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Abstract Objective: To evaluate
the ability of DPP/DP [pulse pressure
variations (DPP) adjusted by alveolar
pressure variations (DP = Pplat-
PEEPtot)] in predicting fluid respon-
siveness, to compare its accuracy to
that of DPP used alone and to evalu-
ate the influence of tidal volume (Vt)
on these two indices. Design: Pro-
spective study. Setting: A 22-bed
general intensive care unit (ICU).
Patients: Eighty-four surgical or
medical ventilated patients requiring
fluid challenge. Intervention: A
6 ml/kg colloid fluid challenge in
30 min. Measurements and
results: Hemodynamic measure-
ments taken before and after fluid
challenge. Patients separated into
responders and nonresponders
according to a 15% increase in their
cardiac output. Thirty-nine patients
found to be responders and 45

nonresponders. DPP/DP and DPP
were both higher in responders than
in nonresponders. DPP/DP was a
better predictor of fluid responsive-
ness than DPP, especially for patients
ventilated with Vt C 8 ml/kg [area
under the curve (AUC) 0.88 (0.77–
0.98) versus 0.75 (0.60–0.89),
P \ 0.01)]. In this population DPP/
DP higher than 0.9 predicted fluid
response with positive predictive
value of 87% and negative predictive
value of 78%. Overall DPP and DPP/
DP reliability was poor for patients
ventilated with Vt \ 8 ml/kg [AUC
0.63 (0.45–0.81) and 0.72 (0.55–
0.88), respectively]. Conclusion:
In this mixed ICU population DPP
adjusted by DP is a simple index
which outperforms DPP for patients
ventilated with Vt C 8 ml/kg. How-
ever, correcting DPP by DP still fails
to predict fluid response reliably in
patients ventilated with low tidal
volume.

Keywords Fluid responsiveness �
Delta PP � Positive respiratory
pressure � ARDS

Introduction

Adequate use of fluid therapy in critically ill patients is a
major issue for intensive care physicians. As Starling
curve changes between patients, static markers of preload

poorly reflect the prediction of fluid responsiveness [1, 2].
In contrast, dynamic indices related to cyclic change in
left ventricular stroke volume induced by mechanical
ventilation usually predict individual response to fluid
loading [3–6]. Michard et al. [6] have demonstrated that
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respiratory changes in stroke volume can be evaluated
reliably by changes in pulse pressure (DPP). However,
several authors note that the formation of DPP is complex
and depends on the volume and respiratory status of the
patient [7, 8]. For a preload-dependent patient the main
stimulus of pulse pressure variation is likely to be the
inspiratory decrease in right ventricular preload due to the
increase in pleural pressure [7]. Pleural and intrathoracic
pressure variations are therefore the motor of cyclic
change in stroke volume in preload-dependent patients.
This depends on alveolar pressure variations and lung
compliance influencing the transmission of alveolar
pressure to the pleural space (transpulmonary pressure)
[8]. This physiological point may explain, at least in part,
the limitations of DPP recently underlined in patients
ventilated with low tidal volume [9] and/or patients with
right ventricular dysfunction [10].

We hypothesized that normalizing the pulse pressure
variation (DPP) by alveolar pressure variations (DP =
Pplat-PEEPtot) (Fig. 1 of ESM) could give a combined
index (DPP/DP) which could attenuate some of the false-
negative and false-positive results of DPP. False negative
occurs when the changes in transpulmonary pressure are
too small to induce changes in venous return: small DPP
could be normalized by a small DP. The false positive
occurs when the presence of a significant DPP may be the
consequence of a right ventricular (RV) dysfunction:
inordinate increase of RV output impedance with an
enlargement of DP unbalanced by substantial decrease of
venous return.

The aim of this study was thus to compare DPP/DP
and DPP as indicators of fluid responsiveness in a mixed
population of ICU patients. The second aim was to
evaluate the influence of tidal volume on these two
indices.

Materials and methods

Methods

From July 2005 to July 2007 all patients ventilated and
monitored by PiCCo system and for whom a fluid chal-
lenge was discussed according to the clinical presentation
were included in the present study. In each patient an
indication of fluid loading was given on the basis of
tachycardia, hypotension, oliguria or cutaneous vasocon-
striction. All patients were monitored with arterial
catheter as well as by cardiac monitoring by PiCCo sys-
tem (Pulsion, Medical Systems AG, Munich, Germany).
Patients were mechanically ventilated without spontane-
ous respiratory movements (identified by visual
inspection of the airway pressure curve and leaking of
assisted breath when compared with the respiratory rate
set on the ventilator). Patients were excluded in case of

arrhythmia. Fluid challenge was performed with 6 ml/kg
hydroxyethyl starch solution (Voluven, Fresenius KABI�,
Germany) infused over 30 min. Patients were considered
fluid responders when cardiac index (CI) increased over
more than 15% of baseline value. Hemodynamic mea-
surements obtained just before and after the fluid
challenge included mean arterial pressure (MAP), heart
rate (HR), central venous pressure (CVP), and CI. CI was
determined by the average of three thermodilution mea-
surements using 15 ml cold physiologic serum. DPP was
determined as previously described using the maximal
pulse pressure at end-inspiration and the minimal pulse
pressure obtained 3–4 beats later during expiration by
manual measurement of arterial pressure from a conven-
tional arterial catheter after performing a fast-flush
test [11]. Recordings were made directly on scope
(Philips�V50) using cursors after freezing windows.

Respiratory measurements obtained before fluid chal-
lenge included expiratory tidal volume (Vt), respiratory
rate (RR), total PEEP (PEEPtot), and plateau pressure
(Pplat). PEEPtot and Pplat were measured using end-
expiratory and end-inspiratory occlusion maneuvers of 2 s,
respectively. DPP/DP was obtained by dividing DPP by
(Pplat-PEEP) (Fig. 1 of ESM). Static compliance (Cs) was
calculated by dividing Vt by (Pplat-PEEPtot). The ratio of
DPP/Vt to Vt expressed in ml/kg was also tested to assess
the impact of Vt level on DPP value. Patients were venti-
lated by the following ventilators at the discretion of the
treating physician: Evita 4 (Drager�); Servo300 or Servo I
(Siemens�). Ideal body weight was calculated using the
following ideal weight formula: Ideal weight = X ?
0.9 9 (Height (cm) - 152); $: X = 45.5 kg, #: X =
50 kg.

The study was approved by the Ethics Committee of
our institution. Consent was waived as no specific inter-
vention was required. The fluid loading procedure and the
hemodynamic measurements taken in the present study
are routinely performed to assess fluid responsiveness in
our unit.

Statistical analysis

Parameters were compared using analysis of variance
(ANOVA) or nonparametric Mann–Whitney U test when
equality of variance was not met. The effects of fluid
challenge were analyzed using Wilcoxon rank test.
Receiver operator characteristic (ROC) curves were first
generated for all patients to evaluate the capacity of DPP
and DPP/DP to predict fluid responsiveness. If the ROC
curve area was greater than 0.5 the best cutoff value was
calculated. Then the ROC curve analysis was generated,
separating patients according to tidal volume of\8 ml/kg
and C8 ml/kg. The same analysis was done for the DPP/Vt
ratio. P value B0.05 was considered statistically signi-
ficant. Data are presented as median (25–75 percentiles)
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and with 95% confidence interval for the predictive value
and ROC curve area.

Results

From July 2005 to July 2007, 84 patients were succes-
sively enrolled. Based on CI variation induced by the fluid
challenge, 39 patients were classified as responders and
45 as nonresponders. There was no significant difference
between responders and nonresponders according to age,
simplified acute physiology score II (SAPSII), diagnosis,
and norepinephrine infusion rate (Table 1).

In the overall population DPP and DPP/DP was higher
in responders than in nonresponders (Table 2). The pre-
diction of fluid responsiveness was better with DPP/DP
than DPP [ROC curve area (AUC) 0.81 (0.71–0.90) ver-
sus 0.71 (0.60–0.82); P \ 0.01] (Table 4).

At baseline, CI was lower in responders than in non-
responders (Table 2): AUC for CI baseline value was 0.63
(0.45–0.79).

Tidal volume was \8 ml/kg in 42 patients and
C8 ml/kg in 42 patients. For Vt C 8 ml/kg, DPP/DP was
a significantly better predictor of fluid responsiveness
than DPP [ROC curve area 0.88 (0.77–0.98) versus
0.75 (0.60–0.89); P \ 0.01] (Figs. 1 and 2; Table 4).

Characteristics of patients ventilated with tidal volume
\8 ml/kg and C8 ml/kg are presented in Table 3. For
Vt \ 8 ml/kg, DPP and DPP/DP failed to predict fluid
responsiveness accurately [ROC curve area 0.62 (0.45–
0.80) and 0.72 (0.55–0.88)] (Table 4).

In the overall population, as well as in patients ven-
tilated with high or low Vt, the DPP/Vt ratio did not
perform better than DPP (Fig. 2 of ESM).

Discussion

Our results obtained from a group of unselected ICU
patients show first that DPP adjusted by DP is a simple
index which outperforms DPP for patients ventilated with
Vt C8 ml/kg. Secondly this study confirmed that DPP
reliability was poor for patients ventilated with Vt \8 ml/
kg, and reveals that DPP/DP failed to really improve
overall prediction at low Vt.

Pulse pressure variations depend on both cardiovas-
cular and respiratory mechanisms [12, 13]. On the
respiratory side these processes include at least: Vt level,
lung volume, PEEP level, and chest wall and lung com-
pliances [14–16]. This emphasizes that DPP should not be
interpreted without paying attention to ventilatory settings
[17, 18]. With this objective the simple normalization—
easily obtained at the bedside—of respiratory pulse
pressure variations by alveolar pressure variations has
increased the accuracy of DPP by diminishing the num-
ber of false negatives and false positives, especially in
patients ventilated with Vt C8 ml/kg (Figs. 1 and 2). As
mentioned previously two explanations may be advanced
to support our results.

The first scenario occurs in the case of low changes in
transpulmonary pressure while preload reserve is present.
In this case, an increase in lung volume and airway
pressure may not be large enough to modify pleural
pressure, venous return, and cardiac filling [17]: A rela-
tively inconsistent DPP may be counterbalanced by a low
DP, and a combined index (DPP/DP) may therefore be
more likely to reveal underestimated volume respon-
siveness. Romand et al. demonstrated that cyclic change
in pleural pressure is mostly determined by magnitude of
tidal volume (Vt) but also to a lesser extent by driving
pressure variations (DP) [19]. In fact, few studies have
argued that airway pressure could be a major component
of the repercussion of mechanical ventilation on cardiac
filling. If pleural pressure variations can be considered as
a fractional transmitted pressure from airway pressure,
DP is then related to the magnitude of tidal swing of
pleural pressure for given lung compliance and Vt [8, 16,
20]. This could explain why normalization of DPP by DP
improved DPP reliability, by integrating both Vt and
respiratory system compliance as opposed to normaliza-
tion by tidal volume level alone (Fig. 2 of ESM).

Table 1 Characteristics of patients

Characteristics of patients

Number 84
Age, years 56 [35–70]
Male, n (%) 50 (60)
SAPS II 55 [35–79]
Mortality, n (%) 29 (35)

Diagnosis
Medical, n (%) 45 (54)
Infection, n 25
Neurological problem, n 10
Respiratory failure, n 10

Surgical, n (%) 39 (46)
Trauma, n 17
Abdominal surgery, n 17
Gynecologic surgery, n 5
Severe sepsis or septic shock, n (%) 43 (51)
ALI, n (%) 14 (17)
ARDS, n (%) 23 (27)

Adrenergic agents
Norepinephrine, n (%);

dose (mcg/kg/min)
71 (85); 0.35 [0.11–0.75]

Dobutamine, n (%); dose (mcg/kg/min) 12 (14); 6 [3–10]
Biological variables
Lactate, mmol/l 2.5 [1.6–5.1]
ScvO2-% 74 [68–80]
pH 7.37 [7.28–7.42]
PaO2/FiO2 233 [144–377]

SAPS II simplified acute physiology score, SOFA sequential organ
failure assessment, ARDS acute respiratory distress syndrome, ALI
acute lung injury
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Secondly, previous studies or comments have revealed
that DPP can be significant without real changes in venous
return but with an increase in right ventricular afterload

[10, 14, 21, 22]. This second scenario occurs when
patients are ventilated at relatively high lung volume
above the functional residual capacity (FRC). In that case,
elevated driving pressure (DP) could reflect transpulmo-
nary pressure variations and changes in right ventricular
afterload (i.e., cyclic twist zone III to zone II West lung
regions) [23–26]. Thus, positive DPP may not be the
result of a significant change in right ventricular preload
but may be due to a prevalent increase in right ventricular
output impedance and afterload: Patients were thus
unresponsive to fluid loading but correctly classified
according to DPP/DP. However, the normalization of DPP
by DP could not exclude all DPP false positives (i.e.,
inspiratory elevation of pulse pressure with significant
Dup effect [20, 22] or direct transmission of pressure to
the aorta [27])—but alert the clinician to be cautious if
there is a significant DPP together with large DP (DPP/
DP \ 0.9).

Our results confirm previous observations on the low
predictive value of DPP for patients ventilated with
Vt \ 8 ml/kg [9]. Even though a recent study found DPP
of possible interest in ARDS patients [28], the limitations
of DPP at low Vt in our series seem nonnegligible. Fur-
thermore, DPP/DP failed to really improve the prediction
of fluid responsiveness in this population (Table 4). This
unexpected result could be viewed as disappointing since
the question of fluid responsiveness is of particular
importance in ARDS population [29]. However, the rel-
ative high specificity compared with low sensitivity
(Table 4: Spe = 88% and Sens = 43% with a 0.9

Table 2 Hemodynamic data and biological variables in responders and nonresponders

Responders (n = 39) Nonresponders (n = 45)

Baseline After fluids Baseline After fluids

Heart rate, bpm 102 [82–110] 99 [79–106] 93 [77–106] 92 [75–105]
Mean arterial pressure, mm Hg 79 [63–85] 82 [69–96] 73 [65–87] 75 [66–91]
Cardiac index, l/min/m2 3.0 [2.35–3.55] 3.6 [2.8–4.7]??? 3.7 [2.8–4.8]* 3.8 [3.01–4.5]
CVP, mm Hg 12 [11–16] 13 [11–15] 12 [10–14] 14 [13–16]
DPP, % 15 [12–23] 10 [7–15]?? 11 [7–15]*** 7 [5–12]
DPP/DP 1.2 [0.7–1.7] 0.8 [0.42–1.1]?? 0.54 [0.4–0.84]*** 0.51 [0.32–0.82]
Hemoglobin, g/dl 11.1 [9.8–13.1] 9.8 [8.9–11.1]
ScvO2, % 73 [67–79] 76 [72–83]
Lactate, mEq/l 3.6 [1.7–5.7] 2.6 [1.5–4.6]
pH 7.38 [7.28–7.44] 7.37 [7.28–7.41]
Tidal volume, ml/kg 8.3 [7.6–9.1] 7.4 [6.4–8.7]*
Plateau pressure, cm H2O 20 [16–23] 24 [20–27]***
Total PEEP, cm H2O 5 [4–7] 5 [3–7]
Static compliance, ml/cm H2O 37 [33–50] 29 [24–35]***
DP (Pplat-PEEPtot), cm H2O 13 [11–19] 19 [16–22]***
PaO2/FiO2 233 [195–292] 235 [132–372]
ARDS, n (%) 10 (26) 13 (29)
ALI, n (%) 6 (15) 8 (18)
Norepinephrine-dose, mcg/kg/min 0.32 [0.11–1.21] 0.35 [0.09–1.11]

*, **, ***: P \ 0.05, 0.01, 0.001 nonresponders versus responders
at baseline
?, ??, ???: P \ 0.05, 0.01, 0.001 for differences in evolution
between baseline and end of fluid challenge in each group

CVP central venous pressure, ScvO2 central venous oxygen satu-
ration, Total PEEP total positive end-expiratory pressure, ARDS
acute respiratory distress syndrome, ALI acute lung injury

Fig. 1 ROC curves comparing the ability of DPP/DP and DPP to
distinguish responder and nonresponder patients to fluid challenge
for patients ventilated with tidal volume C8 ml/kg [ROC curve area
0.88 (0.77–0.98) for DPP/DP versus 0.75 (0.60–0.89) for DPP;
P \ 0.01]. The best cutoff values were 0.9 for DPP/DP and 15% for
DPP
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threshold value) supports the notion that, even in patients
ventilated at low Vt, DPP/DP could be useful to decrease
the rate of false-positive DPPs and thus limit fluid over-
load. It also suggests that false-negative results observed
are probably related to small respiratory variations in
pleural pressure. We think that this preliminary result
confirms the need to reflect on the linkage between
hemodynamic and respiratory parameters in order to
determine the exact performance of DPP/DP, especially in
patients ventilated with low Vt. As very recently outlined
by Pinsky et al. [30], a universal cutoff cannot exist, and
thus further physiological studies dealing with DPP/DP
(or other heart/lung interactions combined index [20]) are
needed to better understand the respective implications of
respiratory and/or circulatory processes in the genesis of
stroke volume variations or its surrogate.

In any case, the present study was not designed to
answer all these physiological concerns and has some
limitations, with neither an echocardiographic analysis
detecting LV and RV dysfunction or acute cor pulmonale,

nor an assessment of pleural pressure, surrogate
(i.e., oesophageal pressure) or abdominal pressure (or
assessment of any increased chest wall compliance
conditions).

Finally, our results show that DPP was not as accurate
as expected to predict fluid responsiveness in comparison
with previous studies [11], even in the subgroup of
patients with Vt C 8 ml/kg. As underscored by Perel
[18], studies of fluid responsiveness are difficult to com-
pare due to the difference in DPP recording methods as
well as patient typology and must therefore be considered
in light of several methodological specifications. For the
present work we used manual recording of arterial pres-
sure variations (see ‘‘Methods’’). DPP was then calculated
as recommended, however, at the bedside close to real-
life conditions [2, 6, 7, 11]. The level of precision of this
manual measurement, without increasing sampling dura-
tion [30], could explain in part the relative lack of DPP
predictive performance, but the question of manually or
automatically measured DPP is still a matter of debate
[18]. Moreover, a case-mix phenomenon in our study
population could also in part explain the modest perfor-
mance of DPP observed, as the characteristics of medical
and surgical patients and corresponding ventilatory

Fig. 2 Schematic representation of nonresponders (NR) and
responders (R) for patients ventilated with at least 8 ml/kg tidal
volume according to 15% cutoff value for DPP and 0.9 of DPP/DP

Table 3 Main characteristics in patients ventilated with Vt C8 ml/
kg or \8 ml/kg

Tidal
volume
\8 ml/kg
(n = 42)

Tidal
volume
C8 ml/kg
(n = 42)

Characteristics n (%)
Severe sepsis or septic shock 20 (47) 23 (54)
Trauma 11 (26) 10 (23)
Surgical 2 (4) 2 (4)
Others 9 (21) 7 (16)
ARDS 20 (47) 3 (7) ***
ALI 10 (24) 4 (8)
Mortality 17 (40) 12 (28)

Hemodynamics
Mean arterial pressure, mm Hg 73 [62–81] 79 [65–88]
Cardiac index, l/min/m2 3.4 [2.8–4.3] 3.1 [2.4–4.1]
CVP, mm Hg 13 [12–15] 12 [10–14]
DPP, % 12 [7–16] 15 [9–20]*
DPP/DP 0.61 [0.34–

0.89]
0.9 [0.58–

1.57]*
Responders to fluids, n (%) 16 (38) 24 (57)

Ventilatory settings
Tidal volume, ml/kg 6.6 [6.2–7.3] 8.7 [8.3–

9.2]***
Plateau pressure, cm H2O 24 [19–27] 20 [17–22]
Total PEEP, cm H2O 6 [4–8] 5 [4–7]
Static compliance, ml/cm H2O 27 [23–35] 37 [31–50]***
DP (Pplat-PEEPtot), cm H2O 19 [16–22] 15 [11–20]*
PaO2/FiO2 233 [139–297] 275 [165–408]

*, **, ***: P \ 0.05, 0.01, 0.001 between groups
CVP central venous pressure, ScvO2 central venous oxygen satu-
ration, Total PEEP total positive end-expiratory pressure, ARDS
acute respiratory distress syndrome, ALI acute lung injury
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settings differed largely from one patient to another
(Table 1). Nevertheless, even if the predictive value of
DPP in our study was quite low it performed once again
better at predicting fluid responsiveness than a static
marker, such as CVP, would.

In conclusion, normalizing DPP by using DPP/DP,
which is easy to calculate, was able to improve the reli-
ability of the prediction by avoiding some of the false
negatives and false positives observed by using DPP
alone, but remained relatively inefficient at low tidal
volume. This new combined index remains an interesting

tool according to physiological concerns, and should
encourage the clinician to analyze hemodynamic and
respiratory parameters simultaneously before concluding
a cardiac preload dependency, with the perspective of
giving a global and comprehensive view of fluid respon-
siveness in the ICU.
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