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“The acute onset of severe respiratory distress and cyanosis that 
was refractory to oxygen therapy and associated with diffuse 

CXR abnormality and decreased lung compliance”



ARDS- “Danang Lung”

Ashbaugh, Bigelow, Petty Lancet 1967



Acute Lung Injury/ARDS

American-European consensus 
definition

• Acute onset after “at risk” dx 
• Bilateral infiltrates on CXR 
• PaO2/FiO2 < 40 (ALI) 
• PaO2/FiO2 < 27 (ARDS) 
• No left atrial hypertension 

Bernard, et al. AJRCCM 1994; 149:818-24
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these variables in one of the cohorts.
There was no significant difference in the
predictive validity of the weight-
adjusted criteria. The consensus panel re-
viewed these results and considered the
lack of evidence for predictive validity of
these ancillary variables and their po-
tential contribution to face validity and
construct validity and decided to use the
simpler definition for severe ARDS that
relied on oxygenation alone.

The Berlin Definition. The final Ber-
lin Definition of ARDS is shown in
TABLE 3. Twenty-two percent (95% CI,
21%-24%) of patients met criteria for
mild ARDS (which is comparable with
the ALI non-ARDS category of the
AECC definition; TABLE 4), 50% (95%
CI, 48%-51%) of patients met criteria
for moderate ARDS, and 28% (95% CI,

27%-30%) of patients met criteria for
severe ARDS. Mortality increased with
stages of ARDS from mild (27%; 95%
CI, 24%-30%) to moderate (32%; 95%
CI, 29%-34%) to severe (45%; 95% CI,
42%-48%). Median (IQR) ventilator-
free days declined with stages of ARDS
from mild (20 [1-25] days) to moder-
ate (16 [0-23] days) to severe (1 [0-
20] day). Median (IQR) duration of me-
chanical ventilation in survivors
increased with stages of ARDS from
mild (5 [2-11] days) to moderate (7 [4-
14] days) to severe (9 [5-17] days).

Using the Berlin Definition, 29% (95%
CI, 26%-32%) of patients with mild
ARDS at baseline progressed to moder-
ate ARDS and 4% (95% CI, 3%-6%) pro-
gressed to severe ARDS within 7 days;
and 13% (95% CI, 11%-14%) of pa-

tients with moderate ARDS at baseline
progressed to severe ARDS within 7 days.
All differences between outcome vari-
ables across categories of modified AECC
(ALI non-ARDS and ARDS alone) and
across categories of Berlin Definition
(mild, moderate, and severe) were sta-
tistically significant (P! .001).

Compared with the AECC defini-
tion, the final Berlin Definition had bet-
ter predictive validity for mortality with
an AUROC of 0.577 (95% CI, 0.561-
0.593) vs 0.536 (95% CI, 0.520-
0.553; P! .001), with the difference in
AUROC of 0.041 (95% CI, 0.030-
0.050). To ensure that missing PEEP
data in one of the cohorts did not bias
the results, the regression analysis was
repeated without this cohort and
yielded similar results.

The Berlin Definition performed simi-
larly in the physiological database as in
the clinical database (TABLE 5, eFigure
1, and eFigure 2). Twenty-five percent
(95% CI, 20%-30%) of patients met
criteria for mild ARDS, 59% (95% CI,
54%-66%) of patients met criteria for
moderate ARDS, and 16% (95% CI, 11%-
21%) of patients met criteria for severe
ARDS. Mortality increased with stages of
ARDS from mild (20%; 95% CI, 11%-
31%) to moderate (41%; 95% CI, 33%-
49%) to severe (52%; 95% CI, 36%-
68%), with P=.001 for differences in
mortality across stages of ARDS. Me-
dian (IQR) ventilator-free days de-
clined with stages of ARDS from mild

Table 3. The Berlin Definition of Acute Respiratory Distress Syndrome
Acute Respiratory Distress Syndrome

Timing Within 1 week of a known clinical insult or new or worsening respiratory
symptoms

Chest imaginga Bilateral opacities—not fully explained by effusions, lobar/lung collapse, or
nodules

Origin of edema Respiratory failure not fully explained by cardiac failure or fluid overload
Need objective assessment (eg, echocardiography) to exclude hydrostatic

edema if no risk factor present
Oxygenationb

Mild 200 mm Hg ! PaO2/FIO2 " 300 mm Hg with PEEP or CPAP #5 cm H2Oc

Moderate 100 mm Hg ! PaO2/FIO2 " 200 mm Hg with PEEP #5 cm H2O
Severe PaO2/FIO2 " 100 mm Hg with PEEP #5 cm H2O

Abbreviations: CPAP, continuous positive airway pressure; FIO2, fraction of inspired oxygen; PaO2, partial pressure of
arterial oxygen; PEEP, positive end-expiratory pressure.

aChest radiograph or computed tomography scan.
b If altitude is higher than 1000 m, the correction factor should be calculated as follows: [PaO2/FIO2$ (barometric pressure/

760)].
cThis may be delivered noninvasively in the mild acute respiratory distress syndrome group.

Table 4. Predictive Validity of ARDS Definitions in the Clinical Database
Modified AECC Definitiona Berlin Definition ARDSa

ALI Non-ARDS ARDS Mild Moderate Severe
No. (%) [95% CI] of patients 1001 (24) [23-25] 3187 (76) [75-77] 819 (22) [21-24] 1820 (50) [48-51] 1031 (28) [27-30]
Progression in 7 d from mild,

No. (%) [95% CI]
336 (34) [31-37] 234 (29) [26-32] 33 (4) [3-6]

Progression in 7 d from moderate,
No. (%) [95% CI]

230 (13) [11-14]

Mortality, No. (%) [95% CI]b 263 (26) [23-29] 1173 (37) [35-38] 220 (27) [24-30] 575 (32) [29-34] 461 (45) [42-48]
Ventilator-free days, median (IQR)b 20 (2-25) 12 (0-22) 20 (1-25) 16 (0-23) 1 (0-20)
Duration of mechanical ventilation in

survivors, median (IQR), db
5 (2-10) 7 (4-14) 5 (2-11) 7 (4-14) 9 (5-17)

Abbreviations: AECC, American-European Consensus Conference; ALI, acute lung injury; ARDS, acute respiratory distress syndrome; FIO2, fraction of inspired oxygen; IQR, inter-
quartile range; PaO2, arterial partial pressure of oxygen; PEEP, positive end-expiratory pressure.

aThe definitions are the following for ALI non-ARDS (200 mm Hg!PaO2/FIO2"300 mm Hg, regardless of PEEP), ARDS (PaO2/FIO2"200 mm Hg, regardless of PEEP), mild Ber-
lin Definition (200 mm Hg!PaO2/FIO2"300 mm Hg with PEEP #5 cm H2O), moderate Berlin Definition (100 mm Hg!PaO2/FIO2"200 mm Hg with PEEP #5 cm H2O), and
severe Berlin Definition (PaO2/FIO2"100 mm Hg with PEEP #5 cm H2O).

bComparisons of mortality, ventilator-free days, and duration of mechanical ventilation in survivors across categories of modified AECC (ALI non-ARDS and ARDS) and across
categories of Berlin Definition (mild, moderate, and severe) are all statistically significant (P! .001).

THE BERLIN DEFINITION OF ACUTE RESPIRATORY DISTRESS SYNDROME
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Features shared by ARDS and other causes of  
acute respiratory failure

Feature ARDS Severe

pneumonia

Pulmonary

embolism

Cardiogenic 
oedema

Acute onset √ √ √ √

Fever,

leukocytosis √ √ √ if acute MI

Bilateral 
infiltrates √ √ - -

P/F <27 √ √ √ -

PAOP <18 √ √ √ -



Image Findings in ARDS

No initial findings  wait 24 hours 
Diffuse, bilateral pulmonary (alveolar) infiltrates 

CXR findings: 

CT findings: 

Ground glass opacities  patchy and diffuse 
Air bronchograms, bronchial dilation 

Consolidation  mostly in dependent regions 
Pleural effusions  common but not necessary 



24 hours later

A patient admitted with H1N1 pneumonitis



Histopathology of ARDS



 Normal alveolus

Ware LB, Matthay MA. The acute respiratory distress syndrome. NEJM. 2000;342:1334

Normally 
respiratory 
membrane 
thickness =  

0.2-0.3 
micron



Ware LB, Matthay MA. The acute respiratory distress syndrome. NEJM. 2000;342:1334

 ARDS alveolus

Normally 
respiratory 
membrane 
thickness =  

0.2-0.3 
micron



ARDS Histology

Ware LB, Matthay MA. The acute respiratory distress syndrome. NEJM. 2000;342:1334

Neutrophils

Hyaline 
membrane

Destruction of lung/alveolar architectureNormal lung histology



ARDS Histology
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larger alveolar ventilation targets than the so-called lung pro-
tective or low volume arm. Three trials turned out to be nega-
tive; i.e., there was no difference in survival, length of mechan-
ical ventilation, or hospital stay among the treatment groups.
Two trials, a Brazilian single-center study and the ARDS Net-
work trial (5, 6), attributed a statistically significant survival
benefit to the lung protective treatment. A number of design
features appear to distinguish positive from negative clinical
trials. (

 

1

 

) In positive trials there was a greater difference in
tidal volume settings among the treatment groups. The tidal
volume target in the conventional treatment arm of the two
positive trials approximated 12 ml/kg, whereas those of the
three negative trials was only 10.3 (71), 10.8 (73), and 10.2 ml/kg
(72). (

 

2

 

) Judged by the lung mechanics parameters, patients in
the negative trials may have had lesser degrees of injury than
did patients in the positive trials. For example, the respiratory
system compliance (a measure of the size of the baby lung) of
patients randomized to the low volume arms of the two posi-
tive trials averaged approximately 0.4 ml/cm H

 

2

 

O/kg, whereas
it averaged approximately 0.5 ml/cm H

 

2

 

O/kg in the negative
trials. All that can be concluded at this point is that tidal vol-
umes approaching 12 ml/kg are injurious to the lungs of pa-
tients with ARDS.

More relevant to this perspective is that the five randomized
trials have provided little information about “best PEEP.”
The arguments for and against PV curve–based PEEP man-
agement have been elegantly articulated (74). The hypothesis
that the injured lung is fully recruited at pressures greater than
LIP has been rejected (75). High degrees of PEEP and recruit-
ment maneuvers are the centerpieces of the open lung ap-
proach. Yet, in the ARDS Network trial, recruitment maneu-
vers failed to show a sustained benefit on gas exchange in
supine patients (8). Four of five trials (5, 71–73) used similar
and relatively modest PEEP settings (

 

!

 

 10 cm H

 

2

 

O), which
differed little among the treatment arms. In contrast, patients
in the lung protective treatment arm of the Brazilian trial were
managed with high PEEP settings averaging 17 cm H

 

2

 

O. Be-
cause the two positive trials differed dramatically in their ap-
proach to PEEP but were quite similar with respect to tidal
volume, it is hard to conclude anything about best PEEP from
them. Patients in the ARDS network trial were more likely to
receive bicarbonate buffers and respiratory rate adjustments
with the aim of correcting acidemia. It has been argued that
the higher rates might have produced auto-PEEP, but no mea-
surements to support this are available.

 

EVIDENCE IN SUPPORT OF EDEMA AS THE SOURCE 
OF REGIONAL IMPEDANCE IN ARDS

 

Parenchymal Marker Studies

 

Cognizant of CT’s limitations as a measurement tool of re-
gional lung mechanics, our group used the parenchymal marker
technique to quantify both spatial and temporal heterogeneity
in lung deformation in oleic acid–injured dogs (76, 77). The
parenchymal marker technique describes the topographic dis-
tribution of regional volume and ventilation in laboratory ani-
mals. The transthoracic injection of metallic markers and their
subsequent imaging with biplane fluoroscopy make it possible
to track the same anatomic regions in space and time. As a re-
sult, the topographic distributions of volume, ventilation, and
strain may be computed.

We were initially surprised to find that oleic acid injury did
not produce the collapse of dependent lung units in this model
of ARDS (77). However, in hindsight this finding is consistent
with earlier observations by Slutsky and colleagues, who re-
ported significant reductions in intrathoracic gas volume but

found no changes in chest wall dimensions in oleic acid–injured
dogs (78). We have simply extended this finding to a smaller
scale, i.e., regions as small as 1 cm

 

3

 

. The other surprise was
that it proved impossible to demonstrate opening and collapse
on this scale no matter how hard we looked for it. For example,
during sinusoidal oscillations of the respiratory system, 95%
of the regions of the oleic acid injured caudal lobe expanded
within 12

 

!

 

 (phase angle) of each other. This means that during
mechanical ventilation at a rate of 20 per minute, 95% of the
regions reach their peak volume within the same 100-millisec-
ond window. On the basis of these findings, we proposed an
alternative mechanism for the topographic variability in re-
gional impedances and lung expansion after injury, namely,
liquid and foam in alveoli and/or conducting airways. Our in-
ability to demonstrate temporal heterogeneity on a cubic cen-
timeter volume scale does not establish airway liquid and foam
as the prevailing mechanism. The fact that neither temporal nor
spatial heterogeneity was organized along gravitational lines,
however, was difficult to reconcile with the “weight of the lung
hypothesis.”

 

Alveolar Microscopy

 

Most of the evidence I have presented so far, be it pro or con
recruitment and collapse, represents inferences about alveolar
micromechanics from measurements that were made on a
scale several orders of magnitude greater than that of the
structures of interest. It therefore seems prudent to examine
data about lung deformation that were derived from micro-
scopic images. Current views on alveolar micromechanics and
the interactions between surface tension and tissue stress can
be traced to the classic morphometric studies by Bachofen,
Weibel, and colleagues (79–82) and the consequent quantita-
tive analysis by Wilson and Bachofen (83). Accordingly, tension
is carried by a helical network of collagen and elastin fibers
that surround and support alveolar ducts, whereas surface ten-
sion acting in parallel to alveolar walls counterbalances the
hoop stress at the alveolar entrance ring. It is remarkable how
little is known about alveolar deformation during breathing.
Most believe that alveoli unfold in the tidal breathing range
and only get stretched at high lung volumes (84, 85). Others
believe that only the alveolar ducts expand during breathing,
whereas alveolar volume and surface area remain more or less
constant (86). These uncertainties place substantial constraints
on analyses of alveolar mechanics in injury states.

Figure 3 shows subpleural alveoli of two isolated perfused
rat lungs that were imaged with laser confocal microscopy.
The image on the left is a three-dimensional representation of

Figure 3. Laser confocal images of subpleural alveoli of a normal (left) and
an edematous (right) rat lung. The perfusate was labeled with fluorescein
labeled dextran, i.e., edema fluid appears white, the alveolar walls gray,
and air pockets are black. (Gajic and Lee; unpublished observations.)
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Figure 3. Laser confocal images of subpleural alveoli of a normal (left) and
an edematous (right) rat lung. The perfusate was labeled with fluorescein
labeled dextran, i.e., edema fluid appears white, the alveolar walls gray,
and air pockets are black. (Gajic and Lee; unpublished observations.)
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To detect and quantify inflammation,
we used PET/CT with 18FDG, a technique
with several advantages: low invasiveness,
possibility of sampling a large fraction of
the lungs, and cross registration with CT.
For quantitative measurement of 18FDG
uptake, we computed Ki; i.e., the “influx
rate constant” of the tracer. Ki expresses
the net uptake of 18FDG by cells (taking
into account the rates of transmembrane
transport and phosphorylation) and is pro-
portional to their glycolytic activity (22). An

increase in Ki could be due to increased
metabolic activity of the cells or to an in-
creased number of cells. Several points re-
lated to interpretation of the 18FDG signal
need to be addressed. First, 18FDG is a non-
specific tracer, because it labels any cell
with an intense glucose uptake. Several
studies, performed both in humans (17, 18)
and animal models (19, 20, 22, 23) have
shown that, during pulmonary inflamma-
tory processes, the 18FDG uptake as mea-
sured by Ki can be attributed almost exclu-

sively to activated PMNs, possibly because
of the heavy dependence of these cells on
anaerobic glycolysis (35). Even when mac-
rophages are more abundant than PMNs,
PMNs are the cells uptaking 18FDG (19). In
a model of ventilator-induced lung injury,
Ki correlated with the number of PMNs
detected in the lung and decreased substan-
tially with progressive PMNs depletion (20).
Furthermore, we excluded all patients with
diagnosis or suspicion of cancer. For these
reasons, it seems reasonable to assume
that, in our patients, most of the 18FDG
signal arose from PMNs activated during
inflammation.

Second, in patients with ALI/ARDS, as
well as in normal subjects, the distribu-
tion of perfusion in the lung is not ho-
mogeneous (36, 37); however, this is un-
likely to affect 18FDG distribution, for
which uptake has been repeatedly shown
to be almost totally unrelated to regional
perfusion (38–42). Indeed, in experimen-
tal models of unilateral lung injury (15,
20), the injured lung always showed
greater Ki than the control lung indepen-
dent of whether blood flow favored the
injured lung or not.

Third, as long as the subject is normo-
glycemic, there does not seem to be a sys-
tematic effect of blood glucose on 18FDG
uptake. Indeed, in our patients, we did not
find a significant correlation between blood
glucose level and Ki (r2 !.13, p ! not
significant). In this setting, normalization
of 18FDG uptake by blood glucose would be
more likely to introduce an additional error
than to improve the data quality (43, 44)
and is usually not performed. Taken to-
gether, these considerations suggest that
interindividual differences in blood glucose
levels had no impact on Ki.

Ki values differed greatly among pa-
tients. The increase and the interindividual
variability of Ki persisted when Ki was nor-
malized by lung density, to account for the

Figure 4. Representative images of cross-registered computed tomography (CT) and [18F]-fluoro-2-
deoxy-D-glucose (18FDG) positron emission tomography from two patients with acute lung injury/
acute respiratory distress syndrome. The CT image was acquired during a respiratory pause at mean
airway pressure. The gray scale is centered at "500 Hounsfield Units with a width of 1250 Hounsfield
Units. Positron emission tomographic images represent the average pulmonary 18FDG concentration
during the last 20 minutes of acquisition (from 37 to 57 minutes since 18FDG administration); the
color scale represents radioactivity concentration (kBq/mL). A, 18FDG distribution parallels that of the
opacities detected on CT (patient 7 in Tables). B, Intense 18FDG uptake can be observed in normally
aerated regions (patient 4 in Tables) (square 1), while activity is lower in the dorsal, “nonaerated”
regions of both lungs (square 2; patient 4 in Tables).

Table 2. Image-derived parameters

Patients with ALI/ARDS
Controls,

Mean # SD1 2 3 4 5 6 7 8 9 10 Mean # SD

KiNA $ 104 (mL!min"1!mL"1) 23.5 30.6 37.4 198.7 145.1 31.7 42.3 31.8 37.2 260.3 83.8 # 85.6a 10.9 # 3.1
KiCO $ 104 (mL!min"1!mL"1) 26.6 101.0 128.3 172.5 109.6 48.8 151.8 76.5 134.0 263.6 121.3 # 67.3 —
CTMEAN (HU) "343 "534 "668 "466 "409 "458 "479 "610 "652 "412 "503.2 # 109.7a "727.6 # 62.9

ALI, acute lung injury; ARDS, acute respiratory distress syndrome; KiNA, Ki values (net uptake rate of 18FDG, computed according to Patlak’s graphical
analysis %33&) of lung regions with density in the range of normal aeration (i.e., with CT attenuation between "900 and "501 HU); KiCO, Ki values of lung
regions with density in the range of collapse or consolidation (i.e., with CT attenuation between "100 and '100 HU); CTmean, mean computed tomography
value of the lungs; HU, Hounsfield units.

ap ( 0.05 vs. controls. Image-derived parameters for patients with ALI/ARDS and control subjects. Ki values of controls are similar to those reported
in the literature (17).
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Lungs of patients with ARDS show diffuse inflammation 
in normally aerated regions on PET



Time course of evolution of ARDS
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Advances in ARDS

Intensive Care Med  March 14, 2016

of the lung; however, this “baby” lung must accomplish 
the entire gas exchange. Overinflation of the most com-
pliant zones which receive the bulk of ventilation can 
lead to VILI. Injury can also occur by ventilation at 
low lung volumes  [9]. Ashbaugh et  al. [2] reported that 
PEEP improved oxygenation, allowed ventilation with 
lower FiO2, and probably contributed to higher survival 
rate. The original rationale for applying PEEP in ARDS 
was improvement in gas exchange; however, any puta-
tive benefit likely arises from its effect on minimizing 
VILI, since repetitive opening and collapse of unstable 
lung units causes lung injury due to the stresses placed 
on the junctional tissue between collapsed and open 
lung units [9]. Although it is likely that sufficient PEEP 
should be applied to maintain the lung open (on average 
10–16 cmH2O), despite decades of research, the optimal 
way to apply PEEP remains a matter of debate.

What is no longer a matter of debate is the fact that 
lung-protective ventilatory strategies can improve out-
comes in ARDS patients, and likely in patients without 
ARDS. The seminal contribution in this regard is the 
ARDSNet study [13] which demonstrated a 9 % absolute 
mortality reduction by applying a low tidal volume, lung-
protective strategy with limitation of plateau pressures. 

Over the past decade there have been a number of posi-
tive clinical trials [13–17], all of which are based on mini-
mizing VILI (e.g., use of neuromuscular blocking agents 
[16] and prone ventilation [17]). This contrasts with the 
past 50  years during which there have been no positive 
clinical trials of pharmacological agents aimed at the 
underlying basic mechanisms of lung injury or repair 
[18]. This likely relates in part to the importance of VILI, 
but perhaps more importantly to the fact that the defi-
nitions of ARDS that we have had are all physiologically 
based, and hence may not identify the correct targets 
for pharmacological therapies—again pointing out the 
importance in identifying suitable biomarkers.

As intensivists, it is incumbent on us to consider not 
only our patients’ short-term outcomes but also the 
long-term consequences. In this respect, another major 
advance over the past 20  years has been our increased 
understanding of the long-term physiology and quality of 
life of surviving ARDS, as well the psychological stresses 
on the family members and caregivers of ARDS survivors 
[19].

Clinicians have long recognized that not all patients 
with ARDS are alike. It now seems clear that the patho-
genesis of most diseases is influenced by the host 

Fig. 1 Major advances related to the acute respiratory distress syndrome (ARDS) and ventilator-induced lung injury (VILI): from the bench to the 
bedside. GWAS genome-wide association studies, ICU intensive care unit, NMB neuromuscular blocking agents, PIP peak inspiratory pressure, PMN 
polymorphonuclear cells, V volume, vent. ventilation. (Modified from [21])



ARDS - Causes of death

16% from irreversible respiratory failure 

74% ** from sepsis and multiple organ 
failure

Am Rev Respir Dis. 1985 Sep;132(3):485-9.



CHEST / 135 / 4 / APRIL, 2009

❖ Of 9184 ITU admissions 
❖ 4.1% met clinical criteria of ARDS (45% died) 

❖ At PM only 50% of clinical ARDS actually had ARDS! 
❖ 25% - Bronchopneumonia without ARDS 
❖ 12.5% - Invasive Aspergillosis  

❖ Only 1/4 had positive sputum 
❖ Lung Weight ~ 1850 gm (N ~ 800 gm) 
❖ Unexpected autopsy finding in 23%

ARDS - A Postmortem Study
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Treatment goals

❖ Treat primary condition 
❖ Avoid further harm: 

❖ Volutrauma 
❖ Barotrauma 
❖ Biotrauma 
❖ Recruitment/de-recruitment 
❖ Fluid overload

Only really effective treatment is to avoid further harm !!



49 yr old female 
Acute respiratory distress following H1N1 flu 
Ventilated for 8 days with high Fi02  
Tidal volumes ~ 500 mL 
No improvement in deteriorating 02 sats 
Called Leicester ECMO center for transfer 
Refused!

Clinical Case

Why?



Ventilator Induced Lung Injury-“VILI”



“...we have made major progress in the ventilatory 
treatment of patients with ARDS over the past 30 
years through the recognition and avoidance of 
iatrogenic ventilator- induced lung injury (VILI)  
by limiting tidal volumes and airway pressures.”



PIP of 45 cm H20

Control 5 min 20 min

Avoid over-stretch of lungs



5 µm

Endothelium and epithelium are injured at high lung 
volumes and pressures

Fu Z et al J Appl Physiol 1992 73: 123-133



Dreyfuss D and Saumon G Am Rev Resp D 1988 137; 1159-1164

VILI - Volutrauma or Barotrauma ?
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You can induce VILI- 

in normal lungs!
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Third, our non-ventilated control animals were not sham oper-
ated, did not receive fluid resuscitation and were breathing
room air as opposed to our ventilated animals. It can be sug-
gested that the invasive surgical procedure has an influence
on the inflammatory reaction by entering endotoxins and/or
bacteria into the circulation. MV in combination with prolonged
exposure to hyperoxia (> 95% of oxygen) augmented lung
injury [24]. However, lung injury caused by 50% of oxygen, as
used in our ventilated mice, has not been previously reported.

Fourth, in accordance with previous models of murine ventila-
tion, we did not use moisture breathing gas. The problem is
that drops will obstruct the inspiratory tubing. We do realise
that this is a limitation of our and previous models of murine
ventilation.

VILI was clearly present with the use of HVT after five hours of
MV. For most of our endpoints of VILI significant differences
were found between HVT mice and LVT mice. Of more interest,
with LVT VILI also developed. This finding is in accordance with
a previous report, where low VT (8 ml/kg) for four hours in mice
resulted in a reversible inflammatory reaction, while preserving
tissue integrity [25]. On the other hand, Altemeier and col-
leagues demonstrated that MV with tidal volumes of 10 ml/kg
for six hours did not cause significant cytokine expression [26].
In the study of Altemeier and colleagues, cytokines were
measured in the BALF, while in our study and in the study of
Vaneker and colleagues cytokines were measured in lung
homogenate. Maybe cytokines were still in the sub-epithelium
and did not migrate further into the alveoli. Thus, even the use
of LVT could be considered to be potentially harmful, at least in
a murine setting. In disagreement with some reports that did
not show any effect of larger VTin patients with non-injured
lungs [21,22], several articles did display harmful effects of
large VT. In one study on postoperative MV after cardiopulmo-
nary bypass surgery, MV with tidal volumes of 6 ml/kg pre-
dicted bodyweight (PBW) resulted in significantly lower BALF
TNF-� levels as compared with tidal volumes of 12 ml/kg
PBW [27]. These results were confirmed by others, who
showed that the use of large tidal volumes of 10 to 12 ml/kg
resulted in an increase of bronchoalveolar lavage fluid and
plasma IL-6 and IL-8 levels as compared with lower VT of 8 ml/
kg [28]. In our study, patients ventilated with HVT (12 ml/kg
PBW) for five hours showed upregulation of pulmonary inflam-
matory mediators as opposed to patients ventilated with LVT
(6 ml/kg) [29]. Unrecognised differences in MV between mice
and the human setting may be responsible for this difference.

With VT as used in our experiments histopathological changes
were minor. In previously published studies the VILI score was
about 2 in the low VT or low pressure group and about 7 in the
high VT or high pressure group [2,30]. Worth mentioning is
that VT or pressures used in the high VT group in these former
studies were about twice as high as in our study protocol. In a
previously mentioned study in which C57Bl/6 mice were ven-

Figure 3

Pulmonary levels of tumour necrosis factor (TNF)-�, interleukin (IL)-6, keratincyte-derived cytokine (KC) and macrophage inflammatory pro-tein (MIP)-2 in lung tissue homogenatePulmonary levels of tumour necrosis factor (TNF)-�, interleukin 
(IL)-6, keratincyte-derived cytokine (KC) and macrophage inflam-
matory protein (MIP)-2 in lung tissue homogenate. Pulmonary levels 
of TNF-�, IL-6, KC and MIP-2 and in lung tissue homogenate in control 
mice, and in mice ventilated with low tidal volumes (LVT) and high VT 
(HVT) for five hours. Two fluid strategies (normal saline (white boxes) 
and sodium bicarbonate (grey boxes)) were compared. Data represent 
median and interquartile range of six mice. *p < 0.05 (LVT vs. control or 
sodium bicarbonate vs. saline, IL-6 and MIP-2 in C57Bl/6 mice); †p < 
0.01 (HVT vs. LVT or LVT vs. control); ‡p < 0.001 (HVT vs. LVT or LVT vs. 
control).

High tidal volumes 
associated with 

increased release 
of cytokines

Systemic effects of volutrauma

Bio trauma…i.e., high tidal volumes 
effect whole body, not just lungs!



Low vs high tidal volumes in ARDS/ALI

The Acute Respiratory Distress Syndrome Network. N Engl J Med 2000;342:1301-1308 

Probability of Survival and of Being Discharged Home and Breathing without Assistance during the 
First 180 Days after Randomization in Patients with Acute Lung Injury and the Acute Respiratory 

Distress Syndrome 

Survival

Discharge

Mortality

12 ml/kg pbw 
40%

6 ml/kg pbw 
30%

NEJM 2000;342:1301-1308



JAMA. 2010;304(23):2620-2627

Lung donor eligibility



BMJ 2012;344: 5 April 2012

❖ Survival advantage of using <6.5 ml/kg IBW 
❖ Only 41% used lung protective ventilation 
❖ 64% died within two years 
❖ For each 1 mL/kg increase in tidal volume over that 

estimated using predicted body weight, there was an 18% 

relative increase in the risk of mortality at two years



NEJM Jan 22, 2013

❖ Needham showed that Vt less than 6.5 ml/kg IBW had survival advantage 
 (UK control ventilated with >8.3 +/- 3.5 !!!) 

❖ Given the SD of 3.5 in OSCAR (UK) 
❖ >34% ventilated with Vt 8.3 to 12 ml/kg IBW 
❖ ~ 14% ventilated with between 12 to 15.5 ml/kg IBW !

Control group
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N Engl J Med January 22, 2013.



Predicted or actual body weight of 332 ventilated 
patients plotted against total lung capacity (%TLC). 

Vt mL/kg actual body weight
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Crit Care Med 2004 Vol. 32, No. 9

The correlation between actual body weight and % 
TLC is extremely poor



Don’t forget protective tidal volumes are based on 
 ideal (or predicted) body weight, which are based on 
 SEX and HEIGHT (NOT weight!!)



Don’t forget protective tidal volumes are based on 
 ideal (or predicted) body weight, which are based on 
 SEX and HEIGHT (NOT weight!!)

Lung Volume 
= 3245 mL 

Lung Volume 
= 3364 mL 

Marie-Thérèse S. 
53 ans 

162 cm 132 kg 

Julia R. 
49 ans 

161 cm 47 kg 



6 ml/kg IBW? New slide?

“Baby lung”



New slide?



So don’t forget the tape measure!



Ventilatory goals
❖ Limit tidal volume to 4-8 ml/kg IBW 

❖ Accept lower blood gases initially (>90% SaO2) 
❖ Permissive hypercapnia (pH >7.20) 
❖ May need to increase RR 

❖ Plateau pressures < 30 cmH20 
❖ Beware of cause of high pressures 

❖ Ex. Intra-abdo hypertension 
❖ Fighting the ventilator 
❖ May need to measure TPP



How low can you go !



Maybe we should be interested in driving pressure

“We found a strong association between ∆P and survival even though 
all the ventilator settings that were used were lung-protective”

T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

n engl j med 372;8 nejm.org February 19, 2015 747
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BACKGROUND
Mechanical-ventilation strategies that use lower end-inspiratory (plateau) airway 
pressures, lower tidal volumes (VT), and higher positive end-expiratory pressures 
(PEEPs) can improve survival in patients with the acute respiratory distress syndrome 
(ARDS), but the relative importance of each of these components is uncertain. 
Because respiratory-system compliance (CRS) is strongly related to the volume of 
aerated remaining functional lung during disease (termed functional lung size), 
we hypothesized that driving pressure (∆P = VT/CRS), in which VT is intrinsically nor-
malized to functional lung size (instead of predicted lung size in healthy persons), 
would be an index more strongly associated with survival than VT or PEEP in patients 
who are not actively breathing.

METHODS
Using a statistical tool known as multilevel mediation analysis to analyze individual 
data from 3562 patients with ARDS enrolled in nine previously reported randomized 
trials, we examined ∆P as an independent variable associated with survival. In the 
mediation analysis, we estimated the isolated effects of changes in ∆P resulting 
from randomized ventilator settings while minimizing confounding due to the 
baseline severity of lung disease.

RESULTS
Among ventilation variables, ∆P was most strongly associated with survival. A 1-SD 
increment in ∆P (approximately 7 cm of water) was associated with increased 
mortality (relative risk, 1.41; 95% confidence interval [CI], 1.31 to 1.51; P<0.001), 
even in patients receiving “protective” plateau pressures and VT (relative risk, 1.36; 
95% CI, 1.17 to 1.58; P<0.001). Individual changes in VT or PEEP after randomiza-
tion were not independently associated with survival; they were associated only if 
they were among the changes that led to reductions in ∆P (mediation effects of ∆P, 
P = 0.004 and P = 0.001, respectively).

CONCLUSIONS
We found that ∆P was the ventilation variable that best stratified risk. Decreases 
in ∆P owing to changes in ventilator settings were strongly associated with increased 
survival. (Funded by Fundação de Amparo e Pesquisa do Estado de São Paulo and 
others.)

A BS TR AC T

Driving Pressure and Survival in the Acute 
Respiratory Distress Syndrome

Marcelo B.P. Amato, M.D., Maureen O. Meade, M.D., Arthur S. Slutsky, M.D., 
Laurent Brochard, M.D., Eduardo L.V. Costa, M.D., David A. Schoenfeld, Ph.D., 
Thomas E. Stewart, M.D., Matthias Briel, M.D., Daniel Talmor, M.D., M.P.H., 

Alain Mercat, M.D., Jean-Christophe M. Richard, M.D., 
Carlos R.R. Carvalho, M.D., and Roy G. Brower, M.D.

Special Article

The New England Journal of Medicine 
Downloaded from nejm.org by JOHN VOGEL on February 18, 2015. For personal use only. No other uses without permission. 
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Driving pressure (∆P) = Tidal volume / Compliance (Respiratory system)

“limiting driving pressure…to scale the delivered breath to the 
size of the (baby) lung…rather than scaling to body size.”

N Engl J Med 2015;372:747-55



Avoid recruitment/de-recruitment

“Lung protective ventilation”



Preventing overdistension and under-recruitment 
injury
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Recruitment manoeuvre and PEEP



Recruitment manoeuvre and PEEP



De-recruited lung

Duggan and Kavanagh Anesthesiology 2005, 102: 838-854

Therefore measure  
intra-abdominal pressure !



atelectasis after induction of anesthesia and paralysis (7
! 5%) (fig. 4). At 5 min after intervention, the group
receiving a recruitment maneuver followed by PEEP had
a significantly reduced mean area of atelectasis of 1 ! 1%
compared to 7 ! 5% immediately after induction (P "
0.0001). This reduction in atelectasis was maintained at
20 min after intervention (P " 0.0001). In the group
where a recruitment maneuver was followed by ZEEP,
there was a reduction of atelectatic area at 5 min after
intervention (P " 0.0083), but this reduction in atelec-
tasis was not sustained at 20 min.

Discussion

In morbidly obese patients, we found (1) that induc-
tion of anesthesia and paralysis dramatically reduced
EELV, promoted atelectasis in dependent lung regions
and caused a marked fall in arterial oxygenation and (2)
that a recruitment maneuver followed by PEEP increased
EELV, effectively opened up atelectatic lung areas, in-
creased respiratory system compliance, and improved
arterial oxygenation. The improvement in oxygenation
after the recruitment maneuver remained stable during
the study period of 40 min. PEEP or a recruitment ma-

Table 4. Fractional Lung Volumes from Spiral Computerized Tomography, n ! 23

Aeration Part of Lung
Awake

SB (n # 6)
Anesthesia

ZEEP (n # 23)

20 min after Intervention
Time *Group
Interaction P

Pairwise
Comparisons PPEEP (n # 6) RM $ ZEEP (n # 6) RM $ PEEP (n # 5)

Normally aerated, % Apex 75 ! 11* 56 ! 17 70 ! 12† 55 ! 17 80 ! 8†
Middle 72 ! 10* 53 ! 11 46 ! 11† 54 ! 14 74 ! 8†
Basal 57 ! 16* 28 ! 13 43 ! 12† 31 ! 16 47 ! 17†
Total 71 ! 11* 50 ! 12 64 ! 11† 50 ! 15 72 ! 9† 0.0015 0.0083

0.3470
" 0.0001

Poorly aerated, % Apex 25 ! 10* 39 ! 15 27 ! 12† 43 ! 17 19 ! 6†
Middle 27 ! 11* 37 ! 8 29 ! 9† 42 ! 12 24 ! 6†
Basal 35 ! 17 44 ! 10 38 ! 10† 45 ! 7 42 ! 14
Total 28 ! 12* 39 ! 9 30 ! 10† 43 ! 13 25 ! 6† 0.0014 0.0020

0.8813
0.0012

Nonaerated, % Apex 0.6 ! 0.5* 6 ! 5 3 ! 4 3 ! 2† 1 ! 1†
Middle 0.2 ! 0.3* 10 ! 7 6 ! 4 5 ! 5† 2 ! 2†
Basal 6 ! 4* 28 ! 15 15 ! 3 24 ! 11† 10 ! 12†
Total 1 ! 0.5* 11 ! 6 7 ! 3 7 ! 4† 3 ! 4† 0.032 0.0340

0.0163
0.3472

Data are presented as mean percent of each section (apex, middle, and basal part of the lung) with ! SD. Overaeration was always less than 1% and is, therefore,
not presented. If there was a significant difference between groups over time, comparisons were made between the groups to determine which interventions
differed from each other. Pairwise comparisons were made between: PEEP vs. RM $ ZEEP, PEEP vs. RM $ PEEP, and RM$ZEEP vs.RM $ PEEP, respectivly.

* P " 0.05, awake vs. anesthesia; † P " 0.05, anesthesia vs. after intervention.

ns # non significant; PEEP # positive end-expiratory pressure; RM # recruitment maneuver; SB # spontaneous breathing; ZEEP # zero end-expiratory pressure.

Fig. 3. Representative computerized tomography (CT). A CT
scan 1 cm above the diaphragm in the three different groups at
all four time points. Note the sustained effect of RM " PEEP and
the transient effect of RM " ZEEP. PEEP ! positive end-expira-
tory pressure; RM ! recruitment maneuver; ZEEP ! zero end-
expiratory pressure.

Fig. 4. Single-slice computerized tomography (CT). Percentage
of atelectasis 1 cm above the diaphragm. The application of
RM " PEEP (n ! 10) reduced atelectasis, and this effect was
sustained for 20 min. RM " ZEEP (n ! 10) caused a reduction of
atelectasis, but this effect could not be seen after 20 min. PEEP
(n ! 10) had no effect on the amount of atelectasis. * P < 0.05
versus anesthesia, † P < 0.05 versus PEEP and RM"ZEEP. PEEP !
positive end-expiratory pressure; RM ! recruitment maneuver;
ZEEP ! zero end-expiratory pressure.

984 REINIUS ET AL.

Anesthesiology, V 111, No 5, Nov 2009

Recruitment manoeuvre and PEEP



Use compliance to titrate PEEP in ARDS

Carvalho AR et al. Intensive care medicine 2008 Dec; 34(12):2291-9

PEEP cm H20

Compliance

10 20 30

best
compromise

between under and 
over distension 



Other considerations



What works



N Engl J Med 2013; 368:2159-2168



in the prone than in the supine position, whereas perfusion is
similar in both conditions, the ventilation–perfusion ratios are
more homogeneously distributed in the prone position (9).
ARDS lung. During ARDS, the primary alteration of this

schema owes to increased lung mass (10), which may develop
a superimposed pressure four to five times greater than normal
and collapse the most dependent lung regions (compression at-
electasis) (2). The contributions of shape matching, heart weight,
and abdominal pressure (11) to lung collapse are overshadowed
by the increase in superimposed pressure, which remains its pri-
mary cause. When patients are shifted into the prone position,
chest wall compliance decreases (12) and lung density redistrib-
utes from dorsal to ventral (6) as a consequence of recruitment in
dorsal lung regions and collapse of ventral ones (see Figure 2).
The decrease in chest wall compliance, per se, would result in an
increase in plateau pressure during volume control ventilation or
a decrease in tidal volume during pressure control ventilation.
These effects, however, may be offset if dorsal recruitment pre-
vails over ventral derecruitment, leading to increased lung com-
pliance. Because the lung mass is anatomically greater in dorsal
regions (nondependent when prone) than in ventral regions (de-
pendent when prone), the increased aeration and recruitment of
the dorsal regions tend to exceed the decreased aeration and
derecruitment of the ventral regions (6, 13).

Gas Exchange in Prone Position

Oxygenation. The PaO2
improvement, observed without excep-

tion in all clinical (14) and experimental (15, 16) studies dealing
with the prone position, may be due either to recruitment and
aeration of perfused and previously degassed lung regions or to
diversion of blood flow from gasless regions to aerated ones.
The redistribution of blood flow seems unlikely as the primary
mechanism. In fact, the bulk of available data, obtained in ex-
perimental animals with microspheres (17) and by positron

emission tomography (18), suggests that blood flow distribution
does not change substantially in the conversion from the supine
to prone position. The fact that nitric oxide inhalation adds to
the positional PaO2

increase (19–22) suggests indirectly that
blood flow is not redirected by prone positioning per se. There-
fore, the most probable mechanism of oxygenation improve-
ment is that the recruitment of perfused tissue in dorsal
regions exceeds ventral derecruitment. To improve oxygenation
it is sufficient that the recruited regions remain inflated; such
zones, however, are not necessarily well ventilated. Therefore,
the responses of oxygenation and CO2 clearance to proning may
present different patterns (23).
CO2 clearance. In ARDS, impaired CO2 clearance reflects

structural changes of the lung parenchyma, such as alveolar wall
destruction, microthrombosis, cysts, blebs, and edema (24), and
strongly predicts outcome (25, 26). Dead space and PaCO2

do
not necessarily change when patients are transitioned from su-
pine to prone. However, by dividing patients with ARDS into
two groups according to the median change in PaCO2

after the
first pronation, we found that those who decreased PaCO2

in the
prone position with unchanged minute ventilation experienced
greater lung recruitment (23) and better outcomes (27) than
those who increased their PaCO2

. This benefit occurred indepen-
dently of oxygenation response.

Proning may improve CO2 clearance if repositioning causes
dorsal recruitment to prevail over ventral derecruitment, and/or
if hyperinflation that occurs in ventral regions when supine
decreases to improve compliance (13, 28). In the first case, the
increase in CO2 clearance owes to an increased number of open
and ventilated alveoli; in the second case, reduced overdisten-
tion allows better ventilation of previously hyperinflated units.
Both mechanisms lead to a decrease in regional stress and strain
and may explain why improved CO2 clearance, and not oxygen-
ation, relates to outcome.

Figure 1. A model showing the relative
and combined effects of shape matching
of the lung to the chest wall and of grav-
ity on the distribution of alveolar size (in-
flation) along the vertical axis. Top,
supine position: (A) Original shape of the
isolated lung (cone). In the absence of
gravity, all pulmonary units (spheres)
are equally inflated. (B) In the absence
of gravity, the cone, attempting to adapt
its shape to the confining chest wall (cyl-
inder), must expand its upper regions
more than the lower regions. Therefore
the upper pulmonary units increase their
size (and experience greater strain). (C)
With the application of gravitational
force the chest wall–confined pulmonary
units at a given level are compressed by
the weight of the units of the levels
above. The composite effect is reflected
in the scale of the upper panel, in which
we show the decrease in the gas-to-tissue
ratio from sternum to vertebra in normal
subjects (n ¼ 7) and in patients with
acute respiratory distress syndrome (n ¼
10), rearranged from Reference 6. Bot-

tom, prone position: (D) Original shape of the isolated lung in the prone position. In the absence of gravity all pulmonary units are equally inflated.
(E) Shape matching in the absence of gravity leads to expansion of the ventral pulmonary units, which, unlike when supine, are now in the
dependent position. (F) Applying gravitational forces decreases the size of the pulmonary units that bear the weight of the units above. Note that in
the supine position shape matching and gravity act in the same direction, jointly expanding the ventral regions, whereas in the prone position, they
act in opposing directions. The final effect is to “damp” the gravitational forces by shape matching, allowing more homogeneous inflation of the
pulmonary units from sternum to vertebra, as reflected by a shift along the scale of gas-to-tissue ratios.

Concise Clinical Review 1287

2 forces on alveoli:
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HOW DOES PRONING WORK?
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Prone position in ARDS 

Am J Respir Crit Care Med Vol 188, Iss. 11, pp 1286–1293, Dec 1, 2013

PRONE POSITIONING AND VENTILATOR-INDUCED
LUNG INJURY

Experimental Evidence for Proning Effect

Experimental studies provide convincing evidence that prone po-
sitioning influences the generation and evolution of ventilator-
induced lung injury (VILI). VILI arises from repeated application
of high mechanical forces that either tear fragile tissue directly or
initiate signaling that culminates in inflammatory change (29, 30).
Interfacial zones at the junction of open and closed tissues, which
are prevalent in gravitationally dependent zones (31), are sub-
jected to amplified tensions, to surfactant-depleting tidal cycles
of airspace opening and closure, and to shearing forces higher that
those experienced among lung units that remain continuously
open (32). Characteristics of the alveolar environment, notably
vascular pressures, surface tension, abnormal pH, and oxygen con-
centration, either influence the amplitude of mechanical stresses
applied to the alveolar capillary membrane, or condition its inflam-
matory response. Last, airway biofluids and secretions may directly
inhibit surfactant viability or production, impede the ease of air-
space opening, or predispose to lung infection (33, 34). Regional
mechanics, vascular filling, and airway drainage are each affected
by prone positioning.

Regional Mechanics

The prone position may alter absolute lung volume as well as its
distribution. Reports from various investigators conflict regarding
the impact of proning on FRC (35). Inconsistencies relate poten-
tially to differences in the preexisting recruitability of the lung,
respiratory muscle activity, flexibility and shape of the chest wall
(36, 37), nature of the supporting surface (38), and presence of
abdominal hypertension (39). It is generally conceded, however,
that any increment in FRC that occurs after turning neither fully
explains the proning-related improvements in oxygenation nor the
reduced propensity to VILI. The regional distribution of trans-
pulmonary forces across the lung appear to be of greater impor-
tance (6, 17, 40).

From the viewpoint of airspace mechanics, the more even dis-
tribution of transpulmonary pressure that results from prone po-
sitioning helps establish and sustain recruitment in response to
positive end-expiratory pressure (PEEP) (41–43). An experi-
mental study using quantitative CT in patients with ARDS
strongly suggests that prone positioning may add to the effi-
ciency of PEEP by improving recruitment while diminishing
alveolar hyperinflation (12). Evening the distribution of trans-
pulmonary forces promotes uniformity of ventilation–perfusion
matching ratios in acutely injured lungs (44). Resolving dispar-
ities of regional alveolar distension may also help prevent inap-
propriate redirection of blood flow from inflated to collapsed
tissues in response to rising PEEP and mean airway pressure.

Prone positioning relieves cardiac compression of the supporting
lung and may improve lymphatic drainage as the heart moves
inferiorly toward the sternum (8), helping to explain why
prone positioning improves the gas-exchanging efficiency
and gradual resolution of hydrostatic edema An experimental
study using quantitative CT in patients with ARDS strongly
suggests that prone positioning may add to the efficiency of
PEEP by improving recruitment while diminishing alveolar
hyperinflation (13).

Distribution of VILI

VILI favors gravitationally dependent areas, whatever the postural
orientation (8). For example, the dorsal regions are predisposed to
injury in the supine position (being dependent) but are relatively
spared when prone (being nondependent). By reducing the num-
ber of interfaces between open and closed units, as well as by
moderating transpulmonary forces, the excursions of mechanical
tension on well-vascularized dorsal tissues (effective driving pres-
sures) are lessened. Hemorrhagic pulmonary edema and inflam-
mation that result in healthy lungs from adverse ventilation is
differentially affected by positioning (45, 46). In both healthy
canine lungs and those preinjured by infused oleic acid, proning
may reduce dorsal hemorrhage, edema, and inflammation other-
wise incurred during supine ventilation whereas nondependent
zones are relatively spared (45, 46). Prone positioning could delay
injury onset, rather than attenuate the eventual extent of injury
(47), but the issue of whether reduced severity or slower devel-
opment predominates as the primary effect of prone positioning
remains unsettled.

Nonmechanical Cofactors of VILI

In addition to reducing regional transpulmonary force disparities,
prone positioning confers a secondary benefit simply by improving
the ratio of the partial pressure of oxygen in arterial blood to the
fraction of inspired oxygen (PaO2

/FIO2
ratio), thereby reducing the

need for iatrogenic intervention to sustain it. Measures normally
taken to improve oxygenation or increase ventilation when su-
pine may encourage VILI; improved oxygenation and ventilation
efficiency by prone positioning may allow reduction of FIO2

(48),
infused fluid volume, and mean airway pressure (49), thereby
lowering the risk of injury to mechanically stressed membranes
and/or right ventricular loading (50).

Apart from effects on the airspaces, gravitational forces influ-
ence regional vascular pressures, airway drainage, and efficiency of
the lymphatic sump. Dependent vasculature is exposed to greater
hydrostatic forces than is nondependent vasculature. These depen-
dent regions are also at risk for collecting biofluids, which may in-
hibit surfactant, directly injure alveolar epithelial surfaces, or
predispose to infection (51, 52). Prone positioning encourages
transfer of secretions from dorsal lung toward the airway opening.
Cross-compartmental translocation of instilled albumen and bac-
teria has been demonstrated in animal experiments (53–55). In
that work dependent positioning of the previously unaffected lung
predisposed to generalization of pathologic change, as did high
tidal volumes and low levels of PEEP.

Fluids entering the central airway also tend to drain to
gravity-dependent regions. Ladoire and colleagues (56) demon-
strated in the setting of lobar pneumonia that prone positioning
mitigates the tendency toward bacterial contamination of the
unaffected lung. These observations complement those of
Drakulovic and colleagues, Li Bassi and colleagues, and Li
Bassi and Torres, who reported that the propensity for pneu-
monia to occur in patients with ARDS can be attenuated by
prone positioning (57–59). Taken together, the experimental

Figure 2. A representative computed tomography scan of a patient
with acute respiratory distress syndrome in the supine position (left)
and prone position (right). Prone positioning redistributes opacities
from dorsal to ventral zones. End-expiratory images were taken with
the patient sedated and paralyzed immediately before and after assum-
ing the prone position, at identical end-expiratory pressures.
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Fluids in ARDS 
Mortality  

at 60 days

Liberal 
28.4% 

Conservative 
25.5%

“the conservative strategy..... 
shortened the duration of mechanical ventilation and intensive care without increasing 

nonpulmonary-organ failures”
N Engl J Med 354:2564, June 15, 2006

Survival

Breathing unassisted *



Fluids in ARDS - long term outcomes matter!

Am J Respir Crit Care Med Vol 185, Iss. 12, pp 1307–1315, Jun 15, 2012 

testing by the telephone to varying degrees. Fatigue or frustra-
tion appeared to play a role, as did an error in test administra-
tion. Future studies need to balance the merits of administering
a more comprehensive battery with the potential burden im-
posed on study participants.

Potential solutions to improve retention and test completion
in future studies include increasing the flexibility of scheduling by
centralizing test administration in different time-zones to mini-
mize potential conflicts with work or healthcare visits; increasing
the number of trained staff to administer the neuropsychological
battery and identifying and using the most effective strategies to
ensure test completion; selecting an intermediate testing time
point (e.g., 3 mo), which minimizes mortal losses yet ensures ad-
equate time for survivors to transition through the healthcare
system to home (24, 25, 62, 63); using a shorter test battery
(64) or limiting the domains to be assessed (62); and using
multiple strategies in a systematic fashion to retain participants
(60, 61). Through the effective use of many of these strategies,
more recent studies are demonstrating the ability to recruit and
retain survivors of ALI successfully (61, 65, 66). Finally, com-
pared with nonparticipants, ACOS subjects were more likely to
be female and white; as such, our findings may not generalize to
other populations.

In conclusion, we found that we were able to assess long-term
neuropsychological function in survivors from a multicenter trial
using a telephone battery. However, we encountered significant
challenges in regards to recruitment, retention, and test comple-
tion. We acknowledge that these challenges pose a potential
threat to the internal and external validity of such an approach.
To improve the performance of this practical approach in future
studies, we have highlighted potential solutions to improve re-
cruitment, retain study participants, and ensure complete neuro-
psychological assessments.

The subjects with ALI in our study had long-term cognitive
and psychiatric morbidity consistent with prior studies where
data were obtained in person (6–9, 24, 25). Coupled with our
prior work (10, 11, 30), our findings validate that many survivors

of ALI experience clinically important long-term cognitive im-
pairment. Approximately half of our survivors of ALI had ex-
ecutive dysfunction. Although cognitive impairment was not
associated with decreased quality of life in survivors of ALI
enrolled in ACOS, the evidence supports that cognitive impair-
ment has a considerable adverse impact on individuals and so-
ciety (6–21, 67, 68).

Survivors of ALI enrolled in ACOS experienced anxiety, de-
pression, and PTSD symptoms. The presence of long-term psy-
chiatric symptoms, and symptoms of anxiety in particular, was
found to be associated with lower PaO2

values and hypoglycemia
during the hospitalization. Our findings validate the recent work
of Hopkins and coworkers (18), wherein hypoxemia was asso-
ciated with anxiety at 1 year in ARDS survivors; augment the
recent work of Dowdy and coworkers (20), which found that
hypoglycemia was associated with depression at 3 months; and
support the notion that psychiatric symptoms may result from
brain injury sustained during the hospitalization. We found that
psychiatric morbidity was associated with cognitive impairment
and significantly worse quality of life. Because cognitive impair-
ment may lead to development of psychiatric symptoms (18),
and psychiatric symptoms may lead to impaired physical func-
tion (66), our findings support the idea that cognitive impair-
ment, psychiatric symptoms, and quality of life are interrelated
and impact on each other in survivors of critical illness.

We found that hypoxemia is a potential risk factor for the de-
velopment of long-term cognitive impairment. Consistent with the
work of Hopkins and colleagues (6), we found lower PaO2

values
were associated with cognitive impairment in general and execu-
tive dysfunction specifically. Enrollment in the conservative fluid-
management strategy was identified as a potential risk factor for
the development of long-term cognitive impairment and executive
dysfunction. To potentially explain this finding, we demonstrated
that within the ACOS population lower central venous pressures,
the explicit target of the conservative fluid-management strategy,
were associated with cognitive impairment and executive dysfunc-
tion. However, there was no indirect evidence for reduced cerebral
perfusion (e.g., cardiac index, systolic blood pressure) as the me-
diator for the observed association, thus it is unclear how conser-
vative fluid management may have caused cognitive impairment.
Given the highly selected population that enrolled in and com-
pleted ACOS testing, it is unclear if this finding generalizes to the
entire FACTT cohort. This finding needs to be validated.

Our study sample size limits the generalizability of our findings
and is a major limitation. We also acknowledge the potential for
uncontrolled confounding. Specifically, we were unable to adjust
for potential covariates simultaneously due to our sample size,
we were unable to adjust for sedation or delirium (25, 69), and
we did not screen for preexisting dementia formally (70) or pre-
existing psychiatric disease. There exists the potential for infor-
mative censoring, and although some subjects were determined to
be incapable of telephone-based neuropsychological testing, we
did not assess formally for hearing loss before testing. Although
furosemide has been associated with hearing loss, there was no
association between furosemide dose administered and cogni-
tive impairment (see Table E5). We used conservative criteria to
define cognitive impairment and limited the probability of a Type
I error (46); however, our multiple comparisons could result in
falsely rejecting the null hypothesis. If we used a Bonferroni cor-
rection factor, only the conservative fluid-management strategy
would remain associated with cognitive impairment. Regardless,
our risk factor assessment requires confirmation. Finally, depres-
sion, anxiety, and PTSD were identified using self-report mea-
sures, which may overdiagnose these disorders. These psychiatric
instruments, although reliable and valid, are not the gold stan-
dard for clinical diagnosis.

Figure 2. Long-term cognitive impairment according to fluid manage-
ment strategy. Impairment in a domain was defined as a score greater
than 2 SD below the population norm. Cognitive impairment was
defined as impairment in memory, verbal fluency, or executive function
in the 75 survivors completing testing in each of these cognitive
domains. Memory, verbal fluency, or executive function was assessed
in 92, 96, and 76 subjects, respectively. Proportions of impaired sub-
jects are specified by domain, according to fluid-management strategy.
Error bars reflect upper bound of 95% confidence interval. Cons ¼
conservative fluid strategy; Lib ¼ liberal fluid strategy.
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What does not work



Steroids in ARDS

Survival

Discharge

Mortality  
at 60 days

Steroids 
29.2% 

Placebo 
28.6%

“starting methylprednisolone therapy more than two weeks after  
the onset of ARDS may increase the risk of death”

N Engl J Med 354:1671, April 20, 2006



Nitric Oxide in ARDS -  
No improvement in survival

Lundin S et al Intensive Care Med 1996

10

NO in ARDS – NO effect on mortality

Lundin S et al Intensive Care Med 1996

HFOV in ALI/ARDS

Patients enrolled:
148 with ARDS (P/F <200 with PEEP>10)

Patients randomized to:
Conventional ventilation or HFOV

Derdak S et al  AJRCCM 166:801, 2002

HFOV Trial Outcomes

Modality N 30 day Mortality

HFOV                  75                      28 (37%)

Conventional       73                      38 (52%)

Derdak S et al  AJRCCM 166:801, 2002

Pulmonary pressure-volume curves:
inflation and deflation / air vs saline

Jonson B. and C. Svantesson,Thorax 1999;54:82-87.

• Exosurf Trial
• 725 ARDS patients 

randomized to 
surfactant or placebo

• No effects on 
physiology, length of 
stay or survival

Surfactant – Any Future?

• Possible reasons for failure of Exosurf:
– Poor delivery system (aerosolized vs

instilled directly)
– Low dose 
– Lack of surfactant proteins
– Inhibition of surfactant via alveolar/plasma 

proteins

• New surfactant preparations under active 
study



Other ventilatory modes

❖ High Frequency Ventilation 
❖ ECMO 
❖ Nova-Lung - for C02 removal 
❖ APRV - “Airway pressure release ventilation” 
❖ NAVA - “neurologically adjusted ventilator 

assistance

Probably an “extreme” form of low tidal volumes . 
Anecdotal results likely user dependent.



Other ventilatory modes

Rescue modes improve the end-point of oxygenation 
but not mortality (or even makes it worse). 

Protective lung ventilation does the opposite (i.e., you have to 
accept initial worse blood gases worse but survival better).



Recruitment/de-recruitment



High Frequency Ventilation



High Frequency Oscillation

High-Frequency Oscillation in Early ARDS

n engl j med nejm.org 9

was associated with higher mean airway pressures 
and with greater use of sedatives, neuromuscular 
blockers, and vasoactive drugs.

We stopped the trial early on the basis of a 
strong signal for increased mortality with HFOV, 
even though the prespecified stopping thresholds 
had not been reached. Studies that are stopped 
early on the basis of harm (or benefit) typically 
overestimate the magnitude of effect.31 We chose 
to terminate the study for three reasons: there 
was a consistent finding of increased mortality 
with HFOV in three consecutive analyses that were 
conducted after enrollment of 94, 300, and 500 
patients; the increased need for vasoactive drugs 
in the HFOV group suggested a mechanism of 
harm that was not offset by better oxygenation 
and lung recruitment; and the effect size was 
sufficiently large that we concluded that even if 
early HFOV did not increase mortality, it would 
be very unlikely to decrease mortality. We be-
lieve that continued enrollment would have put 
patients at risk with little likelihood of benefit.

Our results are inconsistent with the physio-
logical rationale for HFOV and with the results 
of studies in animals. In studies in animals in 
which benefits of HFOV were observed, lung 
injury was induced with the use of saline lavage 
— a highly recruitable model of surfactant defi-
ciency — which our results suggest does not 
translate directly to human adults with ARDS, in 
whom recruitability can be heterogeneous.32 Our 
results also contrast with those of prior random-
ized trials involving adults.22 A possible explana-
tion, which provided motivation for our trial, is 
that prior studies used control ventilation strate-
gies that are now known to be potentially harm-
ful.20,21 We found no benefit with HFOV when a 
current ventilation strategy was used as a con-
trol. This finding of no benefit with respect to 
mortality is consistent with the results of an-
other trial now reported in the Journal; in that 
trial, conducted in the United Kingdom, current 
standards for lung protection were suggested 
but not mandated.33 More surprising was our 
finding of harm. Several plausible mechanisms 
may contribute to increased mortality with 
HFOV. Higher mean airway pressures may result 
in hemodynamic compromise by decreasing ve-
nous return or directly affecting right ventricular 
function.34 Increased use of vasodilating seda-
tive agents may also contribute to hemodynamic 
compromise. Moreover, we cannot exclude the 

possibility of increased barotrauma in associa-
tion with HFOV.

The HFOV strategy that we chose, which was 
supported by preclinical data15,16 and a prospec-
tive physiological study,24 aimed to adjust mean 
airway pressure on the deflation limb of the 
volume-pressure curve and use the highest fre-
quency possible to limit oscillatory volumes. 
This approach led to relatively high mean airway 
pressures, even considering that when mean air-
way pressures are delivered with a ratio of inspi-
ratory-to-expiratory time of 1:2, as in our study, 
the pressures measured at the airway opening 
during HFOV are somewhat higher than those 
measured in the trachea.35-37 It is possible that an 
HFOV protocol that uses lower mean airway pres-
sures, a different ratio of inspiratory-to-expiratory 
time, or a lower oscillatory frequency might have 
led to different results.

The strengths of this trial include its methodo-
logic rigor, the application of protocols designed 
to open lung units in patients in both groups on 
the basis of the best available evidence, and en-
rollment at centers in several countries, which 
enhances the generalizability of our findings. 
Because we were cognizant that there is a learn-
ing curve associated with the use of HFOV,38,39 
we enrolled most patients at centers that were 
experienced with HFOV, and we did not detect 
an interaction between treatment effect and the 
number of enrolled patients per site.
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High-Frequency Oscillatory Ventilation on Shaky Ground
Atul Malhotra, M.D., and Jeffrey M. Drazen, M.D.

We thought it was impossible. Physiological 
principles maintained that ventilation at tidal 
volumes less than the anatomical deadspace 
should be ineffective (i.e., inspired air not reach-
ing the alveolae). Data from a 1980 study dis-
pelled that myth, showing unequivocally that 
ventilation with tidal volumes as small as 20 to 
30 ml in dogs, a mere fraction of the anatomical 
deadspace, could maintain adequate ventilation.1 
These unexplained observations sparked trans-
port and mixing theories predicting that CO2 
removal should vary in direct proportion to 
breathing frequency (although the relationship 
with tidal volume is more complex2,3), and these 
predictions were later confirmed experimental-
ly.4 Subsequent studies showed that CO2  remov-
al eventually reaches a plateau when the airways 
narrow during expiration, indicating the onset 
of expiratory-flow limitation. This concept is im-
portant, since portions of the lung can become 
hyperinflated dynamically (i.e., regional air trap-
ping) beyond levels predicted from the applied 
mean airway pressure.5-7

High-frequency oscillatory ventilation (HFOV), 
in which small tidal volumes are applied at a 
high respiratory rate, became a focus of re-
search and clinical practice, but widespread use 
was limited by the unavailability of commercial 
equipment. As the technology gradually evolved, 
the field suffered setbacks when trials showed 
that HFOV did not provide a benefit and could 
have induced harm in neonates with the respira-
tory distress syndrome.8,9 Although there have 
been some small clinical trials,10 the use of 
HFOV in adult patients never really caught on. 
More and better data were needed, and the field 
evolved as our understanding of the physiology 
of the acute respiratory distress syndrome 
(ARDS) improved.

Although mechanical ventilation can clearly 
be life-sustaining for those who are critically ill, 
there are now compelling data showing that 
mechanical ventilation can be damaging to the 
lung if the ventilator is set inappropriately. Exces-
sive tidal volumes can stretch the lung, leading 
to overdistention and further lung injury.11 In-
adequate positive end-expiratory pressure (PEEP) 
can promote repetitive alveolar collapse followed 
by reopening, which may be injurious to the 
lung (an injury known as atelectrauma). Lung 
homogeneity is also thought to be important, 
since injurious forces can develop at junctions 
of normal and abnormal lung even when the ap-
plied pressures are modest.12 Thus, in theory, 
HFOV in a well-recruited, homogeneous lung 
could avoid these problems if the problems with 
local airflow velocity could be overcome. If so, 
HFOV could combine small pressure oscillations 
to minimize overdistention with high mean air-
way pressures to prevent atelectrauma (Fig. 1).

Two major, multicenter, randomized trials 
now reported in the Journal show that it is hard 
to put theory into practice. In the Oscillation for 
Acute Respiratory Distress Syndrome Treated 
Early (OSCILLATE) trial,14 the authors found 
that an HFOV strategy with high mean airway 
pressures led to more deaths than did a conven-
tional mechanical-ventilation strategy that used 
relatively high PEEP levels. Patients in both 
groups underwent a baseline recruitment ma-
neuver (sustained high-pressure inflation) to pro-
mote lung homogeneity. In-hospital mortality 
was 47% in the HFOV group as compared with 
35% in the control group (relative risk of death 
with HFOV, 1.33; 95% confidence interval, 1.09 
to 1.64; P = 0.005), a finding that led to prema-
ture termination of the trial. The mechanism 
underlying the poor HFOV outcomes appears to 
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Background
Previous trials suggesting that high-frequency oscillatory ventilation (HFOV) reduced 
mortality among adults with the acute respiratory distress syndrome (ARDS) were 
limited by the use of outdated comparator ventilation strategies and small sample 
sizes.

Methods
In a multicenter, randomized, controlled trial conducted at 39 intensive care units 
in five countries, we randomly assigned adults with new-onset, moderate-to-severe 
ARDS to HFOV targeting lung recruitment or to a control ventilation strategy targeting 
lung recruitment with the use of low tidal volumes and high positive end-expiratory 
pressure. The primary outcome was the rate of in-hospital death from any cause.

Results
On the recommendation of the data monitoring committee, we stopped the trial after 
548 of a planned 1200 patients had undergone randomization. The two study groups 
were well matched at baseline. The HFOV group underwent HFOV for a median of 
3 days (interquartile range, 2 to 8); in addition, 34 of 273 patients (12%) in the 
control group received HFOV for refractory hypoxemia. In-hospital mortality was 
47% in the HFOV group, as compared with 35% in the control group (relative risk 
of death with HFOV, 1.33; 95% confidence interval, 1.09 to 1.64; P = 0.005). This 
finding was independent of baseline abnormalities in oxygenation or respiratory 
compliance. Patients in the HFOV group received higher doses of midazolam than 
did patients in the control group (199 mg per day [interquartile range, 100 to 382] 
vs. 141 mg per day [interquartile range, 68 to 240], P<0.001), and more patients in the 
HFOV group than in the control group received neuromuscular blockers (83% vs. 
68%, P<0.001). In addition, more patients in the HFOV group received vasoactive 
drugs (91% vs. 84%, P = 0.01) and received them for a longer period than did pa-
tients in the control group (5 days vs. 3 days, P = 0.01).

Conclusions
In adults with moderate-to-severe ARDS, early application of HFOV, as compared with 
a ventilation strategy of low tidal volume and high positive end-expiratory pressure, 
does not reduce, and may increase, in-hospital mortality. (Funded by the Canadian 
Institutes of Health Research; Current Controlled Trials numbers, ISRCTN42992782 
and ISRCTN87124254, and ClinicalTrials.gov numbers, NCT00474656 and 
NCT01506401.)
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Background
Patients with the acute respiratory distress syndrome (ARDS) require mechanical 
ventilation to maintain arterial oxygenation, but this treatment may produce sec-
ondary lung injury. High-frequency oscillatory ventilation (HFOV) may reduce this 
secondary damage.

Methods
In a multicenter study, we randomly assigned adults requiring mechanical ventila-
tion for ARDS to undergo either HFOV with a Novalung R100 ventilator (Metran) or 
usual ventilatory care. All the patients had a ratio of the partial pressure of arterial 
oxygen (Pao2) to the fraction of inspired oxygen (FIo2) of 200 mm Hg (26.7 kPa) or 
less and an expected duration of ventilation of at least 2 days. The primary outcome 
was all-cause mortality 30 days after randomization.

Results
There was no significant between-group difference in the primary outcome, which 
occurred in 166 of 398 patients (41.7%) in the HFOV group and 163 of 397 patients 
(41.1%) in the conventional-ventilation group (P = 0.85 by the chi-square test). After 
adjustment for study center, sex, score on the Acute Physiology and Chronic Health 
Evaluation (APACHE) II, and the initial Pao2:FIo2 ratio, the odds ratio for survival 
in the conventional-ventilation group was 1.03 (95% confidence interval, 0.75 to 
1.40; P = 0.87 by logistic regression).

Conclusions
The use of HFOV had no significant effect on 30-day mortality in patients undergo-
ing mechanical ventilation for ARDS. (Funded by the National Institute for Health 
Research Health Technology Assessment Programme; OSCAR Current Controlled 
Trials number, ISRCTN10416500.)
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Long term outcomes



With the exception of DLCO,  
lung function returns to normal

Herridge M et al NEJM 2003; 348:683-693 
Herridge M al NEJM 2011; 364:1293-1304

Variable

(% predicted) 3 Month 6 Month 12 Month

FVC 72 80 85
FEV 1sec 75 85 86

TLC 92 92 95

Residual vol 107 97 105

DLCO ** 63 70 72 *



Six minute walk test improved over time but 
limitations persist

12

ARDS Mortality - Seattle One-Year Outcomes in Survivors of the 
Acute Respiratory Distress Syndrome

• 109 survivors of ARDS (~93% of survivors) 
• Patients evaluated in clinic 3, 6, and 12 

months after ICU discharge
• Evaluation of symptoms, PFT’s, 6MWD, 

QOL (SF- 36), return to work

Herridge M et al  NEJM 2003;348:683-693

With the Exception of DLCO, Lung 
Function Returns to Normal

Herridge M et al  NEJM  2003

Six Minute Walk Test Improved Over 
Time but Limitations Persisted
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Herridge M et al  NEJM  2003

Short-Form General Health Score

Score
Patients   (3 months) 0
Patients  (12 months) 25
Normal Subjects 84

49% of patients returned to work

Key limiting symptoms = fatigue, weakness (not 
respiratory)

Herridge M et al  NEJM  2003 Davidson TA et al JAMA 1999, 28:354

Quality of Life Scores are Poor

Herridge M et al NEJM 2003; 348:683-693 
Herridge M et al NEJM 2011; 364:1293-1304



Use P/F ratio to trend  
efficiency of oxygen transfer
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Normal
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Hypoxaemia

Anaemia

Effects of a equivalent 50% reduction in Hb and pO2 on O2 
content in arterial blood

Explain that is why it is important to 
consider this in a patient with low Hb 
(but compensating high CO) and then 
gets a GI bleed (ex. from NSAIDS)



21 yr old female 
Acute respiratory distress following flu-like symptoms 
(H1N1) 
Requires intubation 
02 sats continues to drop rapidly from 87% to 78% on 
100% 02 
Central venous saturation 72%  
Attempt at higher PEEP of 25cm H20  
Little improvement in 02 sats 
But now central venous saturation is 52%

Clinical Case

Why? 
What does this signify? 

What did we do? 
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Effect of PEEP on lung efficiency vs. cardiac output 

Crit Care Med 2003; 31: 2719-2726

D02



Recap

❖ Mortality is decreasing but still a deadly disease 

❖ We can cause harm to the lungs by 

❖ overstretching 

❖ allowing collapse 

❖ Use “low” (i.e., normal tidal volumes) 

❖ calculate ideal weight using height and sex 

❖ Follow efficiency of gas exchange using P/F ratio



Cardiac output    x  Hb  x    % Sat O2

Oxygen

Don’t forget, we are in the oxygen delivery 
business



Download at 

http://www.jvsmedicscorner.com
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