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Over the past 15 years, many studies have demon-
strated that the fluid responsiveness method for 
assessing fluid needs in ICU patients is of value and 

can improve outcomes (1–4). The clinical study by Michard 
et al (3) was the first to show that pulse pressure variation 
(PPV) accurately predicts fluid responsiveness—in contrast 
to pulmonary artery occlusion pressure and central venous 
pressure, both of which are unable to predict the effect of 
fluid infusion on septic shock patients. However, PPV has 
been widely criticized (5). The pathophysiology of PPV is 
based on the effects of mechanical ventilation, which induces 
transpulmonary and intrathoracic pressure changes, which 
in turn have complex effects on the hemodynamics. The 
magnitude of these effects depends mainly on the transmis-
sion of airway pressure variations to the heart and to intra-
thoracic large vessels and, therefore, is a critical aspect in 
acute respiratory distress syndrome (ARDS) in which this 
transmission is impaired. Protective mechanical ventilation 
(in which a low tidal volume is used to decrease the plateau 
pressure and driving pressure) is now widely used with ARDS 
patients (6–8). However, a low tidal volume decreases airway 
pressure variations and may dramatically decrease the hemo-
dynamic effects of mechanical ventilation. De Backer et al (9) 
have clearly demonstrated that PPV depends on the tidal vol-
ume; the lower the tidal volume, the lower the PPV. Hence, 
the accuracy of a predefined cutoff value can be questioned in 
ARDS patients (9). In an attempt to solve this problem, Vallée 
et al (10) suggested correcting the PPV for the tidal volume. 
Unfortunately, this approach failed to improve the accuracy 
of predicting fluid responsiveness. Likewise, the same team 
failed to demonstrate any improvement in the prediction of 
fluid responsiveness by adjusting the PPV for airway pressure 
variations (i.e., the plateau pressure minus the positive end-
expiratory pressure) (10). This can be explained by the fact 
that airway pressure variations induced by the tidal volume 
are not related to thoracic pressure variations—particularly, 

in ARDS patients, in whom lung and thoracic elastances are 
greatly modified (11). Hence, the same tidal volume in differ-
ent ARDS patients may induce different intrathoracic pres-
sure variations (depending on lung and chest compliance) and 
thus will have different hemodynamic consequences. This is 
why Liu et al (12) suggested measuring pleural pressure vari-
ations (∆Ppl) as a surrogate of thoracic pressure variations 
in ARDS patients and then adjusting the PPV accordingly in 
order to improve prediction and prevent false negatives for 
fluid responsiveness. A cutoff value of 2 was determined. The 
authors applied the concept of a “grey zone” approach that 
has practical value because it allows the determination of 
three zones: a zone where the analyzed index predicts a posi-
tive response to fluid loading, a zone where the index pre-
dicts a negative response, and a third zone of uncertainty or 
“grey zone” (13). In this issue of Critical Care Medicine, Liu 
et al (12) using this “grey zone” approach defined a zone of 
PPV/∆Ppl between 1.94 and 2.1, which included a very small 
proportion of the study population (only 3.1%). Therefore, 
Liu et al concluded that in ARDS patients with a tidal vol-
ume less than 8 mL/kg, PPV/∆Ppl appears to be a much more 
accurate predictor of fluid responsiveness than PPV.

The latter study had a number of limitations. One of the 
main problems is that the proposed index requires the ARDS 
patient’s esophageal pressure to be measured with a balloon 
catheter. Esophageal pressure is used as a surrogate of Ppl in 
many clinical studies. The accuracy of esophageal manometry 
is subject to debate because many factors may alter the esopha-
geal/Ppl relationship; this includes the esophageal balloon’s 
elastance, the tone of the esophageal wall, heart/lung weight, 
and the patient’s position. But, fortunately, delta esophageal 
pressure that was used by Liu et al seems to be correlated with 
∆Ppl (14). Hence, PPV/delta esophageal pressure may be more 
accurate than PPV to predict fluid responsiveness. However, 
small number of ICUs routinely assesses esophageal pressure 
in ARDS patients—even though the approach has been shown 
to improve outcomes (15).

Another limitation is that during protective ventilation for 
ARDS patients, the tidal volume (usually around 5 to 6 mL/kg) 
is lower than the volume of 7 mL/kg in the study by Liu et al; 
this limitation makes it difficult to extrapolate the findings by 
Liu et al to patients with a very low tidal volume.

Approximately 14–50% of cases of ARDS are complicated 
by acute cor pulmonale (16). In this context, it has been clearly 
demonstrated that many false-positive PPVs occur due to a 
right ventricular (RV) afterload effect of mechanical venti-
lation (rather than a preload effect) (17). During mechani-
cal insufflation, intrathoracic pressure and Ppl increase. This 
decreases venous return, which then decreases RV ejection 
and (a few seconds later, due to decreased left ventricular 
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[LV] preload) LV ejection—explaining a delta down and 
PPV only if both the right and left ventricle are working on 
the steep part of the Frank-Starling curve. In case of acute 
cor pulmonale, pulmonary arterial pressure is high and the 
right ventricle is enlarged and working on the flat part of the 
Frank-Starling relationship; mechanical insufflation increases 
pulmonary resistance (by increasing transpulmonary pres-
sure, which compresses pulmonary capillaries), increases 
RV afterload, and decreases RV ejection, LV preload, and LV 
ejection. Under these circumstances, the PPV does not reflect 
fluid responsiveness, and fluid infusion may be harmful (17). 
Hence, RV dilation and/or dysfunction should be ruled out 
using echocardiography before using PPV as a predictor of 
fluid responsiveness (17).

The last limitation on the use of PPV (even when cor-
rected for the ∆Ppl) is the feasibility of this measurement. To 
be valid, PPVs should be recorded in mechanically ventilated, 
well-sedated patients with a sinus rhythm but no spontaneous 
breathing. In a 1-day point prevalence study performed in 26 
ICUs at 22 French hospitals, we found that a very small pro-
portion of ICU patients (14%) satisfied all the validity criteria 
for the use of PPV (5).

One must bear in mind that other noninvasive methods 
can be used to assess the fluid responsiveness in ICU patients 
with ARDS. The passive leg raising (PLR) maneuver using 
echocardiography (for the measurement of cardiac output) 
is highly accurate for recognizing fluid responder and can 
be used, in contrast with PPV, in spontaneously breathing 
patients and in patients with arrhythmia (18, 19). Given that 
the PLR maneuver is independent of the tidal volume and 
heart-lung interactions, it can be used with confidence in 
ARDS patients with low tidal volume (in combination with 
or instead of the method by Liu et al) and seems more accu-
rate than PPV (19).

To summarize, despite limitations, the study by Lui et 
al demonstrates that the PPV/∆Ppl method (based on the 
pathophysiology of the heart-lung interaction) can be used 
at the bedside to assess the fluid responsiveness in ARDS 
patients with low tidal volumes instead PPV. This method 
seems very accurate and has a small “grey zone” but needs 
esophageal pressure measurement. If esophageal pressure 
cannot be measured for some reason, the PLR maneuver 
with cardiac output measurement using echocardiography 
can be used.
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Appropriate fluid management is a crucial issue in 
patients with acute respiratory distress syndrome 
(ARDS) (1–3). Pulse pressure variation (∆PP) has 

been proposed to predict fluid responsiveness (FR) (4, 5), that 
is, whether fluid administration will increase cardiac output 
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(CO) by greater than 15%. Mechanical ventilation induces 
cyclic changes in pleural pressure (∆Ppl) that transiently 
affect ventricular preload, resulting in greater cyclic changes 
in stroke volume (SV) when the ventricle operates on the steep 
(responder) rather than on the flat (nonresponder) portion of 
the Frank-Starling curve (6). These cyclic changes in SV can be 
evaluated by ∆PP over the respiratory cycle because the pulse 
pressure is proportional to SV (7).

However, ∆PP is less reliable in ARDS patients, who are 
often ventilated with a low tidal volume (VT) (< 8 mL/kg) as 
part of protective mechanical ventilation (7–10). It is usually 
hypothesized that the magnitude of ∆Ppl could be too small 
when VT is low, such that ∆PP is low even in patients exhibit-
ing significant increases in CO after fluid infusion (responders) 

(false negative [FN]) (11). In an attempt to improve the perfor-
mance of ∆PP in patients with low VT, Vallée et al (8) corrected 
∆PP by either the driving pressure [∆Paw = plateau pressure 
(Pplat) – total positive end-expiratory pressure (PEEPtot)] or 
VT and found that neither ∆PP/∆Paw nor ∆PP/VT was a better 
predictor than ∆PP. We believe that these findings were to be 
expected because the assumption of Vallée et al that ∆Paw is 
related to the magnitude of ∆Ppl is highly unlikely to be ful-
filled in ARDS patients, in whom ∆Ppl cannot be predicted 
from either ∆Paw or VT due to the great variability of the ratio 
of chest wall elastance (Ecw) to total respiratory system elas-
tance (E

RS
) (12–14). As recently outlined by da Silva Ramos 

et al (15), swings in pleural pressure do not necessarily follow 
∆Paw (or VT), given that ∆Ppl = ∆Paw × Ecw / E

RS
 (12).

TABLE 1. Comparison Between Responders and Nonresponders (n = 96)

Patient Characteristic

Responders (n = 52) Nonresponders (n = 44)

Baseline After Fluids Baseline After Fluids

Age, yr 56 ± 20 59 ± 14

Gender, male (%) 37 (71.2) 31 (70.5)

Acute Physiology and Chronic Health 
Evaluation II score

25 ± 3.5 25 ± 2.8

Plateau pressure, cm H2O 30 ± 4.5 28 ± 4.3a

Tidal volume, mL/kg predicted body 
weight

7.0 ± 0.8 7.2 ± 0.7

Respiratory rate, breaths/min 22 ± 6 23 ± 5

PaO2:FIO2 ratio, mm Hg 135 ± 52 138 ± 53

Respiratory system elastance, cm 
H2O/L

35.7 ± 8.2 32.4 ± 8.2

Chest wall elastance, cm H2O/L 8 (6.6–11) 10 (7.7–13.0)a

Respiratory changes in pleural pressure, 
cm H2O

4.0 (3.0–5.4) 5.0 (4.0–7.0)a

Severe sepsis or septic shock, n (%) 31 (59.6) 26 (59.1)

Heart rate, beats/min 99 ± 17 98 ± 16b 94 ± 13 93 ± 12c

Mean arterial pressure, mm Hg 70 ± 12 79 ± 10b 71 ± 9 75 ± 10b,d

central venous pressure, mm Hg 13.4 ± 4.3 16.7 ± 3.4b 13.3 ± 4.5 17.0 ± 4.9b

Pulse pressure variation, % 14.4 ± 8.5 8.7 ± 5.4b 8.2 ± 2.5e 7.1 ± 2.4b,d

Cardiac index, L/min/m2 3.4 ± 0.9 4.4 ± 1.0 3.8 ± 0.9a 3.8 ± 1.0

Cardiac output, L/min 6.3 ± 1.7 8.0 ± 2.1 7.0 ± 1.9a 7.0 ± 2.1

Hemoglobin, g/dL 11 ± 2.6 10 ± 2.5

Lactate, mEq/L 3.6 ± 1.8 3.5 ± 2.0

Norepinephrine, n; dose(μg/kg/min) 46; 0.8 (0.4–1.1) 40; 0.6 (0.25–1.0)

FIO2 O2
a p
b p
p

d p
e p

SD ≥
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Considering that the small ∆Ppl observed in patients with 
ARDS is the main factor responsible for the low ∆PP values in 
fluid responders (16), we hypothesized that normalizing ∆PP 
by ∆Ppl could prevent some of the FN results obtained with 
∆PP. The first aim of this study was to evaluate the predictive 
performance of ∆PP/∆Ppl in ARDS patients ventilated with 
a low VT (< 8 mL/kg). ∆PP/∆Ppl was evaluated using a gray 
zone approach and a risk-benefit assessment model for fluid 
administration. The second aim was to investigate the effects 
of respiratory variables (Pplat, ∆Paw, VT, and Ecw/E

RS
) on ∆PP 

performance and to identify the main factors responsible for 
the poor performance of ∆PP in the ARDS population.

MATERIALS AND METHODS

Setting and Patients
In this prospective observational study, consecutive patients 
admitted to a 40-bed ICU of a university teaching hospital from 
July 2013 to July 2014 were assessed. The institutional review 
board at our hospital approved this study, and written informed 
consent was obtained from the patients’ nearest relatives.

Patients were included if 
they met all of the following 
criteria: age older than 18 years; 
presence of circulatory fail-
ure defined as a systolic arte-
rial pressure less than 90 mm 
Hg (or a > 50 mm Hg decline 
of systolic arterial pressure in 
patients known to be hyperten-
sive) with signs of hypoperfu-
sion (urinary flow < 0.5 mL/kg/
min for > 2 hr, tachycardia > 100 
beats/min, or presence of skin 
mottling); a diagnosis of ARDS 
according to the Berlin defini-
tion (17); instrumentation with 
a thermodilution catheter; need 
for esophageal manometry and 
fluid challenge, as decided by 
the attending physician; and 
absence of cardiac arrhythmia 
and of spontaneous triggering 
of the ventilator. Exclusion cri-
teria were uncontrolled hem-
orrhage, significant valvular 
disease or intracardiac shunt, 
and air leakage through chest 
drains. The study was stopped 
if the respirator settings were 
changed or there was respira-
tory intolerance to volume 
expansion (a > 5% decrease in 
pulse oximetry [SpO

2
]).

Study Design
Patients were sedated and ventilated with a Viasys Avea ventila-
tor (CareFusion, Yorba Linda, CA) using the volume-controlled 
mode; VT was adjusted to 5–8 mL/kg based on the patient’s 
predicted body weight (18, 19). The Viasys Avea ventilator can 
be used to measure esophageal pressure (Pes). An esophageal 
balloon catheter was passed to a depth of 60 cm from the inci-
sors to measure gastric pressure and then withdrawn to a depth 
of 40 cm to record Pes during mechanical ventilation. Correct 
positioning of the balloon was verified as previously described 
(20). Then, fluid challenge was performed with a 500-mL 
saline bolus infused over 20 minutes (21). The CO increase 
induced by fluid challenge was used to classify each patient as 
a responder (≥ 15% increase in CO) or nonresponder (< 15% 
increase in CO) (8, 22). FR was also defined as a greater than or 
equal to 15% increase in SV.

Measurements
Hemodynamic measurements obtained before and after 
fluid challenge included heart rate (HR), mean arterial pres-
sure (MAP), central venous pressure, SV, ∆PP, and CO. CO 
was determined by the average of three thermodilution 

Figure 1. Individual values of baseline pulse pressure variation (∆PP) and ∆PP corrected for five respiratory 
variables in responders and nonresponders. The gray zones for “restrictive” fluid strategy (cost ratio = 2), which 
are represented as shaded zones, indicated two cutoffs between which the diagnosis of fluid responsiveness 
remains uncertain. The percentage in each figure (A–F) represents the proportion of results inside the gray zone. 
Responders are defined as patients whose cardiac output increased by at least 15% after a 500-mL saline bolus 
infusion. Ranges in parentheses represent 95% CIs. AUC = area under the receiver operating characteristic curve, 
Ecw = chest wall elastance, ERS = respiratory system elastance, ∆Paw = airway driving pressure calculated as the 
difference between plateau pressure and total positive end-expiratory pressure, ∆Ppl = respiratory variations in 
pleural pressure, VT = tidal volume.
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measurements using 15 mL cold saline with the PiCCO sys-
tem (Pulsion Medical Systems, Munich, Germany). ∆PP was 
calculated by an observer blinded to the other hemodynamic 
variables, as previously described (23). Three consecutive mea-
surements were averaged.

Measurements obtained before fluid challenge included 
the partial pressure of arterial oxygen, PEEPtot, respiratory 
rate (RR), VT, Pplat, ∆Paw, Pes measured at end-inspiratory 
(Pes, eio) and end-expiratory (Pes, eeo) occlusions, E

RS
, Ecw, 

and lung elastance (E
L
). Pplat was measured during end-

inspiratory occlusion and PEEPtot during end-expiratory 
occlusion. ∆Paw was calculated as Pplat – PEEPtot. ∆Ppl was 
calculated as the difference between Pes, eio and Pes, eeo. E

RS
 

was calculated as (Pplat – PEEPtot) / VT (Eq. 1). Ecw was cal-
culated as ∆Ppl/VT (Eq. 2). E

L
 was estimated as the difference 

between E
RS

 and Ecw. Rearranging Equations 1 and 2, it fol-
lows that ∆Ppl = (Pplat – PEEPtot) × Ecw / E

RS
 (Eq. 3) and 

hence ∆Ppl = ∆Paw × Ecw / E
RS

 (Eq. 4). Respiratory system 
compliance (CRS), which is the reciprocal of E

RS
, was calcu-

lated as VT / (Pplat – PEEPtot).

Statistical Analysis
Data were expressed as the mean ± SD or the median (25–75% 
interquartile range) unless otherwise specified. Differences 
between subgroups at baseline were assessed by Student t test 
or the Mann-Whitney test, as appropriate. Differences between 
the two groups in the evolution of hemodynamic variables 
from baseline to the end of fluid challenge were evaluated by 
repeated-measures analysis of variance.

Correlations between variables were evaluated using linear 
regression. A multivariate logistic regression model was used 
to identify factors significantly associated with correct classifi-
cation (true-positive [TP] and true-negative results) of FR sta-
tus with a △PP cutoff value of 12%. Given that the percentage 
of correct classifications at a 12% ∆PP was 63.5% in this study, 
up to four variables could potentially be included. Adjusted 
odds ratios (ORs) and 95% CIs were computed for variables 
independently associated with the event (1 = correct classifica-
tion of FR).

Receiver operating characteristic (ROC) curves were con-
structed to evaluate the capacity of each index to predict FR. 
A result was defined as TP when an index predicted responder 
status and the patient actually was fluid responsive. Areas under 
ROC curves (AUCs) were compared using the Hanley-McNeil 
test (24). In addition, the predictive ability of each index was 
evaluated using a two-step gray zone approach (25), which indi-
cated two cutoffs between which the diagnosis of FR remained 
uncertain. The first step comprised the determination of the 
best threshold in each of the 1,000 bootstrapped populations for 
each variable. The 95% CI of these 1,000 optimal cutoffs defines 
a gray zone. A second step defined three classes of response: 
negative, inconclusive, and positive. We defined inconclusive 
responses as values with either sensitivity less than 90% or speci-
ficity less than 90% (diagnosis tolerance of 10%). Sensitivity and 
specificity were then plotted on two curves. The gray zone was 
defined as the largest 95% CI of these two approaches.

Changes in gray zone limits according to the cost ratio (R = cost 
[false positive (FP)] / cost [FN]) were also evaluated. R less than 1 
denotes that not treating an FN result is worse than treating an FP 
one (which would characterize a “liberal” fluid strategy); R greater 
than 1 denotes that to treat an FP result is worse than missing an 
FN one (characterizing “restrictive” fluid management).

Sample Size Estimation
Based on previous results, AUCs for ∆PP were below 0.75 in 
ARDS patients with low VT (7, 22), 48% of whom would be 
expected to exhibit FR (7, 22). Taking into account the finding 
that ∆PP/∆Ppl was associated with an AUC greater than 0.90 
in our pilot measurements, a sample of 34 from the positive 
group (responders) and 37 from the negative group (nonre-
sponders) would achieve a power of 80% to detect a difference 
of 0.15 between an AUC of 0.75 and another AUC of 0.90 using 
a two-sided z test at a significance level of 0.05. The analyses 
were performed using SPSS Version 21.0.0 (IBM, Armonk, 
NY) and R 3.01 with the pROC package.

RESULTS
Five of the 103 patients (4.9%) meeting the inclusion criteria 
were excluded because of valvular disease (n = 1), intracardiac 
shunt (n = 2), or air leakage through chest drains (n = 2). Fluid 
infusion was interrupted in two patients because of a greater 
than 5% decrease in SpO

2
. Fifty-two of the remaining 96 

ARDS patients (54%) were defined as responders because CO 
increased by greater than or equal to 15% after fluid challenge. 
The proportion of responders was the same when response was 

Figure 2. Receiver operating characteristic curves comparing the ability 
of various indices to detect a fluid-induced increase in cardiac output of > 
15% in the whole acute respiratory distress syndrome population (n = 96). 
The area under the receiver operating characteristic curve (AUC) values 
for pulse pressure variation (∆PP, %) corrected for respiratory variations in 
pleural pressure (∆Ppl, cm H2O) and chest wall elastance (Ecw, cm H2O/L) 
were higher than that for ∆PP (p < 0.001). AUCs for ∆PP and ∆PP 
corrected for tidal volume (VT, L) were not significantly different (p > 0.05).
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defined as a greater than or equal to 15% increase in SV. Com-
parisons between responders and nonresponders are shown in 
Table 1. In the population as a whole, fluid challenge signifi-
cantly increased the cardiac index and MAP from 3.6 ± 0.9 to 
4.2 ± 1.1 l/min/m2 (p < 0.001) and 70 ± 10 to 78 ± 9.9 mm Hg  
(p < 0.001), respectively, whereas ∆PP was significantly 
decreased from 11.6 ± 7.1 to 7.9 ± 4.3 (p < 0.001). The changes 
in the MAP and ∆PP were significantly larger in the responders 
than in the nonresponders (Table 1).

Predictive Performance
Figure 1 shows the individual values of ∆PP and adjusted ∆PP 
in responders and nonresponders. The abilities of the indices 
to predict FR were tested by using ROC curve analysis (Fig. 2). 
The areas under the ROC curves for ∆PP values adjusted for 
∆Ppl, Ecw, and Ecw/E

RS
 were significantly (p < 0.01) larger 

than that for ∆PP alone. Adjusting ∆PP for other variables 
(Pplat, ∆Paw, VT, E

RS
, HR/RR, and E

L
) did not improve the 

predictive performances (all p > 0.05) (Table 2; and Table S1, 
Supplemental Digital Content 1, http://links.lww.com/CCM/
B463).The best cutoff values for ∆PP and ∆PP/∆Ppl were 10% 
(sensitivity = 67.3% and specificity = 84%) and 2% (sensitivity 
= 92.3% and specificity = 93.2%), respectively. The common 
∆PP cutoff of 12% had a sensitivity of 42.3% and specificity of 
88.6% (Table 2).

Gray Zones for ∆PP and ∆PP/∆Ppl
For normal fluid policy (cost ratio = 1), the gray zone approach 
identified a range of ∆PP values, between 7% and 12%, for which 
FR cannot be reliably predicted. More than 45% of the patients 
were within this inconclusive zone (Fig. 3, A and B). By contrast, 
∆PP/∆Ppl had a narrow gray zone (1.94–2.1) for normal fluid 
policy (R = 1) that only included 3.1% of the patients (Fig. 3, C 
and D). Furthermore, the gray zone limits change according to 
the cost ratio chosen. When applying “restrictive” fluid manage-
ment (cost ratio = 2), unnecessary fluid loading is considered to 
be two times more deleterious than nonoptimal CO maximiza-
tion (potential risk: organ hypoperfusion); the gray zone for 
∆PP/∆Ppl was 2.02–2.45 and included only 11 patients (11.4%) 
(Figs. 1 and 3F; and Table S2, Supplemental Digital Content 1, 
http://links.lww.com/CCM/B463). All results were the same when 
responders were defined by a 15% fluid-induced increase in SV.

Factors Influencing Baseline ∆PP Performance
Multivariate logistic regression identified Ecw/E

RS
 (OR, 2.035 

per 0.1 unit; 95% CI, 1.36–3.06; p = 0.001) and VT (OR, 1.57 
per 50 mL; 95% CI, 1.05–2.34; p = 0.027) as the only indepen-
dent factors associated with correct classification of respon-
siveness status at a ∆PP cutoff value of 12%, with the former 
being the major determinant (Table S3, Supplemental Digital 
Content 1, http://links.lww.com/CCM/B463).

TABLE 2. Ability of Pulse Pressure Variation and Corrected Pulse Pressure Variation Values 
to Predict Fluid Responsiveness in 96 Acute Respiratory Distress Syndrome Patients 
Ventilated With Tidal Volume Less Than 8 mL/kg

Variables ∆PP
∆PP/ 
∆Paw

∆PP/VT

∆PP × ERS

∆PP/ 
(HR/RR)

∆PP  
Common

∆PP/Ecw ∆PP/∆Ppl

Predicted  
Body  

Weight (kg) Cutoff

Area under the 
receiver operating 
characteristic curve

0.78 
(0.69–0.86)

0.73 
(0.6–0.81)

0.81 
(0.71–0.88)

0.8 
(0.7–0.87)

0.75 
(0.65–0.84)

0.78 
(0.69–0.86)

0.94 
(0.87–0.97)a

0.94 
(0.88–0.98)a

Threshold, % > 10 > 0.86 > 1.15 > 300 > 2.12 > 12 > 0.996 > 2

Sensitivity, % 67.3 
(52.9–79.7)

42.3 
(28.7–56.8)

88.5 
(76.6–95.6)

75 
(61.1–86)

73.1 
(58.7–84.0)

42.3 
(29.0–56.7)

82.7 
(69.7–91.8)

92.3 
(81.5–97.9)

Specificity, % 84.0 
(69.9–93.4)

97.7 
(88.0–99.9)

68.2 
(52.4–81.4)

75 
(59.7–86.8)

68.2 
(52.3–81.0)

88.6 
(74.6–95.7)

93.2 
(81.3–98.6)

93.2 
(81.3–98.6)

Positive  
likelihood ratio

4.2 
(2.1–8.6)

18.6 
(2.6–132)

2.8 
(1.8–4.3)

3.0 
(1.8–5.1)

2.4 
(1.4–3.6)

3.7 
(1.5–9.0)

12.1 
(4.0–36.4)

13.5 
(4.5–40.5)

Negative  
likelihood ratio

0.4 (0.3–0.6) 0.59 
(0.5–0.7)

0.17 
(0.1–0.4)

0.3 
(0.2–0.5)

0.4 
(0.2–0.6)

0.65 
(0.5–0.8)

0.2 
(0.1–0.3)

0.08 
(0.03–0.2)

Positive  
predictive value, %

83.3 
(68.0–92.4)

95.6 
(76.0–99.7)

76.6 
(63.6–86.2)

78 
(63.6–88)

73.1 
(58.7–84.0)

81.8 
(61.3–92.9)

93.4 
(81.1–98.3)

94.1 
(82.8–98.5)

Negative predictive 
value, %

68.5 
(54.3–80)

58.9 
(46.7–70.1)

83.3 
(66.5–93.0)

71.7 
(56.3–83.5)

68.2 
(52.3–81.0)

56.5 
(44.1–68.2)

82 
(68.1–91.0)

91.1 
(77.9–97.2)

∆ ∆ 2
T RS 2 2

∆ 2
 a p ∆
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To identify any subpopulation in which ∆PP might achieve 
better results, we performed a subgroup analysis. In the case 
of Ecw/E

RS
 above the median value (> 0.28), ∆PP was asso-

ciated with an AUC of 0.94 (95% CI, 0.87–0.99) compared 

with 0.76 (95% CI, 0.61–0.87) 
otherwise (p = 0.02). The 
predictive performance of 
∆PP differed most between 
patients with lower and 
higher values of Ecw/E

RS
 at 

Ecw/E
RS

 = 0.38 (Fig. 4C; and 
Fig. S1, Supplemental Digital 
Content 1, http://links.lww.
com/CCM/B463). In addi-
tion, ∆PP performed signifi-
cantly better in patients with 
VT above the median value 
(> 516 mL) than in those with 
VT less than 516 mL (Fig. 4D; 
and Fig. S2, Supplemental 
Digital Content 1, http://
links.lww.com/CCM/B463). 
By contrast, ∆PP performed 
similarly in subgroups of 
patients according to the 
Pplat, △Paw, CRS, E

L
, and 

HR/RR ratio (Fig. 4B; and 
Fig. S3, Supplemental Digital 
Content 1, http://links.lww.
com/CCM/B463).

Among the respiratory 
variables (Pplat, ∆Paw, VT, 
E

RS
, ∆Ppl, and Ecw/E

RS
), 

∆Ppl is the most impor-
tant determinant of ∆PP in 
both responders (R2 = 0.66;  
p < 0.001) and nonre-
sponders (R2 = 0.18; p = 0.005) 
(Table S4, Supplemental Digital 
Content 1, http://links.lww.
com/CCM/B463; and Fig. S4, 
Supplemental Digital Content 
1, http://links.lww.com/CCM/
B463). Furthermore, ∆Ppl is 
most importantly influenced 
by Ecw (R2 = 0.84; p < 0.001) 
and Ecw/E

RS
 (R2 = 0.69; 

p < 0.001) and cannot be reli-
ably estimated from VT, ∆Paw, 
E

RS
, and Pplat (Fig. 5; and 

Table S5, Supplemental Digital 
Content 1, http://links.lww.
com/CCM/B463).

DISCUSSION
In 96 ARDS patients without 

arrhythmia or spontaneous respiratory activity, our results 
confirmed earlier findings (7, 8, 10) that ∆PP is an unre-
liable predictor of FR. Our study also confirmed a previ-
ous hypothesis (11, 26) that ∆Ppl is too low at low VT and, 

Figure 3. Determination of the gray zones for pulse pressure variation (∆PP) and ∆PP corrected for respiratory 
variations in pleural pressure (∆Ppl) according to a normal fluid policy (cost ratio: R = 1) or a “restrictive” fluid 
policy (cost ratio: R = 2). The gray zone approach indicated two cutoffs between which the diagnosis of fluid 
responsiveness remains uncertain. The distribution of the optimal cutoffs for each of the 1,000 resampled 
population is depicted by histograms (A, C, E, and F). The gray zone (95% CI for the optimal cutoffs) is 
represented as a shaded zone. The vertical dotted lines indicate the medians of the optimal cutoffs. Two graphs 
show receiver operating characteristic curves (B and D) for the sensitivity (Se; open circle, dashed line) and 
specificity (Sp; open circle, solid line) of each index (∆PP [B] and ∆PP/∆Ppl [D]) according to the value of the 
cutoff. The inconclusive zone, which is more than 10% of diagnosis tolerance, is represented as a shaded area.
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therefore, ∆PP can indicate nonresponsiveness in “respond-
ers” (FNs). However, the reduced ∆PP can be corrected by low 
∆Ppl values because ∆PP and ∆Ppl are strongly correlated in 
both responders and nonresponders (Table S4, Supplemental 
Digital Content 1, http://links.lww.com/CCM/B463; and Fig. 
S4, Supplemental Digital Content 1, http://links.lww.com/
CCM/B463). A ∆PP/∆Ppl greater than 2 predicted FR with 
a sensitivity of 92.3% and a specificity of 93.2%. We did not 
investigate the predictive ability of SV variation obtained by 
the PiCCO device (or by esophageal Doppler monitoring) 
in ARDS patients. This would be an interesting direction for 
future studies.

In previous publications (7, 
27), the poor predictive ability 
of ∆PP was related to low VT. 
The present work advances the 
field by showing that the poor 
∆PP performance is related 
more to a low Ecw/E

RS
 than 

to the low VT, such that nor-
malization of ∆PP by Ecw/E

RS
 

markedly improved the pre-
diction of FR, whereas ∆PP 
corrected for VT did not (Fig. 
2 and Table 2). The inability 
of ∆PP/VT (or ∆PP/∆Paw) 
to improve the prediction of 
FR in ARDS patients is in line 
with previous findings (8, 22). 
Actually, we do believe that a 
low VT induces small respi-
ratory variations in pleural 
pressure (∆Ppl), and conse-
quently low ∆PP values, even 
in responders (FNs). The issue 
is that the magnitude of ∆Ppl 
was mostly attenuated by a 
low Ecw/E

RS
 ratio (R2 = 0.69), 

but to a lesser extent by low VT 
(R2 = 0.12) (Fig. 5), empha-
sizing the prominent role of 
reduced Ecw/E

RS
 over low VT 

in generating the low ∆PP val-
ues of responders in the ARDS 
population (Fig. 4; and Fig. S4, 
Supplemental Digital Content 
1, http://links.lww.com/CCM/
B463). Indeed, given that ∆Ppl 
= ∆Paw × Ecw / E

RS
 and ∆Paw 

= E
RS

 × VT, the great variabil-
ity of Ecw/E

RS
 observed in 

our study (range, 0.07–0.67), 
similar to the 0.08–0.8 range 
reported for ICU populations 
with ARDS in the literature 
(12, 13, 28, 29), accounts for 

the inadequacy of ∆Paw or VT as a determinant of ∆Ppl (and 
of ∆PP) (Fig. 5; and Fig. S4, Supplemental Digital Content 
1, http://links.lww.com/CCM/B463) and explains the differ-
ences in cutoff values for ∆PP among previous studies (7, 22, 
30) (5–12% in ARDS patients).

However, as proposed by Chiumello et al (12), any influence 
of Ecw/E

RS
 on ∆Ppl (and thus on ∆PP) may appear unrealis-

tic in non-ARDS subjects, in whom an Ecw/E
RS

 ratio of 0.5 is 
expected and for whom the main determinant of ∆Ppl would 
be ∆Paw (11). This could explain why Vallée et al (8) and 
Muller et al (10) reported that ∆PP performance was largely 
related to ∆Paw in non-ARDS patients, such that adjusting 

Figure 4. Individual values of baseline pulse pressure variation (∆PP) according to volume responsiveness 
status in subgroups of patients analyzed according to respiratory changes in pleural pressure (∆Ppl) higher 
or lower than 5.5 cm H2O (A), respiratory system compliance (CRS) higher or lower than the median value of 
30 mL/cm H2O (B), chest wall elastance/respiratory system elastance ratio (Ecw/ERS) higher or lower than 
0.38 (C), and tidal volume (VT) higher or lower than the median value of 516 mL (D). AUC = area under the 
receiver operating characteristic curve.

http://links.lww.com/CCM/B463;
John Vogel


John Vogel


http://links.lww.com/CCM/B463
http://links.lww.com/CCM/B463
http://links.lww.com/CCM/B463
http://links.lww.com/CCM/B463
http://links.lww.com/CCM/B463


Copyright © 2015 by the Society of Critical Care Medicine and Wolters Kluwer Health, Inc. All Rights Reserved.

www.ccmjournal.org 349

∆PP for ∆Paw increased its performance in patients ventilated 
with a VT greater than 8 mL/kg (8).

Although Monnet et al (31) showed that the low ability of 
∆PP to predict FR was related to low CRS (= 1 / E

RS
), others 

failed to demonstrate any such effect (22, 32). These contradic-
tory findings can be explained by partitioning E

RS
 into its lung 

and chest wall components. Our study clearly demonstrates 
that a low Ecw/E

RS
, rather than a low CRS (or high E

RS
), induces 

reduced pleural pressure swings (∆Ppl) and therefore low ∆PP 
values in responders (FN results). Indeed, the same value of 
E

RS
 (1 / CRS) can generate dramatically different values of ∆Ppl 

and ∆PP (Fig. 5; and Fig. S4, Supplemental Digital Content 1, 
http://links.lww.com/CCM/B463). The highly variable relation 
between E

RS
 and ∆Ppl is mainly due to great variations in Ecw 

(∆Ppl = ∆Paw × Ecw / E
RS

) and explains why a low CRS is not a 
key factor accounting for the decreased magnitude of ∆Ppl and 
the consequent low ∆PP values in responders, especially in the 
case of ARDS, where Ecw varies widely among patients (12, 13).

Despite the high accuracy of ∆PP/∆Ppl in predicting FR, 
the single cutoff (i.e., ∆PP / ∆Ppl > 2) that dichotomizes the 
population does not enable the clinician to take decisions 
concerning fluid infusion because there is always an overlap 
of ∆PP / ∆Ppl values between responders and nonresponders 
(Fig. 1). The gray zone approach provides two cutoffs and 
appears to be more informative for ICU physicians. One cutoff 
(the lower limit of the gray zone) is chosen to exclude a fluid 

challenge with near certainty, 
whereas the second cutoff (the 
upper limit of the gray zone) is 
chosen to initiate a fluid chal-
lenge with near certainty. More 
importantly, the ∆PP/∆Ppl 
gray zone changes depending 
on whether the clinician aims 
at a “restrictive,” “normal,” or 
“liberal” fluid policy (Fig. 3; 
and Table S2, Supplemental 
Digital Content 1, http://links.
lww.com/CCM/B463), which 
is of major clinical importance. 
A restrictive fluid strategy is 
highly recommended (3) in 
ARDS patients for most of the 
course of treatment. However, 
the fact that the goal-directed 
therapy provided at the earli-
est stages of septic shock has 
significant short-term and 
long-term benefits (33) could 
influence the clinician toward 
choosing a “liberal” therapy 
(R < 1) for some patients with 
ARDS and septic shock, at least 
in the early hours of their ill-
ness. When a given value of 
∆PP/∆Ppl is in the gray zone 

(i.e., between 2.02 and 2.45 for a “restrictive” fluid policy), a 
“minifluid” challenge could be a valuable alternative.

Only some 50% of patients respond to fluid challenge (25, 
34), so the poor predictive ability of ∆PP corrected for several 
respiratory variables (VT, ∆Paw, and CRS) could be viewed as 
disappointing because ARDS patients may particularly suffer 
for unjustified fluid administration (3, 35). Although superior to 
∆PP, FR predictions based on ∆PP / (Ecw/E

RS
) had a relatively 

low sensitivity and were inconclusive in nearly 25% of patients, 
potentially limiting their clinical application to ARDS patients 
(Fig. 1; and Table S2, Supplemental Digital Content 1, http://
links.lww.com/CCM/B463). One should also bear in mind that 
Ecw is calculated based on ∆Ppl measurements (Eq. 2). In this 
study, ∆PP/∆Ppl could detect FR with excellent sensitivity and 
specificity and a narrow gray zone of uncertainty for each fluid 
policy. Clinicians should be encouraged to use ∆PP/∆Ppl in an 
attempt to make more rational and informed decisions on fluid 
management for ARDS patients in a wide range of circumstances.

In this study, five nonresponders had a ∆PP higher than 
12% (FP results). As demonstrated by Vieillard-Baron et al 
(36), in patients with acute cor pulmonale (ACP), a signifi-
cant ∆PP may not be the result of a significant change in right 
ventricular (RV) preload but may be due to a marked increase 
in RV afterload during insufflation. In a study performed in a 
series of 35 critically ill and mostly surgical patients, Mahjoub 
et al (37) reported 34% FP cases of ∆PP. Bouferrache and 

Figure 5. Respiratory changes in pleural pressure (∆Ppl) plotted against four different variables (n = 96). 
According to the physiological equation, airway driving pressure (∆Paw) and the ratio of chest wall elastance 
(Ecw) to total respiratory system elastance (ERS) together determine the value of ∆Ppl (∆Ppl =∆Paw × Ecw 
/ ERS). As shown, ∆Ppl is strongly correlated with Ecw/ERS (B), weakly correlated with ∆Paw (A) and tidal 
volume (VT) (C), and not correlated with ERS (D).

http://links.lww.com/CCM/B463
John Vogel


http://links.lww.com/CCM/B463
http://links.lww.com/CCM/B463
http://links.lww.com/CCM/B463
http://links.lww.com/CCM/B463


Copyright © 2015 by the Society of Critical Care Medicine and Wolters Kluwer Health, Inc. All Rights Reserved. Copyright © 2015 by the Society of Critical Care Medicine and Wolters Kluwer Health, Inc. All Rights Reserved.

Liu et al

350 www.ccmjournal.org

Vieillard-Baron (38) commented that FP cases would be 
more likely to occur in ARDS patients with ACP because the 
high transpulmonary pressure resulting from the increased 
E

L
 (a major determinant of RV afterload) might dramatically 

increase the ∆PP value through a large increase of RV after-
load. However, in the present and other studies (5, 7, 8, 22, 39) 
of septic or ARDS patients, prevalence of FPs has been lower. 
The infrequency of FP cases could be explained by the pres-
ence of additional factors (low VT ventilation [7, 22], low Ecw/
E

RS
 ratio (Fig. 1), high-frequency ventilation [40], and norepi-

nephrine infusion [41]) that tend to reduce, not increase, the 
amplitude of ∆PP.

Our study has some limitations. First, it was a single-cen-
ter study, and although our median values for ∆Ppl (4.3 cm 
H

2
O) and Ecw/E

RS
 (0.28) are consistent with values reported 

in the literature for mixed ICU populations with ARDS 
(19, 28, 42, 43), further studies are needed in other institu-
tions to examine the generalizability of our findings. Second, 
we did not perform echocardiographic analyses, so we could 
not illustrate a phenomenon causing FP cases of ∆PP. In some 
patients, significant ∆PP values may be related to the presence 
of ACP rather than signifying FR (36, 37). However, as men-
tioned above, FP cases of ∆PP are expected to be infrequent in 
ARDS patients. Third, most of the esophageal catheters were 
designed for research purposes and this technique is under-
used in clinical settings. Fortunately, with the Pes monitoring 
incorporated into some ventilators (44), Pes measurements 
can now be safely and satisfactorily performed at the ICU 
bedside. Finally, before routine monitoring of Pes can be rec-
ommended in patients with ARDS, further studies are needed 
to determine whether patient outcomes will be improved by 
using our ∆PP/∆Ppl predictor to guide fluid therapy.

CONCLUSIONS
∆PP adjusted by ∆Ppl improved the prediction of FR by avoid-
ing some of the FNs observed using ∆PP alone. For the restric-
tive fluid strategy recommended by guidelines for most ARDS 
patients, we identified a narrow gray zone for ∆PP/∆Ppl (2.02–
2.45) that included only 11.4% of all patients, supporting the 
usefulness of this index for deciding fluid administration in 
ARDS patients. The low ability of ∆PP to predict FR is related 
more to a low Ecw/E

RS
 ratio than to a low VT.
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