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Introduction

Hemodynamic fluctuations, including hypotension and 
decreases in cardiac output (CO), frequently occur during 
general anesthesia and can lead to acute circulatory fail-
ure. Under these circumstances, fluid loading is the first-
line therapeutic method. However, excessive fluid volume 
expansion can be harmful, especially in patients with heart 
disease. As patients with acute circulatory failure do not usu-
ally respond to fluid loading by increasing their CO, numer-
ous studies [1–3] have been conducted to develop tests that 
predict “fluid responsiveness”. Although static indices, such 
as central venous pressure and pulmonary capillary wedge 
pressure, have been traditionally used for assessing patients’ 
volume status, these indices have poor reliability for identi-
fying fluid responders [4]. Dynamic indices, including pulse 
pressure variation (PPV) and stroke volume variation (SVV), 
have been recently used, and they provide better predict-
ability for fluid responsiveness [5, 6]. Recent advances in 
minimally invasive hemodynamic monitoring allow for an 
increased clinical applicability of these indices [7–10]. Goal-
directed therapy using dynamic indices decreases postop-
erative morbidity under various clinical conditions [11–13].

However, certain conditions, including arrhythmias and 
spontaneous breathing, impose some limitations for the 
clinical use of dynamic indices [14]. In particular, these 
indices have poor predictability for fluid responsiveness in 
patients with low tidal volumes (< 8 ml/kg) or low driv-
ing airway pressures (< 20 cm  H2O) [15, 16]. Dynamic 
indices, including SVV and PPV, are calculated based on 
cyclic changes in intrathoracic pressure induced by positive 

pressure ventilation. When the change in intrathoracic pres-
sure with low tidal volume ventilation is very small, the 
degree of respiratory variation of the preload in the right 
and left ventricles also becomes small. Thus, respiratory 
variations in stroke volume (SV) and pulse pressure are 
of limited use to assess volume status under this condi-
tion. This means that as lung-protective ventilation with 
low tidal volume (6–7 ml/kg) and positive end-expiratory 
pressure therapy (5–10 cmH2O) has become common dur-
ing surgery, dynamic indices are less frequently used in the 
perioperative period [14]. Considering these weaknesses 
of dynamic indices, new interventions for assessing fluid 
responsiveness are required. Herein, the author briefly sum-
marizes some currently developed interventions to predict 
fluid responsiveness.

Recruitment maneuvers

Recruitment maneuvers are common techniques to prevent 
or recover from lung collapse and to improve oxygenation in 
the intraoperative period. A recruitment maneuver induces 
an increase in intrathoracic and transpulmonary pressures, 
leading to increased pulmonary vascular resistance and 
decreased venous return, which results in a decrease in 
SV [17]. Hemodynamic changes induced by a recruitment 
maneuver depend on the patient’s volume condition. A pre-
vious experimental study [18] showed that hemodynamic 
collapse caused by a recruitment maneuver was significantly 
higher under hypovolemic conditions than under hyper- and 
normovolemic conditions. A recent study by Biais et al. 
[17] investigated the reliability of SV changes induced by 
a recruitment maneuver for assessing fluid responsiveness. 
The study revealed that a decrease of 30% in SV during 
recruitment maneuver could predict an increase in SV after 
fluid loading (sensitivity: 88%, specificity: 92%). Recruit-
ment maneuvers are also useful for assessing volume status 
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under one-lung ventilation [19]. Specifically, a decrease in 
mean arterial pressure induced by a recruitment maneuver 
can predict fluid responsiveness in patients undergoing one-
lung ventilation (threshold: 9.5 mmHg, area under receiver 
operating characteristics [ROC] curve: 0.852). Observing 
hemodynamic changes during recruitment maneuver is 
likely to be a promising way to assess volume responsive-
ness. However, recruitment maneuvers should be performed 
cautiously for patients with a low CO, because they increase 
the afterload in the right ventricle, which can be especially 
deleterious in such patients.

End‑expiratory occlusion test

The end-expiratory occlusion test (EEOT) is a technique 
that comprises interrupting mechanical ventilation at the end 
of the expiration phase for 15–30 s and measuring subse-
quent hemodynamic changes [20]. Mechanical ventilation 
induces an increase in intrathoracic pressure and a decrease 
in venous return. When mechanical ventilation is interrupted 
at the expiration phase, the decrease in venous return is also 
interrupted, which leads to an increase in the preload of the 
ventricles. Therefore, an increase in SV induced by EEOT 
may indicate fluid responsiveness in mechanically ventilated 
patients.

A recent study [21] showed that EEOT can predict fluid 
responsiveness even in patients receiving lung-protective 
ventilation during surgery. In this study, an increase of 5% in 
SV induced by EEOT identified fluid responders with a high 
sensitivity and specificity (100% and 81%, respectively). The 
ROC analysis revealed that the area under the curve (AUC) 
of SV increase by EEOT was significantly higher than that 
of PPV (0.91 versus 0.75, p < 0.05). A recent meta-analy-
sis indicated that the pooled area under the ROC curve for 
EEOT was 0.96, with a pooled sensitivity and specificity of 
86% and 91%, respectively [22]. Although growing evidence 
has shown that EEOT can reliably detect patients with vol-
ume responsiveness, this technique has some limitations. 
First, EEOT requires a precise technique to measure SV and 
CO. Second, EEOT cannot be used in non-intubated patients 
nor can it be used in patients who cannot perform a respira-
tory hold for 15 s. These limitations should be considered 
when EEOT is considered for use in clinical practice.

Mini‑fluid challenge

The most effective method to test whether a patient is 
responsive to changes in preload is to assess the response of 
SV or CO to a fluid challenge. However, the traditional fluid 
bolus of “500 ml” is irreversible and can lead to a volume 
overload when performed repeatedly. This limitation has 

led to the recent development of a “mini”-fluid challenge of 
100 ml to assess fluid responsiveness.

A recent meta-analysis showed that the pooled area under 
the ROC curve for the mini-fluid challenge to predict fluid 
responsiveness was 0.91, with a pooled sensitivity and 
specificity of 82% and 83%, respectively [22]. Biais et al. 
[23] showed that SV changes induced by a mini-fluid bolus 
of 100 ml (in 2 min) were good predictors of fluid respon-
siveness (threshold: 6%, sensitivity: 93%, specificity: 85%). 
Their ROC analysis revealed that the AUC of SV changes 
subsequent to a volume administration of 100 ml (0.95, 95% 
confidence interval: 0.90–0.99) was significantly greater 
than that induced by a 50 ml fluid bolus (0.83, 95% confi-
dence interval: 0.75–0.92) (p = 0.01). This indicates that a 
fluid bolus of 50 ml may be too small to generate significant 
changes enough to assess fluid responsiveness. Addition-
ally, not only should the absolute volume of the fluid bolus 
be considered, but also its duration of administration [24]. 
Overall, there have been several ways in which fluid bolus 
administration has varied, including the amount of fluid in 
the bolus, duration of administration, and fluid type, which 
should be standardized in the future.

Tidal volume challenge

As mentioned above, dynamic indices have poor predict-
ability in patients with a low tidal volume ventilation. Con-
sidering this weakness, “tidal volume challenge” can be a 
useful test to improve the ability of dynamic indices to iden-
tify fluid responders among such patients. This intervention 
involves transiently (in 1 min) increasing the tidal volume 
from 6 to 8 ml/kg and assessing the changes in dynamic 
indices. Myatra et al. [25] showed that the absolute changes 
in PPV and SVV induced by a tidal volume challenge were 
good predictors of fluid responsiveness, with AUCs of 0.99 
and 0.97, respectively (threshold, PPV: 3.5%, SVV: 2.5%). 
In another recent study [26], the absolute changes in PPV 
and SVV after a tidal volume challenge showed acceptable 
predictabilities for fluid responsiveness, with high sensi-
tivity and specificity even with patients in the prone posi-
tion. Although the tidal volume challenge cannot be used in 
patients with spontaneous breathing, open-chest condition-
ing, or arrhythmia, this intervention can be a useful method 
to assess fluid responsiveness in the perioperative period 
under other circumstances.

Future perspectives

Considering the risk of volume overload, fluid administra-
tion should be carefully titrated according to patients’ needs. 
As reported in this paper, several interventions exist for 
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predicting fluid responsiveness. However, each of these tech-
niques has its own limitations for clinical use. The choice 
of the technique depends on the capabilities available for 
hemodynamic monitoring and on the condition of the patient 
[27]. It is of great importance that the decision to adminis-
ter fluid should be based on the presence of clinical signs 
of tissue hypoperfusion including hemodynamic instability 
and peripheral hypoperfusion. Volume expansion should not 
be performed solely based on the presence of fluid respon-
siveness [27]. These new interventions for predicting fluid 
responsiveness can be complementary, and clinicians should 
combine them according to patients’ conditions. Future stud-
ies are needed to investigate the impact of the hemodynamic 
protocols including new hemodynamic interventions on the 
patients’ outcomes.
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