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Abstract
Objective: To investigate the effectiveness of the constant-flow, pressure-volume curve (PVC) to prescribe positive
end-expiratory pressure (PEEP) in acute lung injury (ALI) and risk of cardiopulmonary deterioration during the PVC process.
Design: A retrospective, cohort study. Setting: A surgical intensive care unit (ICU) of a tertiary, university hospital.
Patients: Fifty consecutive ventilated patients diagnosed with ALI undergoing the PVC maneuver from 1999 to 2003.
Interventions: Titration of PEEP based on the lower inflection point of the constant-flow, pressure-volume curve. Measure-
ments and Main Results: Patients were divided into 2 groups based on PVC-guided PEEP changes of <3 cm H2O (PVC-NC or
‘‘no change’’) or�3 cm H2O (PVC-CHG or ‘‘change’’) from the initial empiric prescription. There was a greater increase in partial
pressure of arterial oxygen (PaO2)/fractional concentration of inspired oxygen (FIO2) in the PVC-CHG group, with a mean change
of 80 + 50 (95% confidence interval [CI] 61, 98) versus 42 + 54 (95% CI 17, 67) in the PVC-NC group. Eighty-two percent of
patients (41/50) showed an increase in ratio of partial pressure of arterial oxygen to fraction of inspired oxygen (PaO2/FIO2) by
20% within 6 to 24 hours after the PVC test—greater in the PVC-CHG group (OR 1.44, 95% CI 1.02, 2.01). Thirteen percent (4/
30) within the PVC-CHG group and none within the PVC-NC group (0/20) required a 25% increase in vasoactive infusion rates (P
¼ .089) in relation to the procedure. Univariate logistic regression showed that PVC-CHG was significantly associated with a 20%
change in PaO2/FIO2 (OR 7.54, 95% CI 1.37, 41.41). Multivariate logistic modeling showed that PVC-guided PEEP changes of �3
cm H2O, age�65 years, and pre-PVC FIO2�.85 were significantly associated with a 20% increase in PaO2/FIO2 (receiver operator
area under the curve¼ .86). Conclusions: In the setting of acute lung injury, use of the constant-flow, pressure-volume curve to
prescribe PEEP appears associated with improvement in oxygenation with limited risk of acute, process-related, cardiopulmonary
deterioration.
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Introduction

The pressure-volume curve (PVC) is a bedside diagnostic test

for mechanically ventilated patients to assess mechanical

properties of lung in patients with acute lung injury (ALI).1

Previous randomized, controlled trials in patient populations

with ALI have supported that ventilator management guided

by the PVC appears beneficial in terms of survival and weaning

of mechanical ventilation.2,3 The use of the PVC allows optimi-

zation of positive end-expiratory pressure (PEEP) promoting

alveolar recruitment and may limit alveolar overdistention,

reducing the risk of progressive lung injury. Clinical strategies

targeting optimal PEEP prescription in the treatment of

ALI remain controversial in the face of ventilator support
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emphasizing lower tidal volumes and airway pressures.

A recent, randomized controlled trial in ALI, examining high

versus low PEEP management, failed to show differences in

survival.4 This investigation titrated PEEP by a different

method, using nomograms based on fractional concentration

of inspired oxygen (FIO2).

The constant-flow, PVC method has been validated in its

accuracy to promote lung recruitment by setting PEEP based

upon the magnitude of the lower inflection point of a sigmoidal

shaped, patient-specific curve.5 Of the various methods to

create a PVC, the constant flow method does not require

discontinuation from the ventilator and can use the graphical

display of modern ICU ventilators.

There are, however, few clinical trials that support its

effectiveness in day-to-day practice. The primary aim of this

investigation was to measure the effectiveness of the constant-

flow, PVC to prescribe PEEP in ALI with respect to changes

in partial pressure of arterial oxygen (PaO2)/FIO2 ratio over time.

The secondary aims were to evaluate the safety of the PVC proce-

dure with respect to hemodynamic and respiratory complications.

Methods

This investigation used a retrospective, cohort design, evaluat-

ing 50 consecutive patients with ALI who underwent a PVC

maneuver in the surgical intensive care unit (SICU) of the

University of Iowa. The Institutional Review Board granted

approval to review the medical records of patients who

underwent the PVC testing. The inclusion criteria required

(1) a clinical diagnosis of ALI meeting The American-

European Consensus Conference on acute respiratory distress

syndrome (ARDS) criteria,6 (2) the performance of a PVC using

a prospectively defined protocol, (3) age greater or equal to

18 years, and (4) ventilator care within the SICU. The intensivist

established the diagnosis of ALI, empirically established the ini-

tial ventilator settings, and prescribed the PVC maneuver and

subsequent PEEP prescription.

The formal protocol for the PVC was adapted from the

methods of Lu et al7 and was used for all eligible patients.

All intensivists and respiratory therapists underwent training

about the specific methods. Each patient received intravenous

sedatives to achieve a Ramsay sedation score of 6 and drugs

for neuromuscular blockade to promote a train-of-four level

of 0 of 4, guided by a neuromuscular stimulator. Physiological

monitoring, ventilator function, and 5-lead electrocardiography

were measured continuously. Patients were maintained in a

semi-upright position at 45 degrees from the horizontal posi-

tion during the PVC maneuver.8 All received preoxygenation

with an FIO2 of 1.0, a volume-control ventilator mode with

an inspiratory time of 80%, a respiratory rate of 5 breaths per

minute, PEEP set at 0 cm H2O, with a tidal volume of

1000 mL with a Servo 300 ventilator (Siemens Corporation;

Munich, Germany), and pressure limit at 50 cm H2O. This was

comparable to a constant flow rate of 6 L/min.7 After six mechan-

ical ventilator breaths, the graph of the PVC was generated. Based

on the interpretation of the PVC, PEEP was set at 2 centimeters

H2O above the lower inflection point (LIP; eg, Figure 1) with

subsequent tidal volumes set by the attending intensivist.

Data collection included patient demographics, clinical

diagnoses associated with ALI, APACHE 2 score, physiological

parameters, arterial blood gases, vasoactive drug infusion

rates, and 28-day mortality. Ventilator function included FIO2,

tidal volume, peak airway pressure, mean airway pressure, and

PEEP levels. The attending intensivist prescribed the arterial

blood gas intervals in relation to the PVC maneuver. For

purposes of this study, data were analyzed at 4 specific time

periods in relation to the performance of the PVC: (a) period

1: 24 to 6 hours before, (b) period 2: 2 to 0 hours before,

(c) period 3: 0 to 2 hours after the PVC (ie, to measure early

changes), and (d) period 4: 6 to 24 hours after the PVC (ie, to

measure late changes). Differences in clinical covariates

occurring during periods 3 and 4 were compared with period

2, respectively. Changes of the PEEP prescription reflected the

difference of PVC-guided PEEP requirement in period 3 and

empirically prescribed PEEP in period 2 before the PVC man-

euver. Patients were classified to the PVC-change (PVC-CHG)

group based on an increase of PEEP prescription of greater or

equal to 3 cm H2O, the mean overall change of PVC-guided

PEEP. Conversely, patients were classified to PVC-no change

(PVC-NC) if the PEEP prescription were less than 3 cm H2O.

This allowed the assessment of the effects of the PVC-guided

PEEP prescription in comparison to empiric PEEP therapy.

Categorical variables were developed to assess clinical risk

with respect to age less than or equal to 65 years, APACHE

score greater than 25, FIO2 greater than 0.85, dynamic ventila-

tor compliance less than 30 cm/H2O, pre-PVC ratio of partial

pressure of arterial oxygen to fraction of inspired oxygen

(PaO2/FiO2 < 300, < 200, and < 100), PVC-use after 1, 2, and

3 days of mechanical ventilation, and PaO2/FIO2 change of

greater than 20%. A post hoc analysis was performed that

Figure 1. This shows an example of constant-flow, pressure-volume
curve as performed in this study. The x-axis represents airway pres-
sure (cm H2O) and the y-axis represents the tidal volume (mL) during
the PVC maneuver. The intersection of lines A and B reflects the
lower inflection point (LIP).
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compared the predicted PEEP based on the Acute Respiratory

Distress Syndrome Network (ARDSNet) nomogram9 with

PVC-guided PEEP within our patient sample.

This study assessed changes in oxygenation and hemody-

namic support requirements immediately after the performance

of the PVC between periods 2 and 3. Acute deterioration in

oxygenation was determined by the comparisons of the PaO2/

FIO2 ratio or increase in FIO2 before and after the PVC.

Secondary analyses for the safety of the procedure included

evidence of PaO2 <60 mm Hg or decrease in PaO2/FIO2 during

period 3, barotrauma, defined by the requirement for placement

of a new thoracostomy tube or radiographic evidence of a

pneumothorax based upon radiology reports, or rescue use of

inhaled nitric oxide or prostacyclin for refractory hypoxemia.

Hemodynamic deterioration was defined by an increase in

vasopressor or isotropic drug dosage greater than 25% in the

0- to 2-hour time period after PVC (ie, period 3) and identified

as a categorical, dichotomous variable. All vasoactive drugs,

including dopamine, norepinephrine, dobutamine, epinephrine,

vasopressin, and milrinone, were expressed as microgram per

kilogram per minute and recorded as continuous variables.

To determine the percentage change in the drug infusion rate,

the following formula was used:

rate @ post� PVC� rate @ pre� PVCð Þ= rate @ pre� PVCð Þ½ � � 100

Statistical Analysis

The primary endpoint was to evaluate for an increase in the

PaO2/FIO2, a continuous variable after the performance of the

PVC and adjustment of PEEP. To achieve a power of 0.80 with

a 2-sided level of significance of .05, it was estimated that

40 patients would be required to identify a 20% change, assum-

ing a mean PaO2/FIO2 of 1349 with a standard deviation of

30. Continuous, normally distributed, respiratory and hemody-

namic data were analyzed with a t-test for matched pairs,

examining the time before and after the PVC test.10

A Wilcoxon-Mann-Whitney rank sum test10 or a Kruskal-Wallis

test11 were used to compare continuous variables without normal

distributions. The test of normality was the Shapiro-Wilk test.12

Correlations between variables were calculated using the

Pearson’s correlation coefficient.10 Categorical data were ana-

lyzed using 2 � 2 contingency tables.13 The Mantel-Haenszel

estimate was used to evaluate homogeneity for stratified

analyses.14 This study used linear regression to analyze

relationships between continuous variables.10 Univariate and

multiple logistic regression methods analyzed categorical

variables for assessment of risk.10 A receiver-operating curve

was developed to calculate area under the curve for evaluation

of the clinical model.

Results

Patients

Fifty consecutive patients underwent the PVC with the

constant-flow protocol. All met inclusion criteria as well as

clinical criteria for ALI. The majority of the patients were post-

surgical, predominantly with systemic inflammatory response

syndrome (SIRS) or sepsis (Table 1). In the assessment of

severity of illness, the mean APACHE 2 score was 25 + 10 for

the total sample. Twenty patients were assigned to the PVC-NC

group and thirty patients were assigned to the PVC-CHG group

based on the intensivists’ PEEP prescription. These 2 groups

appeared well-matched for age, gender, severity of illness by

APACHE 2 scores, and diagnoses (Table 1). The admission

body weight and estimated body mass index were significantly

greater in the PVC-CHG group (P ¼ .02). The median number

of ventilator days before the PVC maneuver were different

between the groups (P ¼ .03) as shown in Table 1.

The baseline settings for mechanical ventilation before the

PVC maneuver, including the peak airway pressure, ventilator

tidal volumes, and tidal volume per kilogram, were not

significantly different (P > .05; Table 1). The empiric PEEP

prescription, before the PVC, was 10 cm H2O (95% CI 5,

18). Baseline lung function showed no differences in arterial

pH, PaCO2, or PaO2 (P > .05) between the groups. All patients

met the PaO2/FIO2 criteria for ALI with a PaO2/FIO2�300, but

patients in the PVC-CHG group showed a significantly lower

pre-PVC PaO2/FIO2 (P < .05). The mean FIO2 before the

PVC in the PVC-CHG group was significantly greater than the

PVC-NC group (P ¼ .01).

Pressure-volume curve maneuver and associated changes in lung
function. For the entire cohort, the use of the PVC resulted in a

significant change in the intensivists’ prescription of PEEP

(P¼ .001; Table 2). The mean difference in the PEEP prescrip-

tion based on the PVC was 3 + 3 cm H2O (95% CI �2, 8;

P < .0005), with a range of �5 cm H2O to þ14 cm H2O.

For the entire cohort, there was a significant linear relationship

between the change in PVC-guided, PEEP prescription and

the change in PaO2/FIO2, with a correlation coefficient of

0.526 (Figure 3). In contrast, the total PEEP prescription after

the PVC poorly correlated with the percentage change of

PaO2/FIO2 ratio with a correlation coefficient of 0.0789.

The pre-PVC PEEP during period 2, representing the empiric

PEEP level prescribed by the intensivist, correlated poorly with

the pre-PVC FIO2 (r ¼ �.0548).

Within the PVC-CHG group, there were significant

increases in PEEP, PaO2/FIO2, percentage increases of PaO2/

FIO2, and decreases in FIO2 requirements, as compared with the

PVC-NC group (Tables 2 and 3). Within the PVC-CHG group,

the PaO2/FIO2 was significantly increased in both the early and

late periods after the PVC (P <.0001, respectively). In contrast,

within the PVC-NC group, the PaO2/FIO2 was not significantly

changed after the PVC during the early or late periods (P¼ .10)

nor were there significant changes in FIO2. The histograms in

Figure 2 depict the frequency distribution of PaO2/FIO2

changes between the PVC-CHG and PVC-NC groups. There

were no significant changes in arterial pH, PaO2, PaCO2, or

peak airway pressure between the groups. In a post hoc

analyses, PEEP prescriptions based on the ARDSNet PEEP

nomogram correlated poorly with empirical prescriptions
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(pre-PVC) of PEEP (r ¼ �.18) and PVC-guided PEEP (r ¼
.20) within our sample of ALI patients.

In the univariate logistic regression analysis (Table 4), there

was a strong association between a 20% increase in the PaO2/

FIO2 ratio and the exposure to PVC-guided PEEP increase of 3

or more centimeters (OR 7.54, 95% CI 1.37, 41.41). There was

no evidence for interaction or confounding based on age, severity

of illness, or the days of mechanical ventilation before the perfor-

mance of the PVC. Patients with a PaO2/FIO2 ratio of less than

100 before the PVC showed an increased probability to raise the

PaO2/FIO2 by 20% (OR 6.10, 95% CI 1.11, 33.00).

Multivariate logistic regression analysis was used to identify

categorical and continuous variables collectively associated

with a 20% change in PaO2/FIO2 after exposure to PVC-

guided PEEP (Table 4). The final model was significantly

influenced by a PEEP change of greater or equal to 3 cm

H2O, FIO2 >.85, and age less than 65 years. The sensitivity

of the model was 100% and the specificity was 22%. The posi-

tive predictive value was 85% and the negative predictive value

was 100%. The receiver-operating curve was associated with an

area under the curve of 0.86.

Safety of the PVC Maneuver: Effects of the
PVC Maneuver on Hemodynamic Function
and Oxygenation Indices

The performance of the constant-flow maneuver and subse-

quent PEEP prescription had minimal, acute adverse effects

on hemodynamic function of this at-risk patient sample, the

majority of whom required vasoactive drug infusion support.

There were no differences in the frequency of increased

vasoactive drug requirements between the 2 groups related to

performance of PVC maneuver (P¼ .24). Similarly, there were

no significant differences in the proportion requiring a 25%
increase in vasoactive drug infusion rates (P ¼ .14). No patient

in the PVC-NC group (ie, 0 of 20) required an increase in

vasoactive drugs of greater than 25% after the PVC maneuver.

Four (13%) of thirty patients within the PVC-CHG group

required a 25% increase in vasoactive infusion rates temporally

related to the PVC maneuver and PEEP change. The difference

in vasoactive infusions rates between the groups was not signif-

icant (P ¼ .089). In patients with pulmonary artery catheters

(n ¼ 17) there were no significant differences in cardiac output

Table 1. Baseline Clinical Information Among All Patients and Within the PVC-NC and PVC-CHG Groupsa

All PVC-NC PVC-CHG P Value

Number 50 20 30
Age (years) 52 + 15 51 + 17 52 + 14 .83b

Gender (% male) 54 45 60 .31c

Weight (kg) 101 + 34 90 + 34 108 + 33 .02d

Estimated body mass index 33.8 + 11.5 30.1 + 11.5 36.2 + 11.1 .02d

APACHE 2 25 + 10 24 + 10 25 + 10 .74b

Median ventilator days before PVC(P25, P75) 1.5 (1, 4) 2 (1, 7.5) 1 (0, 3) .03d

PaO2/FIO2 pre-PVC 109 + 50 133 + 14 92 + 7 .02d

PaO2/FIO2 � 300 50 (100) 20 (100) 30 (100) .00c

PaO2/FIO2 � 200 47 (94) 17 (85) 30 (100) .03c

PaO2/FIO2 � 100 28 (56) 9(45) 19(63) .20c

Arterial pH 7.35 + 0.08 7.36 + 0.09 7.34 + 0.09 .60b

pCO2 (mm Hg) 42 + 10 42 + 11 43 + 9 .66b

pO2 (mm Hg) 77 + 24 81 + 22 74 + 26 .13d

FIO2 0.77 + 0.21 0.68 + 0.21 0.84 + 0.19 .01b

Mean PEEP (cm H2O) pre-PVC 10 + 4 11 + 4 9 + 3 .21d

Mean peak airway pressure (cm H2O) pre-PVC 31 + 6 30 + 4 32 + 6 .23d

Mean airway pressure (cm H2O) pre-PVC 17 + 5 18 + 5 16 + 4 .32d

Tidal volume (mL) per kg 6.8 + 1.9 7.1 + 0.5 6.5 + 0.3 .28b

Vasoactive infusion before PVC (%) 30 (60) 14 (70) 16 (53) .24c

Diagnoses (%)
SIRS 42 (84) 16 (80) 26 (87) .53c

Sepsis 30 (60) 12 (60) 18 (60) 1.00c

Massive transfusion 7 (14) 3 (15) 4 (13) .87c

Trauma 11 (22) 6 (30) 5 (17) .27c

Abbreviations: PVC, pressure volume curve; PVC-NC, pressure volume curve group with less than 3 cm H2O change of PEEP; PEEP, positive end-expiratory
pressure; PaO2, partial pressure of oxygen; FiO2, fractional concentration of inspired oxygen; PVC-CHG, pressure volume curve group with greater or equal
to 3 cm H2O change of PEEP; SIRS, systemic inflammatory response syndrome.
a The pulmonary indices reflect the measurements during the 2- to 0-hour time period before the PVC maneuver. The P-values reflect the differences between the
PEEP-NC and PEEP-CHG groups.
b The statistics included t-test.
c The statistics included chi-square test.
d The statistics included Wilcoxon-Mann-Whitney rank sum test.
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in the time periods before and after PVC in the entire

group (P ¼ .4057) or stratified by PEEP group (PVC-CHG

P ¼ 0.3839 and PVC-NC P ¼ 0.2118). There were no reported

cardiac arrhythmias, cardiac arrest, or other major hemody-

namic events identified in either of the groups during the process

of the low-flow PVC maneuver.

Before the PVC maneuver was performed, 84% of patients

had shown deterioration of PaO2/FIO2 with no difference

between the 2 groups. Following the PVC maneuver, 12% of

patients (6 of 50) experienced worsening of the PaO2/FIO2

between the pre-PVC period and the early monitoring period.

The mean decrease in PaO2/FIO2 was�36 + 38 mm Hg (range

of �99 to 0 mm Hg). This deterioration in PaO2/FIO2 after

the PVC was significantly more frequent in PVC-NC group

(P ¼ .032). The risk of decreasing PaO2/FIO2 was significantly

less in the PVC-CHG group (OR 0.08, 95 % CI 0.01, 0.73).

Four (8%) patients during the first 2 hours after the PVC test

showed a PaO2 less than or equal to 60 mm Hg with a mean

of 50 + 5 mm Hg with no significant difference between the

PEEP groups. Three of these patients’ PaO2 were less than

60 mm Hg before the PVC. There was no evidence of pulmon-

ary barotrauma or need for rescue inhaled nitric oxide or

prostacyclin therapy. The overall 28-day mortality for all

patients in this cohort was 30% with 35% in PVC-NC group

and 27% in the PVC-CHG group (P ¼ .53).

Discussion

This investigation supports the effectiveness of the constant-

flow, PVC method as a bedside method to direct PEEP therapy

to improve oxygenation in patients with ALI. Our findings are

germane, supporting that a protocol-driven, constant-flow PVC

maneuver appears to identify patients with ALI who will

acutely improve oxygenation in response to PEEP. Importantly,

our results support that the constant-flow, PVC-guided PEEP

maneuver may be performed with limited risk of acute pulmon-

ary or hemodynamic deterioration in patients with severe

impairment of oxygenation.

The constant-flow PVC maneuver changed the intensivists’

PEEP prescription in the majority of patients. Our classification

within this patient cohort tested the hypothesis that the

PVC-guided PEEP prescription would identify patients with

recruitable lung function and suboptimal, empiric PEEP

support. Pressure-volume curve�guided PEEP changes were

temporally associated with significant improvement in the

PaO2/FIO2 ratio in the PVC-CHG group, both during the

early and late monitoring periods. Linear regression analysis

supported a dose-response relationship, comparing the change

in PVC-guided PEEP from empirically prescribed PEEP with

the PaO2/FIO2 ratio (Figure 3). Importantly, the linear correla-

tion of the total PEEP prescription to PaO2/FIO2 was poor (see

Results). The PVC identified a broad range of both insufficient

and excessive PEEP empiric prescriptions (ie, �5 to þ14

centimeters).

Our results are consistent with other studies showing that the

PVC maneuver can offer a simple, efficient, and inexpensive

method to improve hypoxia in ALI.7,15 Previous studies have

supported the importance of the PVC in the treatment of ALI,

albeit with different methodology in the performance of the

PVC.2,16 Amato et al showed the efficacy of PVC-guided PEEP

in a randomized, controlled trial in ARDS, using the more

laborious method of the super-syringe technique over a decade

ago.16 Other investigators have shown that pressure volume

curves in the critically ill are reproducible, albeit with a differ-

ent methodology than the current study.17 Our patient sample

was comparable to the ARDSNet trial in terms of severity of

Table 2. A Comparison of Temporal Effects associated with PVC Exposure Among the Groups

Number 24-6 hour pre-PVC 2-0 hour pre-PVC 0-2 hour post-PVC 6-24 hour post-PVC P Value

PVC-NC
Mean PEEP (cm H2O) 20 10 (5) 11 (4) 12 (3) 11 (4) .20a

PaO2/FIO2 (SD) 127 (35) 133 (61) 146 (67) 173 (63) .10a

FIO2 (SD) 0.64 (0.21) 0.68 (0.23) 0.68 (0.23) 0.59 (0.17) .52a

Vt/kg (mL/kg) (SD) 8 (2) 7 (2) 7 (2) 8(2) .71a

PVC-CHG
Mean PEEP (cm H2O) 30 8 (4) 9 (3) 14 (3) 14 (3) .0001a

PaO2/FIO2 (SD) 155 (90) 92 (34) 143 (74) 172 (63) .0001a

FIO2 (SD) 0.72 (0.25) 0.84 (0.19) 0.80 (0.21) 0.60 (0.19) .0002a

Vt/kg (mL/kg) (SD) 7 (2) 7 (2) 7(2) 7 (2) .99a

All patients
Mean PEEP (cm H2O) 50 9 (4) 10 (4) 13(4) 13(4) .0001a

PaO2/FIO2 (SD) 143 (72) 109 (50) 144 (71) 173 (63) .0001a

FIO2 (SD) 0.68 (0.23) 0.77 (0.21) 0.76 (0.22) 0.60 (0.18) .0002a

Vt/kg (mL/kg; (SD) 7 (2) 7 (2) 7 (2) 7 (2) .93a

Abbreviations: PVC, pressure volume curve; PVC-NC, pressure volume loop group with less than 3 cm H2O change of PEEP; PEEP, positive end-expiratory pres-
sure; PaO2, partial pressure of oxygen; FiO2, fractional concentration of inspired oxygen; PVC-CHG, pressure volume loop group with greater or equal to 3 cm
H2O change of PEEP.
a The Kruskal-Wallis test was used to compare the covariates over the 4 time periods.
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initial PaO2/FIO2 ratio and proportion of patients with a

PaO2/FIO2 ratio of less than 200. The body mass index was

greater in the PEEP-CHG group, suggesting the role for

increased PEEP in this population.18

We believe that the use of the PVC to prescribe PEEP

should remain open to debate in light of the improvements of

indices of outcomes in the previously cited trials. Although pre-

vious studies have challenged the use of increase PEEP to

improve survival in ALI, these studies did not use PVC to pre-

scribe PEEP.4,19,20 Within our patient sample, a post hoc anal-

ysis showed that the PEEP prescription nomogram based upon

FIO2 of the ARDSNet study correlated poorly with the PEEP

determined by the constant flow, pressure-volume curve. This

is relevant in that PVC-guided PEEP may better individualize

ventilator supportive care, promoting better lung recruitment or

reducing the risk of excessive PEEP. Moreover, use of the PVC

to prescribe ventilator tidal volumes to less than the upper

inflection point may assist the clinician at bedside to reduce the

risk of barotrauma. Since our study was not a randomized,

controlled trial, it did not test the relevant question of benefits

(or risks) of PVC-guided PEEP as compared with the

ARDSNet trial.

The process of the PVC maneuver itself may have a thera-

peutic effect through increasing tidal volume with a prolonged

time of inspiration—potentiating lung recruitment. This is

supported by the significant change in PaO2/FIO2 during the

early period after the PVC maneuver. The effects of the PEEP

adjustment, in concert with the effect of the PVC maneuver,

can also explain our observations, similar to other investiga-

tors’ published recruitment methods in ALI.21 The relationship

of increasing PaO2/FIO2 after the PVC maneuver appeared con-

sistent for the overall patient cohort. In the evaluation of other

factors that could affect the PaO2/FIO2 ratio, there were no sig-

nificant changes in mode of mechanical ventilation, increases

in FIO2 or peak airway pressure, prone positioning, or use of

inhaled nitric oxide or prostacyclin. The sustained improve-

ment of PaO2/FIO2 among our patient sample contrasts the

results of other investigators that failed to show sustained

improvement with a PEEP trial and recruitment maneuver.22

Our study supports that PVC maneuver can direct significant

changes in PEEP therapy, with predictable improvements

Table 3. Comparing Indices of Ventilator and Pulmonary Function Before and After the PVC Between the Groupsa

PVC-NC (SD) PVC-CHG (SD) P Value

PEEP change at 0 to 2 hours (cm H2O) after the PVC 0.6 + 1.9 4.9 + 2.5 .0005
PaO2 at 6 to 24 hours (mm Hg) after the PVC 93 + 23 95 + 30 .3982
PaO2/FIO2 change at 6 to 24 hours after the PVC 42 + 54 80 + 50 .0073
PaO2/FIO2 percentage change at 6 to 24 hours after the PVC 42 + 48 96 + 75 .0058
FIO2 decrease at 6 to 24 hours after the PVC �0.10 + 0.12 �0.24 + 0.23 .0090
Peak airway pressure at 6 to 24 hours after the PVC 31 + 5 32 + 5 .1341

Abbreviations: PVC, pressure volume curve; PVC-NC, pressure volume loop group with less than 3 cm H2O change of PEEP; PEEP, positive end-expiratory
pressure; PaO2, partial pressure of oxygen; FiO2, fractional concentration of inspired oxygen; PVC-CHG, pressure volume loop group with greater or equal
to 3 cm H2O change of PEEP.
a This table contrasts the differences between the PVC-NC and PVC-CHG groups with regard to ventilator function and indices of oxygenation.

Figure 2. These histograms contrast the distribution of the range of
PaO2/FIO2 percentage changes between the pre-PVC and late periods
in the pressure volume loop group with less than 3 cm H2O change of
PEEP (PVC-NC) and the pressure volume curve group with greater or
equal to 3 cm H2O change of PEEP (PVC-CHG) groups.

Figure 3. This contrasts patients with acute lung injury (ALI) expo-
sure to the constant-flow pressure-volume curve (PVC) with respect
to the change of positive end-expiratory pressure (PEEP) prescription
and percent change in PaO2/FIO2 ratio in the late monitoring period.
The correlation coefficient was 0.526.
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in oxygenation with limited acute cardiopulmonary risk.

Based on the multivariate, logistic model, PVC-guided PEEP

therapy was particularly effective in improving oxygenation

in adults less than 65 years of age and those requiring a high

FIO2 requirement. Conversely, performance of the PVC was

infrequently associated with significant evidence of lung

derecruitment based on oxygenation.

The use of PEEP may offer advantages as a therapy that

promotes an ‘‘open lung’’ with favorable clinical outcomes2,16

and to treat refractory hypoxemia.23 The mechanisms of the

beneficial effects of PEEP on oxygenation appear multifactor-

ial, including reduction of intrapulmonary shunt,23 reduction of

lung water,24 attenuation of the inflammatory response,25 and

recruitment of lung volume.21 Previous clinical studies have

supported a variety of methods to prescribe an optimal level of

PEEP, reflecting best oxygenation, best cardiac output, best

lung compliance, as well as the nomogram of the ARDSNet

Trial.26-28 This investigation supports that the constant-flow

PVC maneuver should be considered as an option for treatment

of refractory hypoxemia in a patient with ALI, based on its

favorable probability to improve oxygenation.

There are limitations to this investigation. As an epidemio-

logical, retrospective cohort study, the clinical outcomes could

be influenced by both interaction as well as confounding clin-

ical variables. These could include ICU supportive care prac-

tices, clinical factors affecting the decision to use the PVC,

or fundamental clinical differences between the PVC groups.

The PVC was performed earlier in the PEEP-CHG group (med-

ian 1 day) versus the PEEP-NC (median 2 days), potentially

providing better optimization of ventilator support. Univariate

analyses, however, showed no significant differences in the

improvement of oxygenation when the PVC was performed

within the first 3 days of ventilator support (Table 4). Differ-

ences in mechanisms of causation of ARDS (eg, pulmonary

versus extrapulmonary) could influence the generalization of

our results. A significant proportion of our patients would be

classified with extrapulmonary etiologies of ARDS based upon

diagnoses of sepsis, trauma, and massive transfusion (Table 1).

As a retrospective review, this investigation did not control for

the initial ventilator settings prior to or after the performance

of the PVC. Ventilator tidal volumes exceeded the 6 mL/kg

of predicted body weight supported by the ARDSNet study but

were comparable with other investigations using different tech-

niques for assessing the PVC in ALI.3,29 Based on our bedside

protocol, PEEP prescription was uniformly determined by the

inspiratory limb of the PVC. We recognize, however, that other

investigators have suggested the use of expiratory limb of the

PVC to prescribe PEEP.29,30 It is possible that additional lung

recruitment could have been achieved with PEEP set higher

above the lower inflection point.31 Based on the clinical

response within the patients of this study, the treating intensi-

vists did not have to increase PEEP above the initial set level.

It is plausible that response rates to the PEEP effect were

related to the patient sample with the majority of the patients

seen after surgery or trauma. Our findings cannot be necessa-

rily assumed applicable to other patient populations (eg, med-

ical intensive care). To limit selection bias, this study included

consecutive patients who underwent the pressure volume curve

who met consensus criteria for ALI6 with predefined outcome

variables at defined time periods. This, however, was a conve-

nience sample and our data does not include patients with

acute lung injury who did not undergo a PVC maneuver. To

minimize the effect of missing data on the reliability of this

analysis, this investigation chose physiological outcomes vari-

ables that are standard practices and routinely recorded during

day-to-day ICU care. Potential covariates that could have

influenced the described results include the use of drug therapies,

including inhaled nitric oxide32,33 and prostacyclin,34 or prone

positioning.35 None of the patients in either groups required these

interventions. The groups, based on the amount of PVC-guided

PEEP, appeared similar with the exception that the PVC-CHG

group showed significantly worse baseline levels of oxygenation

and greater body mass indexes. Despite this difference in

function, the PVC-CHG group showed a greater increase of

PaO2/FIO2 at 6 to 24 hours after the PVC.

Table 4. Univariate and Multivariate Logistic Regression Analyses,
Assessing Clinical Covariates’ Association with a 20% Increase in
PaO2/FIO2 After PEEP Prescription Guided by the PVC

Univariate Analyses Odds Ratio 95 % CI P > |z|

Age 0.97 0.92, 1.02 .237
Age �65 year 3.88 0.83, 18.24 .085
Gender 1.60 0.37, 6.82 .527
Weight (kg) 1.04 1.00, 1.08 .045
Pulmonary artery catheter use 0.98 0.23, 4.18 .976
Vasopressor use pre-PVC 0.10 0.02, 0.58 .010
PVC performed after 2 days

of ventilation
0.65 0.15, 2.80 .562

APACHE 2 score �25 0.51 0.12, 2.20 .368
Trauma 2.58 0.29, 23.23 .398
Sepsis 0.71 0.15, 3.22 .653
Massive transfusion 0.49 0.08, 3.03 .439
Dynamic compliance 1.02 0.93, 1.11 .678
FIO2 > 0.85 pre-PVC 8.4 0.96, 73.36 .054
Peak airway pressure �30 cm

H2O pre-PVC
1.42 0.32, 6.20 .634

Tidal volume per kg 0.78 0.52, 1.16 .221
Tidal volume per kg �7 mL/kg 0.98 0.23, 4.18 .976
PEEP chg > 3 cm H2O 7.54 1.37, 41.41 .020
PEEP change 1.75 1.16, 2.65 .008
PEEP pre-PVC 0.93 0.77, 1.13 .471
PaO2/FIO2 < 100 pre-PVC 6.10 1.11, 33.00 .037
Ventilator days before PVC �1 2.32 0.51, 10.54 .278
Ventilator days before PVC �2 1.54 0.36, 6.67 .562
Ventilator days before PVC �3 0.52 0.12, 2.27 .382

Multivariate analyses Odds ratio 95% CI P > |z|
PEEP change �3 cm 10.7 1.10, 103.0 .041
Age �65 years 14.7 1.2, 180.0 .035
FIO2 > 0.85 pre-PVC 23.0 1.23, 469.1 .042

Abbreviations: PVC, pressure volume curve; PVC-NC, pressure volume loop
group with less than 3 cm H2O change of PEEP; PEEP, positive end-expiratory
pressure; PaO2, partial pressure of oxygen; FiO2, fractional concentration of
inspired oxygen; PVC-CHG, pressure volume loop group with greater or equal
to 3 cm H2O change of PEEP
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This investigation supports that use of the constant-flow, PVC

maneuver can be performed with an acceptable level of safety in a

severely ill patient population. Optimal PEEP cannot be judged

solely by its effects on systemic oxygenation. It is plausible, how-

ever, that the PVC maneuver could adversely impair systemic

venous return and right ventricular heart function, promoting

hemodynamic instability. The effects of prolonged period of pos-

itive inspiratory pressure, dynamic hyperinflation, and the poten-

tial to reduce venous return and cardiac output are well

described.36 Increasing PEEP levels based on the pressure volume

curve has been associated with Doppler echocardiographic evi-

dence of right ventricular systolic dysfunction,37 a factor impli-

cated with increased risk of ARDS mortality.38 Within the

current study, the PVC maneuver was well tolerated with respect

to oxygenation, procedural sedation, and neuromuscular block-

ade, and the overall risk of hemodynamic instability appeared

low. It is not possible to exclude that other factors related to

center-specific supportive care could have accounted for our find-

ings. These included methods of assessing left ventricular pre-

load, resuscitation practices, and the influence of the underlying

disease processes in our cohort. The removal of empirically pre-

scribed, PEEP to perform the PVC maneuver could risk the devel-

opment of hypoxemia through ‘‘de-recruitment’’ atelectasis.

Although PVC procedure-related hypoxemia is a concern, the

odds for acute clinical improvement in PaO2/FIO2 appear favor-

able using the parameters of our protocol.

Conclusions

This study suggests that the constant-flow, PVC, with its

fundamental efficiencies, may offer inherent advantages in the

prescription of PEEP in the setting of acute lung injury. When

used as part of a standardized protocol, it appears associated

with an acute improvement in oxygenation with limited

deterioration of hemodynamic or pulmonary function.
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