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A n estimated 230 million surgical procedures per year 
are performed worldwide, and there is good evidence 

that hemodynamic optimization in the perioperative period 
can reduce morbidity and sometimes mortality.1,2 It is well 
known that central venous pressure, pulmonary arterial occlu-
sion pressure, and/or physical exam are not accurate to assess 
fluid responsiveness and to guide fluid therapy.3,4 On the 
other hand, dynamic variables that describe the cyclic change 
in left ventricular stroke volume (SV; SV variation) and pulse 
pressure (pulse pressure [PP] variation [PPV]) during positive 
pressure ventilation are robust indicators of preload respon-
siveness and are currently the best objective measures of fluid 
responsiveness.3,5 However, to be accurate, these dynamic 

What We Already Know about This Topic

•	 Previous studies have demonstrated that the lung recruitment 
maneuver induces a decrease in stroke volume, which is more 
pronounced in hypovolemic patients

•	 This study determined the magnitude of stroke volume reduc-
tion through the lung recruitment maneuver and whether it 
could predict preload responsiveness

What This Article Tells Us That Is New

•	 This study suggests that the magnitude of stroke volume 
decrease during lung recruitment maneuver may predict 
preload responsiveness in mechanically ventilated patients in 
the operating room
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ABSTRACT

Background: Lung recruitment maneuver induces a decrease in stroke volume, which is more pronounced in hypovolemic 
patients. The authors hypothesized that the magnitude of stroke volume reduction through lung recruitment maneuver could 
predict preload responsiveness.
Methods: Twenty-eight mechanically ventilated patients with low tidal volume during general anesthesia were included. 
Heart rate, mean arterial pressure, stroke volume, and pulse pressure variations were recorded before lung recruitment 
maneuver (application of continuous positive airway pressure of 30 cm H2O for 30 s), during lung recruitment maneuver 
when stroke volume reached its minimal value, and before and after volume expansion (250 ml saline, 0.9%, infused 
during 10 min). Patients were considered as responders to fluid administration if stroke volume increased greater than or 
equal to 10%.
Results: Sixteen patients were responders. Lung recruitment maneuver induced a significant decrease in mean arterial 
pressure and stroke volume in both responders and nonresponders. Changes in stroke volume induced by lung recruit-
ment maneuver were correlated with those induced by volume expansion (r2 = 0.56; P < 0.0001). A 30% decrease in 
stroke volume during lung recruitment maneuver predicted fluid responsiveness with a sensitivity of 88% (95% CI, 62 
to 98) and a specificity of 92% (95% CI, 62 to 99). Pulse pressure variations more than 6% before lung recruitment 
maneuver discriminated responders with a sensitivity of 69% (95% CI, 41 to 89) and a specificity of 75% (95% CI, 42 
to 95). The area under receiver operating curves generated for changes in stroke volume induced by lung recruitment 
maneuver (0.96; 95% CI, 0.81 to 0.99) was significantly higher than that for pulse pressure variations (0.72; 95% CI, 
0.52 to 0.88; P < 0.05).
Conclusions: The authors’ study suggests that the magnitude of stroke volume decrease during lung recruitment maneu-
ver could predict preload responsiveness in mechanically ventilated patients in the operating room. (Anesthesiology 
2017; 126:260-7)
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variables should be used under strict conditions.6 SV variation 
and PPV are generated by the pressure transmitted from the 
airways to the pleural and pericardial spaces. Thus, their reli-
ability is limited in patients receiving low tidal volume (VT) 
ventilation (VT less than 8 ml/kg predicted body weight) and 
in those with a driving pressure lower than 20 cm H2O.7–9 
Lung-protective ventilation using low VT is a standard of care 
in mechanically ventilated patients with acute respiratory dis-
tress syndrome.10,11 It has also recently been demonstrated 
to significantly improve postoperative outcome in surgical 
patients.12–15 Hence, the usefulness of these dynamic variables 
at the bedside is disputable. Preload responsiveness could be 
detected in patients receiving low VT by using an end-expira-
tory occlusion test. However, few anesthesia ventilators offer 
the possibility to perform an end-expiratory occlusion, pre-
cluding its use in the operating room.

Lung recruitment maneuvers (LRMs), used to reopen 
collapsed lung, and positive end-expiratory pressure (PEEP) 
have been proposed as the key components of lung-pro-
tective ventilation strategy.13,16,17 LRM, which refers to a 
transient increase in transpulmonary pressure induced by 
an intentional increase in airway pressures, results in an 
increase in intrathoracic pressure and a decrease in venous 
return, leading to a decrease in left ventricular end-diastolic 
areas and in SV.18,19 The degree of PEEP-induced decrease in 
SV is related to preexisting preload responsiveness.20,21 We 
hypothesized that the degree of SV reduction induced by 
an LRM could represent a functional test to suggest preload 
responsiveness and, therefore, predict fluid responsiveness. 
The aims of the current study were (1) to assess the abil-
ity of LRM-induced decrease in SV (ΔSV-LRM) to predict 
fluid responsiveness in mechanically ventilated patients in 
the operating room, (2) to compare the ability of ΔSV-LRM 
and PPV to predict fluid responsiveness, and (3) to assess the 
relationship between ΔSV-LRM and changes in SV induced 
by volume expansion (ΔSV-VE).

Materials and Methods

Study Design
This single-center study was approved by the Institu-
tional Review Board (Comité de Protection des Personnes 
Sud-Ouest et Outre Mer III, Bordeaux, France; number, 
DC2014/48) and was registered at the French National 
Commission for Data Protection and Liberties, Paris, France 
(number, 1765877). Between December 2014 and Decem-
ber 2015, 28 nonconsecutive patients were included after 
verbal informed consent (written informed consent was 
waived by the Institutional Review Board). Inclusion cri-
teria were patients older than 18 yr, scheduled for neuro-
surgery, without intracranial hypertension, and equipped 
with a radial arterial catheter and cardiac output monitor. 
LRM and volume expansion were done at the discretion of 
the attending anesthesiologist. Study patients did not pos-
sess comorbidities commonly affecting dynamic waveform 
indices, including arrhythmia, preoperative lung disease, left 

ventricular ejection fraction less than 50%, possible right 
ventricular dysfunction due to sleep apnea/severe chronic 
obstructive pulmonary disease/pulmonary hypertension, or 
extremes in body habitus (body mass index more than 40 or 
less than 15 kg/m2).

Standard monitoring included continuous electrocardi-
ography, heart rate (HR), peripheral oxygen saturation, and 
noninvasive blood pressure measurement. Induction and 
maintenance of general anesthesia were performed using a 
target-controlled infusion of propofol and remifentanil.22–24 
After tracheal intubation, patients were mechanically venti-
lated in the volume-control mode, with a VT of 6 to 8 ml/kg 
ideal body weight and a PEEP of 5 cm H2O. The respira-
tory rate and the inspiratory oxygen fraction were adjusted 
to maintain an end-tidal carbon dioxide concentration of 30 
to 35 mmHg and peripheral oxygen saturation above 96%, 
respectively, with an inspiratory to expiratory ratio of 1/2.

After induction of anesthesia, an arterial catheter (Vygon, 
France) was inserted into a radial artery. The catheter was 
connected to a specific transducer (ProAQT; Pulsion Medi-
cal System, Germany) for SV and PPV monitoring.

The study design is shown in Supplemental Digital Con-
tent 1, http://links.lww.com/ALN/B347, which is a figure 
detailing the various steps of the protocol. After induction 
of anesthesia and after hemodynamic stability was obtained 
(defined as changes in mean arterial pressure [MAP] less than 
10% during 5 min), an LRM was performed followed by vol-
ume expansion. To maintain controlled hemodynamics dur-
ing the study protocol, study patients were not exposed to 
vasopressors or inotropes before and during anesthesia; simi-
larly, patients were excluded if the target-controlled infusion 
of propofol and/or remifentanil was modified. Each recruit-
ment maneuver consisted of applying a continuous positive 
airway pressure of 30 cm H2O for 30 s. Volume expansion was 
obtained by infusing 250 ml saline, 0.9%, more than 10 min. 
Four sets of measurements including HR, MAP, SV, and PPV 
were performed immediately before LRM, at the end of LRM 
when SV reached its minimal value, immediately after MAP, 
HR, and PPV returned to their baseline values (variations less 
than 10%), and finally, after volume expansion. All of these 
measurements were performed in the supine position.

Statistical Analysis
Data are expressed as mean ± SD or median (interquartile 
range, 25 to 75%), according to the type of variable dis-
tribution. Considering previously published results,25 power 
analysis showed that at least 28 patients were necessary to 
detect a difference of 0.25 between ΔSV-LRM and PPV 
areas under the receiver operating characteristic (ROC) 
curves (5% type I error rate; 80% power; two-tailed test). 
Response to volume expansion was defined as an increase in 
SV greater than or equal to 10% after an infusion of 250 ml 
saline, 0.9%, more than 10 min.26,27 The effects of LRM 
and volume expansion on hemodynamic parameters were 
analyzed using Student’s paired t test. The assumptions of 
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Student’s paired t test were studied as follows: the normality 
was analyzed using Shapiro–Wilk test and the homoscedas-
ticity using Fisher–Snedecor test. The relationship between 
ΔSV-LRM and changes in SV induced by volume expansion 
was tested using linear correlation, according to data distri-
bution. The intraclass correlation between SV measurements 
at the two baseline steps (t1 and t3) was measured using 
random-effects models.28

ROC curves were generated for LRM-induced changes in 
SV LRM (ΔSV-LRM), in pulse pressure (ΔPP-LRM), and in 
systolic arterial pressure (ΔSAP-LRM), and for PPV, by vary-
ing the discriminating threshold of each parameter, and areas 
under the ROC curves (95% CI) were calculated and com-
pared using the approach described by DeLong et al.29. The 
best cutoff value was chosen so as to maximize the Youden 
index. A P < 0.05 was considered to be statistically significant.

The gray zone was constructed using a two-step proce-
dure. First, a bootstrap resampling method was applied on 
PPV, ΔSV-LRM, ΔPP-LRM, and ΔSAP-LRM data. The 
best threshold of 1,000 bootstrapped populations and its 
95% CI were chosen for each variable.30 Secondly, we deter-
mined the values for which no conclusive information on 
fluid responsiveness (i.e., cutoff values with a sensitivity less 
than 90% or a specificity less than 90% [diagnostic tolerance 
of 10%]) could be provided. The gray zone was defined as 
the values that did not allow a 10% diagnostic tolerance. 
Nevertheless, if the characteristics of the study population 
produced a 95% CI of the best thresholds larger than the 
inconclusive zone, the values obtained during the first step 
were retained as the gray zone.

The study protocol (sample size calculation, inclusion, 
noninclusion and exclusion criteria, ventilator settings, defi-
nition of hemodynamic stability, type of LRM, and defini-
tion of fluid responder) was determined a priori.

Statistical analysis was performed using Medcalc, version 11.6 
(MedCalc Software, Belgium) and NCSS 8 (NCSS, LLC., USA).

Results

Patient Characteristics
Twenty-eight nonconsecutive patients were included. Six-
teen (57%) patients were responders to volume expansion 
and 12 were not. Table  1 shows the main characteristics 
of the patients. The mean effect-site concentration was 
4.2 ± 1.2 μg/ml for propofol and 4.7 ± 1.1 ng/ml for remi-
fentanil. Hemodynamic variables in both responders and 
nonresponders are shown in table  2. The intraclass corre-
lation between SV measurements at the two baseline steps  
(t1 and t3) was 0.99 (95% CI, 0.99 to 1.00).

Hemodynamic Changes during LRM and Volume 
Expansion
Hemodynamic parameters in responders and nonresponders 
during the four-step study period are shown in table  2. 
LRM induced a significant SV and MAP decrease in both 

responders and nonresponders. Volume expansion induced a 
significant PPV decrease in responders only. Figure 1 depicts 
the evolution of SV in responders and nonresponders during 
the four-step study period.

Relationship between Changes in SV Induced by LRM and 
Changes in SV Induced by Volume Expansion
The relationship between ΔSV-LRM and ΔSV-VE is shown 
in figure 2 (r2 = 0.56; P < 0.0001).

Prediction of Fluid Responsiveness
Individual values of ΔSV-LRM and PPV in responder and 
nonresponder patients are shown in figure  3. Abilities of 
ΔSV-LRM, PPV, ΔPP-LRM, and ΔSAP-LRM to predict 
fluid responsiveness are shown in figure 4. A 30% decrease 
in SV-LRM predicted fluid responsiveness with a sensitivity 
of 88% (95% CI, 62 to 98) and a specificity of 92% (95% 
CI, 62 to 99). A PPV more than 6% before LRM discrimi-
nated responders with a sensitivity of 69% (95% CI, 41 to 89) 
and a specificity of 75% (95% CI, 42 to 95). Using a boot-
strap analysis, the median values of the area under the ROC 
curve (AUC) of ΔSV-LRM and PPV were 0.96 (95% CI, 
0.81 to 0.99) and 0.72 (95% CI, 0.52 to 0.88), respectively  
(P < 0.001; fig. 3). ΔPP-LRM and ΔSAP-LRM were not able 
to predict fluid responsiveness (AUC = 0.50; 95% CI, 0.25 to 
0.75 and AUC = 0.52; 95% CI, 0.26 to 0.77, respectively, not 
different from AUC = 0.50; P > 0.05). Using the gray zone 
approach, inconclusive values ranged from −37 to −22% for 
ΔSV-LRM (including 36% of the patients) and from 4 to 7% 
for PPV (including 61% of the patients; fig. 5).

Table 1.  Main Characteristics of Patients (n = 28)

Characteristics  

Age, yr 61 ± 11
Sex, male/female, n 13/15
Height, cm 167 ± 1
Weight, kg 76 (60–87)
Ideal body weight, kg 60 (52–72)
Tidal volume, ml 427 ± 56
Tidal volume, ml/kg ideal body weight 7.0 ± 0.5
Respiratory rate, cycles/min 14 ± 2
Positive end-expiratory pressure, cm H2O 5 (5–5)
Fio2, % 40 (40–50)
Driving pressure, cm H2O 10 ± 3
ASA physical status I/II/III, n 1/9/18
Comorbidities
 � Arterial hypertension 11
 � Dyslipidemia 5
 � Diabetes 3
 � Coronary artery disease 2
Surgery, n  
 � Cerebral tumor 18
 � Metastasis 8
 � Other 4

Values are mean ± SD or median (percentile, 25–75) or number (n).
ASA = American Society of Anesthesiologist; Fio2 = inspired oxygen fraction.
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Discussion
In our study performed in mechanically ventilated patients 
with low VT in the operating room, we demonstrated that 
(1) a 30% decrease in SV during an LRM could predict 
the effect of infusing 250 ml saline, 0.9%, (2) the abil-
ity of ΔSV-LRM was higher than that of PPV to predict 

fluid responsiveness, and (3) ΔSV-LRM and ΔSV-VE were 
strongly correlated.

LRM decreases intrapulmonary shunt, reduces lung col-
lapse, and improves arterial oxygenation.31–33 LRM induces 
an increase in intrathoracic pressure, leading to an increase 
in transpulmonary pressure. Previous experimental studies 

Table 2.  Hemodynamic Variables at Baseline, during Lung Recruitment Maneuver, before Volume Expansion, and after Volume 
Expansion in Responders (n = 16) and Nonresponders (n = 12)

 

t1 t2

P1 Value

t3 t4

P2 ValueBaseline 1 LRM Baseline 2 After VE

HR, beats/min
 � Responders 63 ± 10 65 ± 14 0.47 64 ± 11 62 ± 11 0.037
 � Nonresponders 66 ± 13 62 ± 12 0.053 66 ± 15 62 ± 12 0.0093
Mean arterial pressure, mmHg
 � Responders 71 ± 11 51 ± 12 < 0.0001 65 ± 12 67 ± 8 0.32
 � Nonresponders 71 ± 9 55 ± 11 0.0001 68 ± 11 67 ± 11 0.21
Stroke volume, ml
 � Responders 58 ± 23 33 ± 12 < 0.0001 58 ± 23 67 ± 27 < 0.0001
 � Nonresponders 55 ± 23 44 ± 17 0.0002 54 ± 23 57 ± 24 0.001
PPV, %
 � Responders 8 ± 3 — — 8 ± 3 5 ± 2 < 0.0001
 � Nonresponders 6 ± 1 — — 6 ± 2 6 ± 1 0.79

Values are mean ± SD. Patients were considered responders if stroke volume index increased by greater than or equal to 10% after 250 ml intravascular 
volume expansion.
HR = heart rate; LRM = lung recruitment maneuver; NS = not significant; P1 = comparison between t1 and t2; P2 = comparison between t3 and t4; 
PPV = pulse pressure variations; t1 = baseline, before LRM; t2 = during LRM; t3 = baseline 2, before volume expansion; t4 = after 250 ml saline infu-
sion; VE = volume expansion.
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Fig. 1. Individual values of stroke volume (ml) in responders (n = 16) and nonresponders (n = 12) before lung recruitment ma-
neuver (LRM; baseline 1) at the end of lung recruitment maneuver when stroke volume reached its minimal value (LRM), before 
volume expansion (VE: baseline 2) and after volume expansion (after VE). LRM = consisted of applying a continuous positive 
airway pressure of 30 cm H2O for 30 s) and VE = done using 250 ml saline, 0.9%, more than 10 min.
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have shown that LRM is associated with a transient decrease 
in cardiac output.34 Increased intrathoracic pressure impedes 
venous return and increases pulmonary vascular resistance, 
leading to a decrease in right heart preload, an increase in 
right heart afterload, and thus a decrease in right ventricular 
SV.35 Because of ventricular interdependence, LRM induced 
right heart’s alteration, leading to a leftward intraventricular 
septal shift and to a decrease in left ventricular SV. There is a 
general acceptance that LRM promotes a decrease in cardiac 
output and arterial pressure with an increase in the need for 
fluid and vasopressors. The hemodynamic effects of LRM 
are, however, widely influenced by the method of recruit-
ment, the applied level of alveolar pressure, the properties 
of the underlying cardiovascular system, and the lung and 
chest wall mechanics.36 In an experimental study in mechan-
ically ventilated pigs with injured lungs, Lim et al.36 found 
that LRM depressed cardiac output only transiently and 
that the post-LRM PEEP level, not the LRM itself, deter-
mined the lasting effect of the LRM intervention on cardiac 
output. The volemic status is the cornerstone of hemody-
namic tolerance of LRM. Nielsen et al.37 demonstrated in an 
experimental study that cardiac output and left ventricular 
end-diastolic volume decrease dramatically in hypovolemic 

Fig. 2. Relationship between changes in stroke volume (SV; 
%) induced by lung recruitment maneuver (LRM) and those 
induced by volume expansion (VE). LRM = consisted of ap-
plying a continuous positive airway pressure of 30 cm H2O 
for 30 s and VE = done using saline, 0.9%, more than 10 min.
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Fig. 3. Mean, SD, and individual values of changes in stroke 
volume (SV; %) induced by lung recruitment maneuver (LRM) 
and of pulse pressure variation (PPV; %) in responder and 
nonresponder patients. LRM = consisted of applying a con-
tinuous positive airway pressure of 30 cm H2O for 30 s.

Fig. 4. Receiver operating curves generated for changes 
in stroke volume (SV) induced by lung recruitment maneu-
ver (LRM), changes in pulse pressure (PP) induced by LRM, 
changes in systolic arterial pressure (SAP) induced by LRM, 
and pulse pressure variations showing the ability to predict 
the effect of a 250 ml volume expansion given more than 
10 min. LRM = consisted of applying a continuous positive 
airway pressure of 30 cm H2O for 30 s.
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animals when compared to normovolemic or hypervolemic 
states. Our study demonstrated that hemodynamic effects of 
LRM are more pronounced in preload responsive patients 
and thus allow the prediction of fluid responsiveness.

Intraoperative management of volume administration 
remains challenging in daily practice. Neither clinical signs 
such as tachycardia, low arterial pressure, or low urine out-
put nor cardiac filling pressure as central venous pressure 
or pulmonary artery occlusion pressure are good indicators 

of preload responsiveness.3,4 Increasing focus has been put 
on dynamic parameters relying on cardiopulmonary inter-
actions, which can be continuously monitored using dedi-
cated devices. Although effective,5 the use of dynamic 
variables in the operating room has been made more dif-
ficult today because of the evolution of medical practices, 
especially the use of low VT in mechanically ventilated surgi-
cal patients.9,12–14,38 In line with previous studies, our study 
confirmed that the respiratory variation of hemodynamic 
parameters such as PPV is not accurate for predicting fluid 
responsiveness in cases with low cutoff values (6%). Fig-
ure 3 shows that low PPV values are equally distributed in 
responder and nonresponder patients but that high PPV val-
ues (more than 8%) are present only in responder patients. 
This underlines once again that low PPV values are not infor-
mative in patients ventilated with low VT but that higher 
PPV values may still indicate fluid responsiveness. Our study 
found a PPV gray zone ranging between 4 and 7%, includ-
ing 61% of patients. Limits of this gray zone (4 to 7%) differ 
from those described by Cannesson et al.39 in 413 surgical 
patients (9 to 13%) or by Biais et al.40 in 556 intensive care 
unit patients (4 to 17%). We can explain the lower limit of 
the gray zone by the fact that we used low VT, leading to low 
PPV values. The higher limit of the gray zone was also rela-
tively low because of the use of low VT and also because we 
did not include patients with right ventricular dysfunction 
and/or intraabdominal hypertension. These situations which 
may lead to high PPV values and false positive were included 
in the study by Biais et al.40

Our study found that LRM-induced changes in SV (but 
not in SAP and PP) could predict fluid responsiveness. These 
results are in accordance with previous published studies 
demonstrating that changes in SV and changes in SAP or PP 
are neither equivalent nor interchangeable.41–43

There is compelling evidence that even short-term 
mechanical ventilation can damage the lung and that, from 
a theoretical perspective, all patients receiving respiratory 
support should benefit from lung-protective mechanical 
ventilation to minimize ventilator-induced lung injury.44 
An advantage of testing fluid responsiveness by using LRM 
is that this functional test can be used instead of respira-
tory variation of hemodynamic parameters in cases of low 
VT ventilation, which may have obvious significant clini-
cal implications. A significant decrease in SV during LRM 
could show fluid responsiveness and thus may indicate vol-
ume expansion.

Our study contains several limitations. First, LRM was per-
formed in the supine position during the steady-state period 
and before skin incision. Our results cannot be extrapolated 
to positions other than the supine and to other clinical situa-
tions such as patients suffering from arrhythmia, right and/or 
left heart failure, lung disease, obesity or receiving vasopressors, 
and/or inotropes. Other studies are necessary to confirm the 
potential interest of our finding in different situations. Second, 
LRM was performed shortly after the induction of anesthesia. 

Fig. 5. Gray zone of pulse pressure variations (PPV) and  
ΔSV-LRM. The blue curve indicates sensitivity, and the red curve 
indicates specificity. ΔSV-LRM = changes in stroke volume in-
duced by lung recruitment maneuver (consisted of applying a 
continuous positive airway pressure of 30 cm H2O for 30 s).
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Hemodynamic effects of LRM may have been impacted by 
some degree of vasoplegia due to anesthetic drugs. However, 
fluid management in patients with varying degrees of vasople-
gia during general anesthesia is the setting within which this 
clinical decision is commonly encountered. Third, LRM con-
sisted of applying a continuous positive airway pressure of 
30 cm H2O for 30 s. Our results cannot be extrapolated to other 
LRMs using different airway pressures and different durations. 
Fourth, changes in SV induced by LRM and volume expan-
sion were estimated using pulse contour analysis technology. 
Even though the accuracy of these types of devices, to estimate 
the absolute values of SV, may be disputable, this technology 
can track changes in SV induced by rapid changes in ventila-
tor setting (PEEP or end-expiratory occlusion test) and by vol-
ume expansion.21,45,46 SV measurements using ProAQT are an 
average during the last 12 s and are updated every second. The 
change in SV induced by LRM may be underestimated using 
this technology. Finally, sample size is relatively low.

Despite these limitations, our study furthers the current 
knowledge of fluid responsiveness among intraoperative 
mechanically ventilated patients. Our study suggests that 
a decrease in SV of at least 30% during an LRM detects 
preload responsiveness in this patient population and offers 
a predictive capability far exceeding current dynamic wave-
form indices performed without LRM. These findings may 
serve as a foundation for further studies evaluating goal-
directed fluid-management therapies.
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