneously. FEsevo was then decreased to 
0.5 MAC and CRI of fentanyl adjusted to 2.5 μg/kg/h, and the 
ventilator mode was changed to CPAP (PEEP of 2 cm H2O, PS 
of 8 cm H2O, and FIO2 of 0.6) (Figure 1).

All animals were then allowed to recover from anesthesia with 
appropriate postoperative analgesia and care according to the 
protocol of the separate study and euthanized with IV sodium 
pentobarbital (120 mg/kg) after a 2-week study period of mon-
itoring of cardiac function by echocardiogram.

Statistical analysis

Normal probability plots revealed that all outcomes followed 
a normal distribution and data were summarized as the mean 
± standard deviation, unless otherwise indicated. Categorical 
frequencies were compared using the c2 test. Changes in 
parametric data were analyzed using paired t-test (within 
each group) or one-way analysis of variance (ANOVA) with 
post hoc Bonferroni-Dunn correction (among the groups). 
The predictive ability of a variable for fluid responsiveness 
was assessed using a receiver operating characteristic (ROC) 
curve calculated with a 95% confidence interval. We assumed 
that the SVV would predict fluid responsiveness with an area 
under the curve (AUC) of >0.8 (implying a clinically reliable 
predictor). For each variable, a threshold value was deter-
mined to maximize both sensitivity and specificity. The dif-
ference in AUCs was compared between 2 ROC curves on the 
same subjects (paired design) [25]. A P-value of 0.05 was con-
sidered statistically significant. All analyses were performed 
using GraphPad Prism version 7.0 (GraphPad Software, Inc., 
La Jolla, CA, USA) and SigmaPlot version 13 (Systat Software, 
Inc., San Jose, CA, USA), and IBM Statistics SPSS version 24.0 
(IBM SPSS Inc., Chicago, IL, USA).

Results

Table 1 shows the baseline characteristics of the overall study 
subjects. In this study, responders to fluid challenge for the dif-
ferent ventilator modes (defined as an increase in SVI ³10%) 

Group 1

A/C SIMV CPAP

Group 2 Group 3

ExtubationIntubation

1~1.5 MAC

10 μg/kg/h

0.2 mg/kg/h

2.5 μg/kg/h

1 MAC 0.5 MAC

Sevoflurane

Fentanyl

Rocuronium

Cardiac surgery

Fliud challenge (10 ml/kg, 15 min)
Hemodynamic measurement

Figure 1.  Schematic experimental design of fluid challenge in intubated anesthetized dogs after experimental cardiac surgery. 
EV-derived hemodynamic parameters were measured before and after the fluid loading (arrows) during one of the 
3 ventilation modes: A/C (Group 1), SIMV (Group 2), or CPAP (Group 3) (n=12 per each group).
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were 67% for A/C and SIMV (n=8/12, per each group) and 
58% (n=7/12) for CPAP (P=0.89). Before fluid challenge, there 
were no significant differences in cardiopulmonary variables 
among the ventilation modes (P>0.05; data not shown), with 
the exception of higher RR (D4±1 breath/min; P<0.05) during 
CPAP compared with A/C.

During A/C and SIMV, all of the dynamic indices decreased 
significantly after fluid challenge as compatible with pre-
vious findings [12–14,26,27], the magnitude of which was 
greater in responders than in nonresponders (Figure 2). The 
ROC analysis confirmed the best predictive value during A/C 

 Overall (n=36)

Age (months)  3.0 (2.8–3.2)

Body weight (kg)  13.3 (13.0–14.4)

Body surface area (m2)  0.55 (0.55–0.59)

Anesthesa time (min)  153.5±11.8

Operation time (min)  53.1±9.8

Table 1. Baseline characteristics.

Data are expressed as median (interquartile range) or mean 
± standard deviation.
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Figure 2.  Box-and-whisker plots of SVV (A), PPV (B), and SPV (C) in dogs ventilated by A/C, SIMV, and CPAP before fluid challenge in 
responders and nonresponders (n=12 per each group). Data are expressed as median values and interquartile ranges with 
scatter plots.

Cut-off value AUC (95%CI) p Specificity (%) Sensitivity (%)

A/C (n=12)

 SVV 13.5% 0.90 (0.73–1.08) 0.01 75 88

 PPV 14.0% 0.88 (0.67–1.08) 0.02 75 75

 SPV 8.5 mmHg 0.85 (0.65–1.07) 0.02 75 75

SIMV (n=12)

 SVV 14.0% 0.84 (0.65–1.07) 0.03 75 75

 PPV 14.5% 0.83 (0.64–1.07) 0.04 75 75

 SPV 9.3 mmHg 0.80 (0.67–1.08) 0.04 75 50

CPAP (n=12)

 SVV N/A 0.71 (0.41–1.02) 0.22 N/A N/A

 PPV N/A 0.66 (0.34–0.98) 0.37 N/A N/A

 SPV N/A 0.65 (0.33–0.97) 0.37 N/A N/A

Table 2.  Prediction of fluid responsiveness by ROC curves of noninvasive dynamic indices of fluid responsiveness measured using the 
EV device in dogs maintained under different ventilation modes after cardiothoracic surgery.

ROC – receiver operating characteristics; EV – electrical velocimetry; A/C – assist control; SIMV – synchronized intermittent mandatory 
ventilation; CPAP – continuous positive airway pressure; SVV – stroke volume variation; PPV – pulse pressure variation; SPV – systolic 
pressure variation; AUC – area under the ROC curve; SE – standard error; CI – confidence interval; N/A – not available.
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[AUC: SVV, 0.90 (P=0.01); PPV, 0.88 (P=0.02); SPV, 0.85 (P=0.02)] 
followed by SIMV [AUC: SVV, 0.86 (P=0.03); PPV, 0.83 (P=0.04); 
CPAP, 0.80 (P=0.04)], while no statistically significance detected 
during CPAP [AUC: SVV, 0.71 (P=0.19); PPV, 0.66 (P=0.51); CPAP, 
0.65 (P=0.46)] (Table 2). There were no significant differences 
between the AUCs in each ventilation mode (P>0.05). The op-
timal cutoff values were 13.5% (75% specificity and 88% sen-
sitivity) for SVV, 14.0% (75% specificity and 75% sensitivity) 
for PPV, and 8.5 mm Hg (75% specificity and 75% sensitivity) 
for SPV under A/C and 14.0% (75% specificity and 75% sensi-
tivity) for PPV, and 8.5 mm Hg (75% specificity and 75% sen-
sitivity) for SPV under SIMV, respectively (Figure 3).

Discussion

SVV, PPV, and SPV are dynamic physiologic parameters that de-
pend on cyclic interaction between the heart and lung during 
mechanical ventilation [28]. Whereas PPV and SPV may be cal-
culated simply and manually from an arterial trace line, esti-
mation of SVV needs an advanced monitoring method (e.g., 
transpulmonary thermodilution, arterial pressure waveform 
analysis, bioreactance and EV) [6,12,13,29–32] which is ca-
pable of converting the waveform into continuous measure-
ments of SV and CO simultaneously. The present data dem-
onstrated that all of the dynamic indices showed comparable 
and reliable performance (AUC of >0.8) in predicting fluid re-
sponsiveness under A/C and SIMV in anesthetized, intubated 
dogs after experimental cardiac surgery.

It is reasonable that SVV in fully-controlled, mechanically ven-
tilated dogs could be the best practical predictor of fluid re-
sponsiveness. Mechanical ventilation induces cyclic changes 
in fixed intrathoracic and transpulmonary pressures that tran-
siently affect left ventricular filling (preload) status, resulting 

in respiratory-induced changes in SV in preload-dependent 
subjects. In fact, the fluid response predictability of SVVA/C 
was compatible with results of our previous study which 
used the EV device in mechanically ventilated dogs during 
thoracotomy, values which were more accurate than those 
predicted by central venous pressure or pulmonary capillary 
wedge pressure [13].

It is noteworthy that SVVSIMV showed an acceptable predictive 
value of fluid responsiveness, close to SVVA/C, the observation 
which is in agreement with our recent study evaluating in 
healthy dogs anesthetized with sevoflurane [10]. Considering 
the respiratory data seen during SIMV, our experimental setting, 
including the depth of anesthesia, appears to be enough to 
deliver appropriate VT (>8 mL/kg) and regular spontaneous 
breathing to confirm appropriate fluid responsiveness [28].

Although neither dynamic compliance nor lung resistance was 
monitored during the CPAP mode, spontaneous breathing under 
light sevoflurane anesthesia may have hampered the efficacy 
of SVV in CPAP than occurring during controlled or synchro-
nized ventilation [33]. Decreased reliability of SVV-guided fluid 
prediction has also been reported in human patients ventilated 
spontaneously with CPAP assisted by PS mode [34,35]; this 
may in part support our results.

This study has several limitations that warrant further inves-
tigation by its relatively small sample size. In addition, clinical 
fluid parameters such as fluid balance and urine output were 
not studied because of the mini-fluid challenge protocol. 
Nevertheless, the strengths of this study include its prospective 
nature under various ventilatory status. Future studies are 
needed to establish the utility of goal-directed therapy to en-
sure adequate tissue oxygenation and improved outcomes 
in more generalized critical illnesses beyond cardiac surgery.
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Figure 3.  Prediction of fluid responsiveness (increase in SVI ³10%) by receiver operating characteristic of SVV, pulse pressure variation 
(PVV), and systolic pressure variation (SPV) in dogs ventilated by A/C (A), SIMV (B), and CPAP (C) (n=12 per each group). The 
45-degree diagonal line indicates the reference line of no-discrimination.
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Conclusions

The present preclinical study suggests that functional dynamic 
indices SVV, PPV, and SVV are all useful to predict cardiac re-
sponse to fluid loading in dogs ventilated in A/C and SIMV 
modes after cardiac surgery, while their reliabilities during 
CPAP are poor. Of particular, the entirely noninvasive technique 

for monitoring both SVV and CO using the current EV system 
would be valuable for estimating fluid responsiveness.
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