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Positive End-Expiratory Pressure Titration 
Based on Lung Mechanics May Improve Pulse 
Pressure Variation Interpretation in Acute 
Respiratory Distress Syndrome Patients
OBJECTIVES: To evaluate the effects of positive end-expiratory pressure (PEEP) 
on pulse pressure variation (PPV) in patients with moderate/severe acute respira-
tory distress syndrome (ARDS).

DESIGN: Prospective interventional self-controlled study.

SETTING: University Hospital of Larissa.

PATIENTS: ARDS patients admitted intubated in the ICU (from August 2020 to 
March 2022).

INTERVENTIONS: None.

MEASUREMENTS AND MAIN RESULTS: PPV and inferior vena cava (IVC) 
respiratory variability were evaluated at two PEEP levels (first value mainly based on 
PEEP/Fio2 and second value based on respiratory system compliance). Additionally, 
respiratory mechanics, hemodynamics, and echocardiographic indices assessing 
right ventricular (RV) size (RV end-diastolic area/left ventricular end-diastolic area 
[RVEDA/LVEDA]), RV systolic function, and RV afterload (pulmonary artery systolic 
pressure [PASP] and PASP/left ventricular outflow tract velocity time integral [PASP/
VTILVOT]) were recorded. Ninety-five patients were evaluated. PPV decreased after 
PEEP reduction (11.7 ± 0.2 to 7.9% ± 0.2%), whereas IVC respiratory variability 
increased (9.1 ± 0.9 to 14.6% ± 0.1%) and central venous pressure decreased 
(all p < 0.0001). RV afterload indices decreased (p < 0.0001), simultaneously with 
RV size (< 0.0001) and systolic function indices’ improvements (< 0.05); shock 
warranted less noradrenaline doses. The change in PPV correlated significantly to 
respiratory variability in IVC diameter distensibility (p < 0.0001) and moderately 
to changes in RV size and systolic function (change in RVEDA/change in LVEDA, 
change in tricuspid annular plane systolic excursion); RV afterload (change in PASP 
[ΔPASP], ΔPASP/VTILVOT); and change in Paco2 (all p < 0.05).

CONCLUSIONS: PPV alteration with PEEP decrease, associated with IVC dis-
tensibility increases, may indicate the presence of RV dysfunction and increased 
pulmonary vascular resistances. Whether the patients are in need for fluid loading, 
fluid responsiveness assessment may be further warranted.

KEYWORDS: acute respiratory distress syndrome; inferior vena cava 
distensibility; positive end-expiratory pressure; pulmonary vascular resistance; 
pulse pressure variation; right ventricular dysfunction

Fluid responsiveness is a commonly encountered question in everyday 
practice in the critically ill. Among indices used to predict fluid respon-
siveness, pulse pressure variation (PPV) is one of the most studied and 

applied. However, its validity is questioned during cardiac arrhythmias and 
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low tidal volume (Vt) ventilation (≤ 6 mL/kg), when 
respiratory system compliance (CRS < 30 mL/cm H2O) 
is decreased and in cases of right ventricular (RV) 
dysfunction (1). Thus, PPV’s reliability is questioned 
in patients with acute respiratory distress syndrome 
(ARDS), where all of the above may co-exist.

In ARDS patients, the pulmonary vasculature is af-
fected by structural and functional pathophysiological 
changes that include pulmonary vasoconstriction in-
duced by hypoxia and/or the release of vasoactive in-
flammatory mediators, microvascular thrombosis, 
reduction in functional lung volume, direct inflamma-
tory endothelial damage, and vascular remodeling phe-
nomena (2). The pulmonary vessels, the RV, and the 
lungs share the same cavity; thus, their operation and 
interaction are influenced by the surrounding pleural 
pressure (Ppl) and the cyclic changes in the lung dis-
tending pressure, the transpulmonary pressure. During 
normal breathing, pleural and transpulmonary pressure 
swings are of very low magnitude, but the balance is 
profoundly affected during positive pressure ventilation 
and especially in ARDS (3). Under pathologic condi-
tions such as ARDS, where higher than normal pres-
sures are applied in a heterogeneously diseased lung, 
this adaptation capacity is critically challenged. Positive 
end-expiratory pressure (PEEP) has a two-fold effect: on 

the one hand, it may increase the pulmonary vascular 
resistance (PVR) and the RV afterload by increasing the 
transpulmonary pressure; on the other hand, by increas-
ing the intrathoracic pressure, it may decrease cardiac 
preload (4, 5).

Therefore, we hypothesized that PPV may be affected 
by the possible presence of RV systolic overload and dys-
function caused by the pathologic features of ARDS per se 
but also by mechanical ventilation (MV), which increases 
RV outflow impedance. Thus, manipulating PEEP, keep-
ing the “mandatory” low Vt constant, might result in 
PPV alterations through RV function and loading condi-
tion changes. The aim of the present study was to evaluate 
the effects of PEEP on PPV in patients with severe ARDS. 
We hypothesized that setting PEEP based on CRS might 
result in a different PPV value, if RV dysfunction occurs.

MATERIALS AND METHODS

Study Population

The study was conducted from August 2020 to March 
2022 and included patients admitted intubated in the 
ICU due to ARDS (6). Part of the included patients 
(56 patients) had been included in a previous study 
(7). Informed consent was waived by University 
Hospital of Larissa Institutional Review Board (IRB) 
on December 29, 2020 (17116/2020) under the title: 
PEEP effects on hemodynamics and respiratory me-
chanics in patients with ARDS. Procedures were fol-
lowed in accordance with the ethical standards of the 
Einstein IRB on human experimentation and with the 
Helsinki Declaration of 1975.

Exclusion criteria were: 1) severe stenosis and/or 
regurgitation of the aortic or mitral valve, 2) known 
history of pulmonary arterial hypertension with or 
without RV impairment, 3) known history of RV dys-
function, 4) moderate/severe known respiratory di-
sease, 5) presence of a pacemaker rhythm/implantable 
defibrillator, 6) presence of left bundle branch block, 
and 7) pulmonary embolism.

Study Protocol

All patients were evaluated during the first 48 hours 
of ICU admission. All patients were sedated, usually 
paralyzed, and ventilated on a volume assist/controlled 
mode. The initial PEEP was set according to the ARDS 
Network/Surviving Sepsis Campaign (SSC) guidelines 

 
KEY POINTS

Question: Is pulse pressure variation (PPV) af-
fected by positive end-expiratory pressure (PEEP) 
titration based on respiratory system compli-
ance (CRS) in acute respiratory distress syndrome 
(ARDS) patients?

Findings: In ARDS patients, PEEP de-escalation 
from an initial value directed, although lower—by 
PEEP/Fio2 to a CRS-based value—led to a signif-
icant decrease in PPV and an increase in inferior 
vena cava (IVC) distensibility. The change in PPV 
correlated negatively to respiratory variability in IVC 
diameter distensibility and moderately to improve-
ments in right ventricular (RV) size, systolic func-
tion, and RV afterload.

Meaning: PEEP may impact RV function and pul-
monary vascular resistances leading to PPV and 
IVC distensibility increase in ARDS patients.
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(8) and our initial observations (9). Thus, it was sug-
gested to set the initial PEEP lower, approximately by 
2 cm H2O, than the proposed by the SSC guidelines, 
although the final choice was at the discretion of the 
attending physician. Τhe PEEP decremental trial in-
cluded a PEEP decrease (gradually by 1 cm H2O) to 
the value that decreased arterial oxygen saturation or 
static respiratory system compliance (CRSst).Then PEEP 
increased by 1 cm H2O. The PEEP protocol was ini-
tially used in COVID-19-associated ARDS (CARDS) 
patients, where we observed PPV variation with 
PEEP manipulation. We systematically evaluated PPV 
changes in CARDS patients but also patients with non-
CARDS admitted during the study period.

A full echocardiographic study, as well as respiratory 
values and hemodynamics were assessed at two PEEP 
levels. The initial PEEP value was maintained until the 
end of the first echocardiographic study. All measure-
ments (echocardiography, respiratory, and hemody-
namic indices’ evaluation) were recorded just before 
and after the PEEP change, approximately 30 minutes 
later. No fluid administration or posture changes were 
allowed during the study period.

Measurements

Apart from demographics, we recorded before and 
after PEEP de-escalation, respiratory variables, res-
piratory mechanics, PPV (automatically measured 
from the arterial pressure curve displayed on the 
monitor (Carescape B850; General Electricre, GE 
Medical Systems; Information Technologies, Freiburg, 
Germany). Echocardiographic variables, assessing RV 
systolic function, afterload, and inferior vena cava 
(IVC) respiratory variability were also assessed. Mean 
arterial pressure, central venous pressure (CVP), supe-
rior vena cava oxygen saturation (Scvo2), vasopressor 
type, and dosage were also recorded.

Comprehensive transthoracic echocardiographic ex-
amination (System Vivid E95; GE Medical Systems; GE 
Vingmed Ultrasound AS, Horten, Norway and Philips 
iE33; Philips Medical; Philips Ultrasound, Bothell, WA) 
was performed to assess RV ventricular dimensions and 
function (2D, 3D measurements) and the IVC accord-
ing to the Recommendations of the American Society 
of Echocardiography (10–14). Apical long axis (four and 
two chamber) clips obtained with a frame rate greater 
than 50 Hz underwent off-line speckle tracking analyses 

on the semi-automated EchoPAC package; GE Vingmed 
Ultrasound AS (GEMS).

PVRs were indirectly estimated through quantifica-
tion of the pulmonary artery systolic pressure (PASP) 
(via tricuspid regurgitation velocity plus the value of 
the CVP), evaluating the RV outflow tract (RVOT) 
flow velocity Doppler envelop to measure the acceler-
ation time (AcT) and assess the presence of a systolic 
notch on the deceleration part (15). In addition, we 
calculated the ratio of PASP to the LVOT velocity time 
integral (PASP/VTILVOT). PASP/VTILVOT can serve as a 
surrogate to roughly indicate PVRs, as the ratio inte-
grates PASP and a cardiac output indicator and thus 
better expresses changes in PVRs (6, 15–17). We used 
VTILVOT instead of VTIRVOT as the second is more dif-
ficult to be assessed in some patients. The coupling of 
RV contractility to the pulmonary circulation (right 
ventriculoarterial coupling) was also assessed; for this 
purpose, the tricuspid annular plane systolic excursion 
(TAPSE)/PASP ratio was used, previously shown to be 
a valid surrogate of the reversed ratio of end-systolic to 
arterial elastance (18, 19).

Furthermore, we performed a subgroup analysis 
dividing patients according to CRS using the cut off 
value of 30 cm H2O, as PPV has been reported to pre-
sent a poor diagnostic performance in the subgroup of 
patients with CRS less than 30 cm H2O (20).

Statistical Analysis

Kolmogorov-Smirnov test was applied to test the vari-
able distribution. Normally distributed variables were 
expressed as mean ± sem; categorical variables were 
expressed as counts and percentages. Comparisons 
were performed using paired sample t test. The 
changes were expressed as percentage change ± sem. 
Correlations, wherever performed, were done using 
Pearson correlation. Binary logistic regression analysis 
was performed to identify predictors of 20% change in 
both PPV and IVC distensibility. Variables concerning 
respiratory system mechanics, ventilatory variables, 
RV size, function, and afterload changed with a  
statistical significance less than 0.05 after PEEP de- 
escalation were entered in the regression model.

Statistical analyses were performed using SPSS, 
Version 26.0 (IBM Corp, Armonk, NY). A p value of 
less than 0.05 was considered statistically significant. 
All statistical tests were two sided.
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RESULTS

Among152 patients with ARDS admitted, after in-
tubation, in the ICU during the study period 95 
patients (mean age 65.5 ± 1.3 yr) were analyzed (Fig. 
1, flow chart). Acute Physiology and Chronic Health 
Evaluation II was 16.4 ± 0.7 and SOFA was 7.7 ± 1.8. 
Thirty-eight patients (40%) had moderate and 57 
(60%) severe ARDS. The mean Pao2/Fio2 in the whole 
study was 119 ± 3.3 mm Hg. Baseline characteristics of 
patients with moderate and severe ARDS are presented 
in Table 1.

At the time of the echocardiographic evaluation, 
all patients were sedated and mechanically ventilated 
(volume assist/controlled mode) and no patient pre-
sented spontaneous respiratory efforts. All patients 
were on sinus rhythm. In 86.4% of the patients, a neu-
romuscular blocking agent was being administered. 
Mean Vt was 7 ± 0.07 mL/kg and initial mean PEEP 
was 13.1 ± 0.3 cm H2O, with a mean plateau pressure 
of 28.8 ± 0.5 cm H2O (Table 1). PEEP was reduced by 
28%. Oxygenation was not altered, but Paco2 (53.7 ± 
1.1 to 48.7 ± 0.8 mm Hg; p < 0.0001) values decreased 

with PEEP de-escalation. CRS presented a significant 
increase as well (Table 2).

Interestingly, PPV decreased after PEEP titration 
(11.7 ± 0.2 to 7.9% ± 0.2%; p < 0.0001). IVC (which 
was found dilated measuring the minimum diameter 
in expiration) and CVP values rapidly decreased (2.2 ± 
0.04 to 1.9 ± 0.04 cm; p < 0.0001 and 13.6 ± 0.3 to 10.3 
± 0.4 mm Hg; p < 0.0001, respectively). Furthermore, 
IVC respiratory variability increased (9.1 ± 0.9 to 
14.6% ± 0.1%; p < 0.0001).

In addition, significant improvements were depicted 
in echocardiographic indices characterizing RV after-
load (PASP/VTILVOT: 2.2 ± 0.1 to 1.37 ± 0.1 mm Hg/
cm, PASP: 38.5 ± 1.4 to 32.6 ± 1.3 mm Hg, and pulmo-
nary AcT: 61.6 ± 1.7 to 77.6 ± 1.9 ms; all p < 0.0001). 
Furthermore, RV size decreased (RV end-diastolic 
area/left ventricular end-diastolic area: 0.89 ± 0.03 to 
0.72 ± 0.02; p < 0.0001), whereas RV systolic function 
improved (TAPSE: 18.8 ± 0.4 to 21.5 ± 0.5 mm, RV lon-
gitudinal strain: –11.4 ± 0.4 to –14.4% ± 0.5%, and RV 
EF: 33.6 ± 0.1 to 44.7% ± 0.1%; all p < 0.0001; RVFAC: 
35.2 ± 1.0 to 39.1% ± 1.2%; p = 0.004). RV stroke volume 
(SV) significantly increased after PEEP titration (46.5 

± 1.7 to 52.4 ± 1.7 mL; p 
< 0.0001) (Table 2; and 
Supplemental Table 1, 
https://links.lww.com/
CCX/B514).

Interestingly, along with 
the above, PEEP reduction 
led to a significant increase 
in VTILVOT (19.5 ± 0.4 to 
21.1 ± 0.5; p < 0.0001), a 
decrease in noradrenaline 
dose (0.86 ± 0.1 to 0.65 ± 
0.08 μg/kg/min; p = 0.006). 
In ten patients (out of 45 
receiving double vaso-
pressors), vasopressin was 
stopped. Scvo2 increased 
from 69.4 ± 0.6 to 72% ± 
0.5%; p < 0.0001 (Table 2). 
These changes indicate 
increased cardiac output. 
These improvements were 
complemented by a lower 
12-hour fluid balance, 
after PEEP titration.

Figure 1. Flow chart. ARDS = acute respiratory distress syndrome, COPD = chronic obstructive 
pulmonary disease, LBBB = left bundle branch block, MV = mechanical ventilation, PEEP = positive 
end-expiratory pressure.
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The change in PPV (ΔPPV) correlated strongly to 
respiratory variability in IVC diameter (ΔIVC) disten-
sibility (r = –0.758; p < 0.0001) (Fig. 2). Furthermore, 
ΔPPV presented significant correlations with RV after-
load (change in PASP [ΔPASP]: r = 0.332; p = 0.002 
and ΔPASP/VTILVOT: r = 0.363; p = 0.001) and change 
in Paco2 (r = 0.345; p = 0.001).

Binary logistic regression analysis was performed to 
identify predictors of 20% change in both PPV and IVC 
distensibility. The change in CRS, the change in PEEP, and 
the changes in RV size, systolic function and afterload 
were entered in the regression model. ΔPASP/VTILVOT 
was identified as the only significant variable to predict 
the combined change in IVC respiratory variability and 
PPV (Beta = 0.002 [0.000–0.119]; p = 0.004).

To find out whether the above differences were present 
when CRS was low, we repeated the analyses dividing the 
patients in two CRS subgroups. We used the cutoff 30 cm 

H2O as this has been found to negatively affect the predic-
tive value of PPV (18). Similarly, the subgroup of patients 
with CRS less than 30 mL/cm H2O presented significant 
decreases in PPV when PEEP was de-escalated (11.4 ± 0.3 
to 8.5% ± 0.3%; p < 0.0001). Furthermore, CVP decreased 
(14.6 ± 0.4 to 11.7% ± 0.5%; p < 0.0001) and IVC respira-
tory variability increased (09.4 ± 1.5 to 12.1% ± 1.5%; p = 
0.048), although the changes in the aforementioned values 
were somewhat lower than the ones observed in patients 
with CRS greater than or equal to 30 cm H2O (ΔPPV: 26.1 ± 
2.4 vs. 35.4% ± 2.6%; p = 0.01; change in CVP: 18.6 ± 2 vs. 
28.1% ± 2.7%; p = 0.012; and ΔIVC respiratory variability: 
59 ± 19.5 vs. 106.6% ± 20.5%; p = 0.099).

DISCUSSION

Current guidelines do not prioritize titrating PEEP 
based on respiratory mechanics or the evaluation of 

TABLE 1.
Baseline Characteristics of the Patients According to Acute Respiratory Distress 
Syndrome Severity

Variables
Moderate ARDS  

(n = 66)
Severe ARDS  

(n = 29) p

Age 66.2 ± 1.5 66.4 ± 2.5 0.648

Sex 14.6 ± 0.1 14.6 ± 0.1 0.699

Body mass index 28.1 ± 0.6 28.4 ± 0.8 0.749

Tidal volume, mL/kg, 7 ± 0.9 7.1 ± 0.1 0.110

Positive end-expiratory pressure, cm H2O 12.9 ± 0.7 13.4 ± 0.6 0.536

Respiratory system compliance, mL/cm H2O 30.5 ± 1.2 28.3 ± 2 0.325

Plateau pressure, cm H2O 28.1 ± 0.6 30.7 ± 1.1 0.022

Driving pressure 13.2 ± 0.5 14.8 ± 0.8 0.087

Pao2/Fio2, mm Hg 136.2 ± 2.8 81 ± 2.1 < 0.0001

Paco2, mm Hg 52.5 ± 1.3 56.2 ± 1.6 0.108

Pulse pressure variation, % 11.6 ± 0.3 11.7 ± 0.4 0.854

Central venous pressure, mm Hg 13.7 ± 0.3 14.1 ± 0.6 0.573

Superior vena cava oxygen saturation, % 69.6 ± 0.7 69 ± 1 0.653

IVC (min diameter during expiration), cma 2.2 ± 0.05 2.2 ± 0.07 0.685

Respiratory variability in IVC diameter ([IVCmaximum–
IVCminimum]/IVCminimum), %

9.5 ± 1.1 8.01 ± 1 0.424

Mean arterial pressure, mm Hg 70 ± 0.7 69.7 ± 1 0.779

Heart rate 72.6 ± 2.6 81.7 ± 4.1 0.06

Noradrenaline, μg/kg/minb 0.8 ± 0.1 1 ± 0.2 0.354

ARDS = acute respiratory distress syndrome, IVC = inferior vena cava.
aMinimum diameter measured during expiration under mechanical ventilation.
b31 patients were receiving vasopressin at its maximal dose.
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RV performance; yet, in clinical practice and certain 
patients, individualized PEEP optimization based 
upon dynamic compliance, oxygenation, and hemody-
namics may be more appropriate (21). In the present 
study, we evaluated the PEEP effects in hemodynamics 
and especially PPV performance, in ARDS. We found 
two different PPV values when the two PEEP levels 
were applied. The changes were observed without alter-
ing the Vt used. PEEP titration based on CRS, led to a 
significant PPV decrease accompanied with increases 
in IVC respiratory variability and improvement in 
hemodynamic variables, caused by RV function and 
PVR improvements. IVC distensibility was increased 
despite the increase in cardiac output, indicating that 
RV function improved due to decreases in PVRs. If RV 
function was unaffected by PEEP changes, IVC dis-
tensibility would either decrease or not change. To our 
knowledge, this is one of the first studies to investigate 
the relationship between PEEP and PPV, exclusively in 
patients with moderate/severe ARDS.

Heart-lung interactions are used to indicate fluid re-
sponsiveness in MV patients. PPV is a valuable index 
yet, false positive values can occur in patients with 
RV dysfunction and ARDS (1, 22, 23). In our study, 
even a lower than the indicated for Pao2/Fio2 levels in-
itial PEEP value, induced RV overload/dysfunction. 
By decreasing PEEP to an optimum for CRS value, RV 
afterload improved and so did RV function, resulting 

in a lower PPV value and 
significant increase in 
IVC distensibility; vari-
ables that were negatively 
correlated. RV dysfunc-
tion induced by venti-
lator settings, PEEP in 
the present study, result-
ing from increased PVRs 
due to lung overdisten-
sion (decrease in dead 
space ventilation after 
PEEP de-escalation as 
depicted by lower Paco2 
values) might be a key 
element affecting PPV 
values. Recently, PEEP 
decrease has been shown 
to predict fluid respon-
siveness in mechanically 

ventilated patients (24). Decreasing PEEP leads to a 
decrease in CVP, which is the downstream pressure for 
venous return (25–27). Only 7% of the ARDS included 
patients in the study by Lai et al (24) had severe ARDS 
and PEEP effects on RV function were not quantified.

In accordance with the above, PEEP impedes RV 
outflow and affects RV systolic function, through 
increases in PVRs when it induced significant lung dis-
tension according to the recruitment-to-inflation ratio 
(28, 29). Furthermore, fluid restriction considering 
that a “dry lung” is aimed, increases the occurence 
rate of nonzone 3 formation, further increasing dead 
space (30). Indeed, PEEP titration in our study led 
to a decrease in PVRs, while all RV systolic function 
indices significantly improved; accordingly, Pco2 de-
crease indicates a nonzone 3 condition improvement. 
Interestingly, the change in PVRs, measured by PASP/
VTILVOT predicted the combined decrease in PPV and 
increase in IVC distensibility increase. Furthermore, 
the change in PPV after PEEP titration correlated to 
the change in RV systolic function and afterload. It 
must also be taken into account that in ARDS, from 
sepsis or COVID-19, RV dysfunction may be partly 
related to intrinsic depression of contractility. In this 
setting, a minor rise in airway pressure, as produced by 
MV–PEEP, may produce acute significant dysfunction 
or even acute RV failure when applied to a depressed 
right ventricle (2, 31).

Figure 2. Correlation between change in PPV (ΔPPV) and respiratory variability in IVC diameter 
(ΔIVC) distensibility.
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PPV’s reliability lies on the use of relatively high Vts 
(> 8 mL/kg) in a fully sedated patient on sinus rhythm, 
with normal CRS and absence of RV dysfunction. Two 

previous studies have identified high PPV values (> 
12%) in patients with RV dysfunction, although the 
patients were not fluid responders (22, 23). In these 

TABLE 2.
Respiratory, Hemodynamic Variables, and Respiratory Mechanics Before and After Positive 
End-Expiratory Pressure De-Escalation

Variables

Before PEEP 
De-Escalation  

(n = 95)a

After PEEP 
De-Escalation  

(n = 95)a Change (%) p

Tidal volume, mL/kg, (n) 7 ± 0.07 (95) 7 ± 0.08 0.3 ± 0.8 0.977

PEEP, cm H2O 13.1 ± 0.3 (95) 9.5 ± 0.3 –28 ± 1 < 0.0001

Pao2/Fio2, mm Hg 119 ± 3.3 (95) 123.5 ± 3 7.4 ± 2.7 0.144

Paco2, mm Hg 53.7 ± 1.1 (95) 48.7 ± 0.8 –8.4 ± 1.1 < 0.0001

Respiratory system compliance, mL/cm H2O 29.9 ± 1.04 (95) 37.4 ± 1.3 27.5± 3.2 < 0.0001

Plateau pressure, cm H2O 28.8 ± 0.5 (95) 22.9 ± 0.5 –20.4 ± 8.4 < 0.0001

Pulse pressure variation, % 11.7± 0.2 (94) 7.9± 0.2 –31 ± 1.8 < 0.0001

Central venous pressure, mm Hg 13.6 ± 0.3 (84) 10.3 ± 0.4 –23 ± 1.9 < 0.0001

Superior vena cava oxygen saturation, % 69.4 ± 0.6 (84) 72 ± 0.5 3.9 ± 0.5 < 0.0001

IVCe, cm 2.2 ± 0.04 (80) 1.9 ± 0.04 –13.3 ± 0.9 < 0.0001

Respiratory variability in IVC diameter, % 9.1±0.9 (80) 14.6±0.1 83± 14.3 < 0.0001

Mean arterial pressure, mm Hg 69.9 ± 0.6 (95) 75.4 ± 0.7 8 ± 8.3 < 0.0001

Heart rate 74.6 ± 2.2 (95) 74.8 ± 2.2 3.1 ± 1.9 0.902

Noradrenaline, μg/kg/minc 0.86 ± 0.1 (95) 0.65 ± 0.08 –20.6 ± 7.4 0.007

Lactate, mmol/L 2.05 ± 0.17 (95) 1.66 ± 0.17 –18.6 ± 2.2 < 0.0001

12-hr fluid balanced 1076.5 ± 71.8 405.1 ± 5.6 –45 ± 12.5 < 0.0001

Right ventricular end-diastolic area to left 
ventricular end-diastolic area

0.89 ± 0.03 (95) 0.72 ± 0.02 –17.2 ± 1.6 < 0.0001

Right ventricular fractional area change, % 35.2 ± 1.0 (95) 39.1 ± 1.2 20.6 ± 7 0.004

Tricuspid annular plane systolic excursion 18.8 ± 0.4 (89) 21.5 ± 0.5 14.9 ± 1.9 < 0.0001

Right ventricular longitudinal strain, % –11.4 ± 0.4 (81) –14.4 ± 0.5 38.1 ± 5.4 < 0.0001

Right ventricular ejection fraction, % 33.6 ± 0.1 (87) 44.7 ± 0.1 45.9 ± 7.3 < 0.0001

Right ventricular stroke volumeb, mL 46.5 ± 1.9 (74) 52.4 ± 1.7 32.6 ± 5.3 < 0.0001

PASP, mm Hg 39.5 ± 1.4 (84) 32.6 ± 1.3 –17.4 ± 2 < 0.0001

PASP/VTILVOT, mm Hg/cm 2.21 ± 0.1 (83) 1.73 ± 0.1 –21.1 ± 2.6 < 0.0001

Pulmonary acceleration time, ms 61.6 ± 1.7 (78) 77.6 ± 1.9 30.5 ± 3.7 < 0.0001

Right ventricular outflow tract velocity time 
integral

16 ± 0.5 (88) 18.6 ± 0.6 16.7 ± 2.1 < 0.0001

VTILVOT, cm 19.5 ± 0.4 (95) 21.1 ± 0.5 6.9 ± 1.2 < 0.0001

IVC = inferior vena cava, PASP = pulmonary artery systolic pressure, PEEP = positive end-expiratory pressure, VTILVOT = left ventricular 
outflow tract velocity time integral.
aActual number of patients measured.
b3D measurements.
cThirty-one patients were receiving vasopressin at its maximal dose.
dRefers to the fluid balance 12 hr before and 12 hr after PEEP titration.
eMinimum diameter measured during expiration under mechanical ventilation.
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studies, PVRs were not measured. The significance 
of the present study lays to the fact that a small PEEP 
change might predict the presence of “some degree” 
of RV dysfunction that warrants further echocardio-
graphic confirmation. Notably, an increased PPV value 
might have led to fluid administration, further wors-
ening respiratory and cardiac function.

Furthermore, the Vts used (> 8 mL/kg) might have 
further affected the already increased PVRs and im-
paired RV (22, 23). On the contrary, in the present 
study, the interference of Vt as a variable affecting 
PPV was essentially limited. We kept a constant low 
Vt to facilitate lung protective ventilation and identi-
fied changes in PPV through PEEP value manipula-
tion. Furthermore, a significant decrease was observed 
in increased IVC diameter and CVP and, more sig-
nificantly, an increase in IVC distensibility with PEEP 
de-escalation, although the cardiac output increased. 
Apart from the increased RV afterload and RV dys-
function, venous return was probably affected by the 
higher PEEP level. Relatively high PEEP may signif-
icantly increase Ppl deteriorating venous return, as 
much of the airway pressures (and PEEP) are transmit-
ted to the pleural space especially when CRS is rather 
preserved (32). A transient increase in the Vt has 
been proposed to better predict fluid responsiveness, 
when a low Vt is used (33). However, the most chal-
lenging group of patients to assess fluid responsiveness 
are ARDS patients. As already mentioned, in ARDS 
patients an increase in Vt may disproportionally in-
crease RV afterload and exaggerate RV dysfunction, 
leading to false PPV assessment (1, 33).

Decreased CRS is another condition limiting PPV’s 
reliability (20). In our study, the change in PEEP 
value resulted in significant changes in PPV and IVC 
respiratory variability in patients with CRS less than 
30 mL/cm H2O, although the changes were smaller 
compared with patients with CRS greater than 30 mL/
cm H2O.

In agreement with RV function and venous re-
turn improvement, circulatory failure (increased va-
sopressor need, tissue hypoperfusion) significantly 
improved after PEEP titration indicated by an in-
crease in Scvo2 and SV and a decrease in lactate, keep-
ing all other respiratory variables constant, which is 
in agreement with our previous findings (9). The he-
modynamic improvements resulted probably from 
both the increase in venous return and better-left 

ventricular performance resulting from a change in 
its geometry. The improvement in RV function led to 
significant hemodynamic improvements, resulting in 
part from the decreased stress imposed to the left ven-
tricle by the paradoxical motion and deviation of the 
interventricular septum, decreasing effective contrac-
tility, relaxation, and filling (34). Furthermore, fluid 
balance was better controlled, indicating increased 
renal perfusion.

The study’s monocentric character is a limitation. 
Yet, a large number of patients were prospectively 
evaluated with comprehensive echocardiography 
along with hemodynamic measurements at two 
PEEP levels. We did not confirm fluid responsiveness 
with a fluid challenge, so that loading conditions 
not to be altered before PEEP change and definitely 
not to unnecessarily load the already severe ARDS 
patients. However, PPV decreased, while IVC respi-
ratory variability decreased without any fluid infu-
sion or ventilatory setting change, other than PEEP 
titration. We did not perform a passive leg raising, 
as a continuous cardiac output monitoring device 
and suitable beds were not always available for our 
patients. Continuous cardiac monitoring would have 
enabled the detection of even minor changes in car-
diac output in a timely and accurate manner. On the 
other hand, LVOT VTI has been measured, while the 
hemodynamic improvement has been documented 
for the majority of the patients. Finally, although the 
measured changes observed are positive, the effect of 
this approach on important clinical outcomes (i.e., 
mortality and duration of MV/hospital stay) are not 
known.

CONCLUSIONS

PPV and IVC respiratory distensibility values should 
be interpreted with caution in patients with ARDS. 
The absolute PPV values might result from a complex 
interplay between increased PVRs and fluid status. A 
PPV change with PEEP alterations in severe ARDS 
patients may indicate both the RV function improve-
ment and cardiac output increase. If the patients are in 
need for fluid loading, fluid responsiveness assessment 
may be further warranted.
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