Recent advances in the ventilatory
strategies for acute respiratory
distress syndrome
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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, NMEB neuromuscular blocking agents, FIP peak inspiratory pressure, PAMN
polymorphonuclear cells, Vwolume, vent. ventilation. (Modified from [21])
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The respiratory-distress syndrome in 12

Swurrermary : 5
patients was manifested by acute onset of

achyrnea, hypoxmmia, and less of complisnce after a
variety of stimuli; the syndrome did not respond 1o usual

ndinary methods of respiratory therapy. The clinical
nological features closely resembled thoss scen in
s with respiratory distress and to conditions in
ive atelectasis and posrperfusion lung. The

£ active agent is postulated, Positive end-expiratory
: was most helpful in combating atelectesiy and
mzd, Corticosteroids appeared to have value in the
it of patients with fat-embolism and possibly viral

i
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THE ACUTE RESPIRATORY
DISTRESS SYNDROME

LoArame B. Ware, MO,
anD Mickaer A, MatThay, M.D.

HE acute respiratory distress syndrome is a

common, d ing clinical syndrome of

acute I“"E injury that affects both medical and
surgical patients. Since the last review of this syn-
drome appeared in the Jowrmal,! more uniform def-
initions have been devised and important advances
have occurred in the understanding of the epidemi-
ology, natural history, and pathogenesis of the dis-
case, leading o the design and testing of new treat-
ment strategies. This article provides an overview of
the definitions, clinical features, and epidemiology of
the acute r:splratur\r distress s\md.mrne and discusses
advances in the areas of pathogenesis, resolution,
and treatment.

HISTORICAL PERSPECTIVE
AND DEFINITIONS
The first description of acute respiratory distress
syndrome appeared in 1967, when Ashbaugh and
colleagues described 12 parients with acute respira-
tory distress, cyanosis refractory to oxygen therapy,
Amcrnsead hine camaliance and diffses inflraeee oy

the
o
nce
fini-
fen-
pver

Normal Alveolus Injured Alveolus during the Acuta Phasa

Abvsolar air spaca, Protsin-rich adama fluid

Sloughing of bronchial epithalium
Necrotic or apoplatic fypa | call

ex-
the
usc
was

H the

‘edematous fIl P2

=

con
patic

carly
respi

F Engimst sowsmal ot
JEITAL LIS an A |
foctu et Wimcicl

From the Division of Pulmanary and Crit-
ical Care, Department of Medicine, Mas-
sachusetts General Hospital, and Har-
wvard Medical Schoal — beth in Boston
{BTT); Centre for Inflammatian and Tis-
zue Repair, the Division of Medicine, Uni-
memlyCulleg! Landan, Londan [R.C.C);
and the Divisions of Mephrology and
Critical Care Medicine, University of
California San Francisco, San Francisco
{K.D.L}). Address reprint requests to Dr.
Thompzan at the Division of Pulmonary
and Critical Care, Department of Medi-
cine, Massachusetts General Hospital
Bulfinch Bldg. Swite 148, 55 Fruit St
Boston, MA 02114, or at thompson
tayhor@mgh hareard edu.

This article was last updated on August
11, 2017, at NEJM_org.

M Engl ] Me=d 20073775627 2.
DOl: lo. 1058/ NEJMral CodaTT
Copyight 200 7 Mamschussiis Medical Socisly.

The NEW ENG

Acute Respi

B. Taylor Thompson, M.D., Rachel

IFTY YEARS AGO, ASHEAUG!
wachypnea, refractory hypax
ter inféction or trayma.t

veolar spaces of the lungs in 6 of

to be specific for the respiratory
adult (laver changed o acure)
Since ARDS was last review

has been made in the care of a

with reductions in both incid

tively common and lecha! or di

involving 29,144 patients,” 108

(ICU) and 23% of mechanicall

subgroup of patients with seve

der are at high risk for cognitive
and persistent skeleral-musce

DEFINITION A

Four major definitions of ARDS
the cencra! fearures of the inida
lung permeability, edema, and i
care and no validated diagnostic
on clinical fearures and chest
posed in 2012F breaks with
based on the degree of hypoxel
tory pressure (PEEP) (Table 1). T

Exudtve phise

Siughing ot
L brnchactlom

use of
ich are
It if A
- known
more i
¥t consh
es that
1me mve
r coexis
ate of
by

. Kaez
stion,
er by &
a. Anj
rologic
pean
amage.

Baceiavius fumg,
e coments.

Apopests o ecksis oAECT e AECH
adrg o e e
epehei iy
BRAGE 2 5P, CCAE b 2 KL6)

e WE

jand
[TAL LIB
itz -

A Mormal spontanecusy breathing

Pabv =0cm H.O

From the Keenan Research Center, Li Ka
Shing Knowledge Institute, St Michael's
Hazpital, and the Department of Medi.
cine and Interdepartmental Division of
Critical Care Medicine, University of To-
ronte — bath in Toronts (AS.5); and
Dipartiments di Anestesia e Medicina
degli Stati Critici, Ospedale 5. Giovanni
Hattista Molinette, Universitd di Toring,
Turin, Italy (V.M.R.). Address reprint re
quests bo Dr. Shutsky at St. Michael's Hos.
pital. 30 Bond St., Toronto, ON M3E IWE,
Canada, or at shutskya@=mh.ca.

This article was updated on April 24,
2014, 3t NEJM arg.

M Engl | Med 2013;363:3126 36.
DOk 10. 1055/ NEJMral 20876
Copyighé 0 210 3 Msmmchusess Medicn Socisly.

B Normal anesthetized, paralyzed

The NEW ENGLAND JOURNAL af MEDICINE

“ REVIEW ARTICLE ”

CRITICAL CARE MEDICINE
Simon R. Finfer, M.D., and Jean-Louis Vincent, M.D., Ph.D., Editors

Ventilator-Induced Lung Injury

Arthur S. Slutsky, M.D., and V. Marco Ranieri, M.D.

muscles while providing adequate gas exchange. Ventilarory support proved

to be indispensable during the 1952 polio epidemic in Copenhagen, decreasing
mortality among patients with paralytic polio from more than 8% to approximately
40F%. Despiee cthe clear benefies of chis cherapy, many patients evenmally die afier
the initiation of mechanical ventilation, even though their arterial blood gases may
have normalized.

‘This morality has been ascribed to multiple factors, including complications
of ventilarion such as barotrauma (i.e., gross air leaks), onygen toxicity, and hemo-
dynamic compromise®? During the polio epidemic, investigarors nored thar me-
chanical ventilation could cause structiral damage to the lung.* In 1967, the term
“respiraror lung® was coined w describe the diffuse alveolar infiltrares and hyaline
membranes that were found on postmortem examination of patients who had
undergone mechanical venti lation.s More recently, there has been a renewed focus
on the worsening injury thar mechanical ventilarion can cause in previously dam-
aged lungs and the damage it can iniriate in norma! lungs. This damage is character-
ized pathologically by inflammartory-cell infilerares, hyaline membranes, increased
vascular permeakbility, and pulmonary edema. The constelladon of pulmonary con-
sequences of mechanical ventilation has been rermed ventilator-induced lung injury.

The concepe of ventilator-induced lung injury is nornew. In 1744, John Fothergit!
discussed a case of a padent who was “dead in appearance® afier exposure oo coal
fumes and who was successfully treared by mouth-to-mouch resuscitacion.® Fother-
gill noted thar mouth-to-mouth resuscication was preferable wo using bellows because
ithout injury, as great a force as those of an-

THE FURPOSEOF MECHANICAL VENTILATION ISTO RESTTHE RESPIRATORY
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Definition of ALI/ARDS

Acute onset
Bilateral infiltrates on CXR
PCWP < 18cmH,0; or no left side heart heart failure

Hypoxemia

— If Pa0,/FiO, < 200 Acute respiratory distress syndrome (ARDS)
— If Pa0,/FiO, <300 Acute lung injury (ALI)

AECC 1994



Berlin Definition

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 imaging? 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

Oxygenation®
Mild 200 mmHg Pao,/Fio, 300 mm Hg with PEEP or CPAP 5 cm H,O°¢
Moderate 100 mm Hg Pao,/Fio, 200 mm Hg with PEEP 5 cm H,O
Severe Pao./Fio, 100 mm Hg with PEEP 5 cm H,O

JAMA. 2012;307(23):5669



E plde m iOlOgy'Do we underestimate?

Gmngﬁmv residents
unde nical ventilation

Table 1. Incidence of Acute Lung Injury and ARDS and Mortality from These
Conditions.*

1984 Had <24 hr post-
operative ventilation
or were <6 months of age

424 2r5nai by protocol

2341 Had a PaOFI10, =300 mm Hg,
did not meet chest-radio-
graphy criteria, or both

40Were =15 years of age

90 Had FIC; <0.40

26 Received noninvasive
wventilation anly

67 Had a pulmanary diagnosis
other than acute lung injury

1687 Eligible pagients with acute
hypcke] qsjramnr failure
anda @ Thest radiograph

574 With PAWP =13 every
qualifying day, acute myocardial
infarction, congestive heart
failure, and no risk factor,
or a combination

11131”1«11.!3%3 injury

2

Acute Lung
Injury

1,113
78.9

Variable

Cases — no.

Crude incidence — no. per 100,000
person-yr

Age-adjusted incidence— no. per 100,000
person-yri

| Mortality (95% CI) — % 38.5 (34.0-42.2) 41.1 {36.?—45.4]

annual cases — no.T

Estimated annual deaths — no.T 59,000

Estimated annual hospital days — no.7 3,622,000 2,746,000

Estimated annual days in ICU — no. 2,154 000 1,642,000

N Engl J Med 2005;353:1685-93.




Lung Safe Study

Global Epidemiology of ARDS

international, multicenter, prospective cohort study in winter 2014

— 459 ICUs from 50 countries
10.4% (3022/29144) fulfilled ARDS criteria.

Underrecognized
— Clinician recognition of ARDS only 60%
Undertreated
— Less than 2/3 Vt < 8 of mL/kg.
P . measured in 40.1%, whereas 82.6% PEEP <12 cm H,0.
— Prone positioning was used in 16.3% of severe ARDS.

plat

High mortality

— Hospital mortality, mild 34.9%, moderate 40.3%, severe 46.1%.

JAMA. 2016;315(8):788-800.
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Figure 4

Resolution of ALI requires removal of alveolar edema fluid, removal of the acute inflammatory cells, and repair of the injured alveolar epithelium.
(A) Alveolar edema fluid reabsorption is driven by vectorial transport of sodium and chloride from the airspaces to the lung interstitium, creating
a mini—osmotic gradient. Sodium is transported across apical sodium channels (including epithelial sodium channel [ENaC]) and then extruded
basolaterally by sodium-potassium ATPase (NaKATPase). Chloride is transported by transcellular or paracellular pathways. In the presence of
endogenous or exogenous cAMP stimulation, the rate of alveolar fluid transport increases substantially, accomplished by increased expression
and activity of ENaC, NaKATPase, and opening of the CFTR. For net fluid clearance to occur, however, there needs to be a reasonably intact
alveolar epithelial barrier (see C). AQP5, aquaporin 5. (B) The resolution of inflammation in ALI and ARDS requires the removal of neutrophils
from the distal airspace of the lung. Neutrophils are normally taken up by alveolar macrophages, a process termed efferocytosis. The rate of
neutrophil clearance can be accelerated by regulatory T lymphocytes, in part by release of TGF-f. (C) Restoration of the alveolar epithelial bar-
rier initially occurs by reepithelialization of the epithelial surface by alveolar type Il cells. Although it was previously thought that this occurred via
proliferation of resident type Il cells, new work suggests there may be niches of progenitor cells that also contribute. An a6p4+ progenitor cell
has been identified in the mouse lung that is responsible for restoration of the alveolar epithelial barrier after bleomycin-induced lung injury (88).
Thus, repair may occur by endogenous stem cell proliferation, not just by epithelial cell migration and proliferation of existing differentiated cells.



Common Causes of ARDS

Direct Lung Injury

Pneumonia

Aspiration of gastric content
Pulmonary contussion

Fat embolism
Near-drowning

Inhalation injury

Reperfusion injury after transplantation,
pulmonary lobectomy

Indirect Lung Injury
Sepsis

Severe trauma with shock and
multiple transfusion

Cardiopulmonary bypass
Drug overdose

Acute pancreatitis
Transfusion of blood prodcuts



Brief History

Mr. Y, 28 y/o

Productive cough, purulent
sputum for 4 days

5/27 OPD 11:20am

— Respiratory distress

— Sa0, 88%, O, canula 6l/min
11:56 ER

— BP 91/56mmHg, HR 117/min,
RR 35/min, BT 36°C | 970527

— Rhonchi bilateral 11:19am




Admission to ICU

5/27 5PM RICU
— APACH Il score 20
— Fluid resuscitation

— Ceftriaxone + Erythromycin

— ARDS

* Protective ventilatory strategy

— Vt 360ml, PEEP 20cmH,0,

RR 26/min 970527

17:53pm

* Prone position ventilation






Chest X-Ray

Transfusion-related acute lung injury (TRALI)

March 18, 2010 March 25, 2010
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Case

f X X, 1745684H, 41 y/o female
Pregnancy 32 weeks, Triplet pregnancy by IVF, G3POAAO, SA2

Pre-eclampsia

— Hypertension, Edema, Proteinuria

Threatened preterm labor



Hospital Course

* Oct07, 2010, 5:30 am emergent CS
e Massive blood loss and transfusion

e Refractory hypoxemia and admission to RICU
— FiO, 100%, SpO, 88%

— Vt270 ml, PEEP 22, P, 34, P_ ... 32 cmH,0

plat

— C.0.3.55 L/min, C.I. 1.92 L/min/m?, PCWP 17 cmH,0O



Oct 07 Oct 11 Oct 13




Barotrauma, not Just Air Leak
Normal 5 MIN 20 MIN

Peak Airway Pressure 45cm H,0



VILI in Light Microscope

Perivascular cuffing Alveolar edema
PC 45cmH,0, 5ming PC 45cm H,0, 20min

AJRCCM 1998



Ultrastructural Change of Barotrauma

EP type | epithelium

IE Interstitial edema

EN Endothelium M. J. Tobin, Principles and Practice of Mechanical Ventilation,

McGraw-Hill, New York. 793-811
B Bleb



Volutrauma

Qwli/BW
(mi/kg)

extravascular lung water bloodless dry lung Distribution space of *°I-
content weight labled albumin

HiP-Hiv High-pressure-high-volume
LoP-HiV Iron lung ventilation

HiP-LoV Thoracoabdominal strapping Deryfuss D, Am. Rev. Respir. Dis.
137: 1159-1164



Atelectrauma

Normal alveoli Injured alveoli




Atelectrauma

 Opening collapsed airway
requires relatively high forces
and thus causes epithelium
disruption.

e Ventilation at low lung volumes
can inhibit production of
surfactant and/or lead to
surfactant being squeezed out
of alveoli.

 Reexpansion of atelectatic
regions can be associated with
marked increase in regional
stress.
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Injurious Mechanical Ventilation Affects
Local and Systemic Cytokines

5000 :
TNF-o. (pg/ml) ’ MIP-2 (pg/mil)

A
High Volume /1 4000 | High Volume
Zero PEEP ' Zero PEEP

| 3000

2000 —

' 1000

S
PEEP
(em H,0)

HVZP HYP LVZIP LVP

TIME (hours) TIME (hours)

AJRCCM Vol 160. pp 109-116, 1999




IL-6 and IL-8 is Associated with Morbidity
and Mortality in ALl

Alive Dead
n Median(IQR) n Median(IQR) P Value
IL-6
Baseline 505 276 <0.001
<0.001
Day 3 478 240
IL-8
: <0.001
Baseline 505 33(0-78) 275 67(24-180)
<0.001
Day 3 478 24(0-51) 240 66(25-144)

Crit Care Med 2005; 33: 1-6



| Physiological abnormalities

Biologic alterations
Increased concentrations of:

Hydroxyproline | )
yclo/p . PMN i *" Increased physiological
Transforming growth factor-8 o TNF-at R - @ | R —
Interleukin-8 p g "t | P
Release of mediators: oIL6 = —
4 ) Decreased compliance

Tumor necrosis factor a (TNF-a)

B-catenin

Interleukin-6 (IL-6)

Interleukin-18 (IL-18)
Recruitment of:

Pulmonary alveolar macrophages (PAMs)

Neutrophils

Decreased Pao,

Increased Paco,

Activation of epithelium
and endothelium

. b
Systemic effects chtgna :ﬂedlators
% =
Death

Translocation of:

Multiorgan

Lipopolysaccharides (LPS)
Bacteria Multiple mechanisms \_i dysfunction
(e.q., increased apoptosis)

Various mediators

Figure 9. Alterations caused by ventilator-induced lung injury (VIL). Biologic, physiologic, and systemic effects caused by injurious ventilatory strategies.
Further injury can be caused by mediators released into the lung. These mediators can recruit neutrophils into the lung or cause changes that can promote
pulmonary fibrosis. VILI can also lead to increased alveolar-capillary permeability that in tum can facilitate translocation of mediators, bacteria, or
lipopolysaccharides into the systemic circulation. These can then potentially lead to multiorgan dysfunction syndrome and death. PMN =
polymormphonuclear leukocytes. Reprinted by permission from Reference 29. Am J Respir Crit Care Med Vol 191, Iss 10, pp 1106-1115



Injurious Ventilation Strategy Leads to
Increased Epithelial Apoptosis

small intestine

Vil Crypl

Non-Injurious
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JAMA 2003;289(16):2104-2112




The ARDS Lung

Gattinoni JAMA 1993, Pelosi ATJRCCM 1994, Gattinoni ATJRCCM 2002, Gattinoni ICM 2005
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Protective Ventilation

NEJM 2007



6 vs 12 ml/kg

TaABLE 4. MAIN OUTCOME VARIABLES.*

VARIABLE

Death before discharge home
and breathing without
assistance (%)

Breathing without assistance
by day 28 (%)

No. of ventilator-free days,
days 1 to 28

Barotrauma, days 1 to 28 (%)

No. of days without failure
of nonpulmonary organs
or systems, days 1 to 28

GRoup
RECEIVING
LoweRr TIDAL
VOLUMES

31.0

GRoup
RECEIVING
TRADITIONAL
TipaL VOLUMES

39.8

55.0

1011

11
12+11

N Engl J Med 2000;342:1301-8

J:nl
Plasma IL-6
m6ml/kg
12ml/kg

P VaLue

0.007
<0.001

0.007

0.43 Day 1 DEVE]

0.006

=  The decrease was greater in the group treated
with lower tidal volumes (P<0.001)

=  The day 3 plasma interleukin-6 concentrations
were also lower in this group (P=0.002).



Ventilator strategy influences organ harvest

%

80 - Successful harvest
70 -
60 - *

* P=0.004

50 -
40 -
30 -

20 -
10 -
0

Conventional Protectivce

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



Lower intra-operative Vt for abdominal
surgery

e 400 adults

— Intermediate to high risk of
pulmonary complications

Nonprotective ventilation

— Major abdominal surgery
— Vt6.4+0.8vs 11.1+1.1

 Composite endpoint

— Pulmonary
* Pneumonia, need of MV

Lung-protective ventilation

5
=
L
L
(=]
=,
-
=
1]
sl
o
el
o

Days since Randomization

No. at Risk — Extrapulmonary
Nonprotective 200 182163 145 142

ventilation ° i
Lung-protective 200 192184 179 176 Sepsis, death

ventilation

N EnglJ Med 2013;369:428-37.



“ SPECIAL ARTICLE

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.

N EnglJ Med 2015;372:747-55.




Resampling A: Resampling B: Resampling C:
Matched PEEP Matched AP Matched Plateau Pressure
40 l 40 40
g L.
E ""— - ]
G 30 - 304 s
E - . - il
— -’ -
o - i AP - AP
2 204 pr” 20+ o
g ~ - ]
=8
3 = -
IEn o BN BN B B 10 -
2 -3 PEEP
< PEEP L -

566 577 696

568
No. of Patients in Subsample

382

2.0+ 2.0+ 2.0+
e ' _ |
%‘E 14 1.4 1.4
v B i E
- i
LT 10 A — ) I [N . S - 1.0+ -
§3 { %
@ E *
52
£ 07 0.7 0.7-
= 3
=0
S s
E 0_5_ p‘:0.0ﬁl 0‘5_ p=0.61 O.S— p<0.00]
OO T T T T T 00 T T T T T 00/]/ T T T T T
S, 5 83 5 S5 S, 5 55 5 5 S 5 8 5, 0§
A B C
AN 4 > e
TT--o____Contrast ___---"" “t--._.___Contrast ___ .

Higher plateau pressure: Not always risky Higher PEEP: Not always protective




Driving pressure vs mortality

P<0.001
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Higher vs Lower PEEP

The National Heart, Lung, and Blood Institute ARDS Clinical Trials Network
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Table 1. Summary of Ventilator Procedures in the Lower- and Higher-PEEP Groups.*

Procedure Value
Ventilator mode Volume assist/control
Tidal-volume goal & ml/kg of predicted body weight
Plateau-pressure goal =30 cm of water
Ventilator rate and pH goal 635, adjusted to achieve arterial pH =7.30 if possible
Inspiration:expiration time 1:1-1:3
Oxygenation goal
PaO, 55-80 mm Hg
SpO, 88-95%
Weaning Weaning attempted by means of pressure support when level of arterial oxygenation acceptable

with PEEP =8 cm of water and FiQ, =0.40
Allowable combinations of PEEP and FiO,}
Lower-PEEP group

FiO, 03 04 04 05 05 06 0.7 0.7 07 0.8 09 09 0.9 1.0

PEEP 5 5 8 3 10 10 10 12 14 14 14 16 18 18-24
Higher-PEEP group (before protocol changed to use higher levels of PEEP)

FiO, 03 03 03 03 03 04 0.4 05 05 0508 08 08 1.0

PEEP 5 3 10 12 14 14 16 16 18 20 22 22 22-24
Higher-PEEP group (after protocol changed to use higher levels of PEEP)

FiO, 03 03 04 04 05 05 0508 o0& 09 1.0

PEEP 12 14 14 16 16 13 20 22 22 2224




Higher vs Lower PEEP

metaanalysis

JAMA. 2010;303(9):865-873



PEEP Guided by Esophageal Balloon

Optimal level of PEEP has ~ Volume of breath
been difficult to determine

Volume (L)
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Esophageal Balloon-Guide PEEP setting

Vt 400ml, FiO2 0.6, PEEP 12, colon ca. with perforation and peritonitis

End expiration End inspiratory pause

N Engl J Med 2008;359:2095-104.



Esophageal Balloon-Guide PEEP setting

N Engl J Med 2008;359:2095-104.

PEEP increase from
12 to 24 cm H,0,
Vt 320ml
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Esophageal P. vs Conventional Tx

Esophageal pressure

g S B 3

" Conventional treatment
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Respiratory-System Compliance
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Conventional treatment

Esophageal pressure

Baseline

Q

(cm of water)

Esophageal pressure

Conventional treatment
P<0.001

Baseline 72 Hr

m

Transpulmonary End-Expiratory
Pressure (cm of water)

Esophageal pressure

Conventional treatment P<0.001

Baseline 24 Hr 48 Hr 72 Hr

Plateau Pressure (cm of water)

Esophageal pressure

Conventional treatment

Baseline

(2]

Esophageal pressure

_\}‘_

Conventional treatment

Transpulmonary End-Inspiratory
Pressure (cm of water)

Baseline

Appendix 3: Kaplan-Meier survival functions for comparison between esophageal
pressure-guided vs. conventional ventilation protocols.

Cummulative Survival

1.0

Esophageal pressure guided protocol

Conventional protocol

Log rank
test, p=0.13

| ! I I |
60 20 120 150 180

Time from enrollment, days

N Engl J Med 2008;359:2095-104.




Corticosteroid for persistent ARDS

Double-blind, randomized controlled,
NHLBI ARDSNet

180 patients with ADRS for more than 7
days, methylprednisolone vs placebo

No differences of mortality at 60 and 180
days.

/lprednisolone
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Fluid management of ARDS

Alive, liberal strategy

Breathing
without
assistance,
conservative
strategy

Breathing without assistance,
liberal strategy

w
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Figure 3. Probability of Survival to Hospital Discharge and of Breathing
without Assistance during the First 60 Days after Randomization.

N Engl J Med 2006;354:2564-75.



Fluid management is important

p < 0.001

Hospital Mortality (%)

Initial Fluid Resuscitation: Adequate Adequate Inad equate Inadequate

Post-Resuscitation
Fluid Management Conservative Liberal Conservative Liberal

*Adequate initial fluid resuscitation (AIFR)

*an initial fluid bolus of > 20 mL/kg prior to and achievement of a CVP of > 8 mm Hg within 6 h after he onset of therapy with
vasopressors.

*Conservative late fluid management (CLFM)

*even-to-negative fluid balance measured on at least 2 consecutive days during the first 7 days after septic shock onset.

CHEST 2009; 136:102—-109



Neuromuscular Blockade in Early ARDS
ACURASYS study

 Multi-center, double-blind,
randomized controlled trial

e 340 patients with ARDS admitted
to ICU within 48 hours

Cisatracurium

e Cisatracurium besylate v.s.
placebl
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* Hazard ratio of 90 days death in
the cisatracurium v.s. placebo is
0.68 (95% Cl, 0.48t0 0.98; P =

30 40 50 60 J0 &0 30 004)’

Days after Enrollment

N EnglJ Med 2010;363:1107-16.



High P, & Strong Effort

Paralysis Strong Effort

(Pleural)

PL 50 cmH,0

(Transpulmonary) (Transpulmonary)




Spontaneous breathing during lung-protective ventilation in an
experimental acute lung injury model: High transpulmonary
pressure associated with strong spontaneous breathing effort may

worsen lung injury*

Takeshi Yoshida, MD; Akinori Uchiyama, MD, PhD; Nariaki Matsuura, MD, PhD;
Takashi Mashimo, MD, PhD; Yuji Fujino, MD, PhD (Crit Care Med 2012; 40:1578-1585)
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The Comparison of Spontaneous Breathing and
Muscle Paralysis in Two Different Severities of
Experimental Lung Injury*

(Crit Care Med 2013; 41:536-545)

SEVERE
ARDS



PL= Paw-Pes
(cm H,0)

Volume

L

Patient self-inflicted lung injury

33

—_— Capillary
Leak

P-SILI Impaired
L Palv Gas Exchange
TVt, Pendelluft Mechanics
Increased Pes swings

/K \ Increased

Partial Assist Respiratory Drive

Am J Respir Crit Care Med Vol 195, Iss 4, pp 438-442



Early Neuromuscular Blockade in ARDS

ROSE trial, PETAL network

Survived to hospital
discharge,
intervention group

I--h""ﬂa-

-_h—.
'h—-.-‘-.l-————m-.n.-.-_-ﬁ--___

ed to home,
ol group

[0
-
<
[}
S
o
[P
=]
[
(=]
Ll
-
[<
@
e
[}
o

Discharged to home,
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NEJM May 19, 2019



Table 1. Comparisons of the ACURASYS and ROSE Trials.*

Variable
No. of centers (location)

No. of patients (intervention group
vs. control group)

Trial design for group assignment

ARDS definition
Criteria for moderate-to-severe ARDS

Median time from ARDS diagnosis
to trial inclusion (IQR) — hr

ACURASYS Trial
20 ICUs (Europe)

340 (178 vs. 162)

Double blind

American—-European consensus

Pao,:Fio, <150 mm Hg with PEEP
=5 cm of water

16 (6-29)

ROSE Trial
48 hospitals (United States)

1006 (501 vs. 505)

Unblinded

Berlin criteria

Pao,:Fio, <150 mm Hg with PEEP
=8 cm of water

3 (4-16)

Commentary

It is unlikely that different practices across the Atlantic would
explain the different results of the two trials.

Estimates for sample-size calculations were different.

Potential effect should be minimal.

It is unlikely that this difference had a major effect on the char-
acteristics of patients enrolled in the trials.

ROSE allowed enrollment of patients with Pac,:Fio, of 150-200
mm Hg after initial assessment but before randomization.

Earlier inclusion time in ROSE may have resulted in enrollment

of some patients who might have died before they could
b o oo Ued s ACLIDACYC

Intervention vs. control strategies

Cisatracurium infusion plus deep
sedation vs. deep sedation

Cisatracurium infusion plus deep
sedation vs. light sedation

No routine neuromuscular blocking agents were allowed in the
control groups.

Mechanical-ventilation approach

Monitoring of patient—ventilator
dyssynchrony

ICU-acquired paresis and long-term
outcomes

Serious adverse events

Lung-protective ventilation
with low PEEP

Not reported

No difference between groups

Pneumothorax more frequent in the
control group (11.7% vs. 4%)

Lung-protective ventilation
with high PEEP

Not reported

No difference between groups

Rates of overall barotrauma did
not differ between groups

In the first 7 days, PEEP levels were higher by about 2-3 cm of
water in ROSE than in ACURASYS.

Ideally, future studies should assess dyssynchronies.

Patients in the control group in ROSE had higher mean levels
of activity to day 6 than patients in the intervention group.

There were more acute cardiovascular events in the interven-
tion group in ROSE than in the control group.

* Shown are comparisons between the ARDS et Curarisation Systematique (ACURASYS)? and Reevaluation of Systemic Early Neuromuscular Blockade (ROSE)® trials, which assessed the
use of neuromuscular blocking agents in patients with moderate-to-severe acute respiratory distress syndrome (ARDS). ICU denotes intensive care unit, IQR interquartile range,
Pao,:Fio, the ratio of the partial pressure of arterial oxygen to the fraction of inspired oxygen, and PEEP positive end-expiratory pressure.

Arthur S. Slutsky et al NEJM 2019




Reverse Triggering

B © Reverse triggering is a type of
== dyssynchrony that occurs when a
NN N patient effort occurs after (‘is triggered
S A Vel by’) the initiation of a ventilator (non-

patient triggered) breath.

* Frequently recognized, in patients
heavily sedated.

* Can beinjurious, including breath
stacking, pendelluft, excessive regional
stress.

CHEST 2013; 143(4):927-938



ECMO for severe COVID-19 pneumonia
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Number at risk
GroupB 803
Group A2 2824
Group Al 1182

40 50
Time since the start of ECMO (days)
646 475 303 202 132 82
2471 1950 1404 1014 696 496
1012 765 513 348 234 156

* ECMO on or before May 1, 2020 (group Al)
* Between May 2 and Dec 31, 2020 (group A2)
* Late-adopting centres were those that provided ECMO for COVID-19 only after May 1, 2020 (group B)

Group B
—— Group A2
— Group Al

Lancet 2021; 398: 1230-38






Gattinoni’s first trial

* Multi-center, randomized trial

~
o

— December 1996 to October 1999

— ALl and ARDS

Survival (%)
(8]}
o

N
(&)

— 152 prone, 152 supine

— prone position for 6 or more hours
daily for 10 days

No. AT Risk

Supine group 152 82 62
Prone group 152 78 3 57

Gattinoni L. et al N Engl J Med 2001;345:568-73



PPV Improves Oxygenation

Gattinoni L. et al N Engl J Med 2001;345:568-73



Less Compression of Lungs by the Heart in
Prone Position

Am J Respir Crit Care Med Vol 161. pp 1660-1665, 2000



Diaphragm Excursion Between Supine and Prone

Anesthesiology 70:891-898; 1989
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Study Prone Supine Ratio of Means Woight Ratio of Means

or sub-category M N 95% Cl %% 959 Cl

Day 1

Gattinoni 2001 147 148 —— 25.70 1.53 [1.40, 1.69]
Watanabe 2002 8 8 —a— 12.50 1.39 [1.16, 1.66]
Curley 2005 aa 51 — 12.82 1.50 [1.26, 1.79]
Mancebo 2006 73 5% — 14.71 1.25 [1.07, 1.47]
Chan 2007 11 11 I = % Z.83 1.53 [1.00, 2.34]
Femandez 2008 21 15 —_— &.41 1.22 [0.93, 1.81]
Taccone 2009 160 169 —.— 24.97 1.31 [1.19, 1.44]
Subtotal (95% CI) 468 461 < 100.00 1.39 [1.29, 1.50]
Tast for Overall Effect: p=<0.00001
Hetarogeneity: 12 =35%

Day 2

Gattinoni 2001 121 148 —-— 24.321 1.35 [1.21, 1.50]
Watanabe 2002 8 2 — 12.90 1.38 [1.16, 1.65]
Curley 2005 45 49 1 12.47 1.14 [0.95, 1.37]
Mancebo 2006 71 59 — 15.60 1.27 [1.09, 1.49]
Chan 2007 8 7 —» 2.1f 2.09 [1.26, 3.46]
Femandez 2008 21 18 —_ 7.40 1.18 [0.91, 1.53]
Taccone 2009 159 167 —.— 25.36 1.20 [1.08, 1.33]
Subtotal {25% CI) 433 456 <4 100.00 1.27 [1.1B, 1.37]
Test for Overall Effect: p=<0.00001
Hetarogeneity: 12 = 30%

Day 3

Gattinoni 2001 95 139 —— 29.04 1.26 [1.13, 1.40]
Watanabe 2002 a & — 14.58 1.46 [1.21, 1.76]
Curley 2005 11 a7 = 16.16 1.19 [1.00, 1.42]
Chan 2007 a 7 2.74 1.08 [0.66, 1.77]
Femandez 2008 20 17 7.58 1.47 [1.10, 1.94]
Taccone 2009 153 161 —-— 29._90 1.23 [1.11, 1.37]
Subtotal (25% Cl) 325 379 < 100.00 1.27 [1.19, 1.35]
Test for Overall Effect: p=<0.00001

Hetarogeneity: 12 =0%

0.5 0.7 1 1.5 2
Supine Higher Prone Higher

Fig. 4 Effect of prone ventilation on PaO, (partial pressure of supine group (at the closest available time). Weight is the
arterial oxygen)/FiO; (inspired fraction of oxygen) on postrandom- contribution of each_ study to the overall ratio of means. CI
ization calendar days 1-3. Ratio of means = mean PaO,/Fi0O, in confidence interval, F percentage of total variation across studies
the prone group (in the prone position)/mean Pa0Q,/Fi(, in the due to between-study heterogeneity rather than chance



Dual Effect of Prone Position on Ppl Gradient in
ALl

Supine Prone Supine Prone

Ppl (cm H,0)

0.53 0.71 0.27
+0.1 . +0.1 +0.1

Control Edema

Mutoh, JAP 1992



Prone Position Reduces Lung Stress and Strain

Plateau Pressure = =AY/

Pre-prone

Prone

“

Post-prone
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Pre-prone Prone Post-prone

End-Expiratory Lung Volume

Eur Respir J 2005; 25: 534-544
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Big Trials of PPV

tendency of longer duration

TABLE I.— Notable features of the largest randomised controlled clinical studies investigating the effect of prone positioning on the

outcome of patients with hypoxemic acute respiratory failure.

Prone-supine II Mancebo l et al.
2009 20 2006 18

Guérin C ef al,

x. Prone-supine I
2004

2001 15

Patients (N.) 342 136
Enrollment period (years) 2004-2008 1998-2002
Enrollment rate 0.26 pts/ICU/m 0.24 pts/ICU/m
Enrollment criteria ARDS with ARDS with
PEEP=5 emH,0 four-quadrant
infiltrates at CXR
At hospital discharge
17 hours
for 10.1 days

Last follow-up available
Actual duration of prone positioning
(average)

At 6 months
18 hours
for 8.3 days

791 304
1998-2002 1996-1999
0.24 pts/ICU/m 0.28 pts/ICU/m
Hypoxaemic acute ALI/ARDS
respiratory failure with PEEP=5
(413 ALI/ARDS pts) emH,0
At 3 months At 6 months
9 hours 7 hours
for 4.1 days for 4.7 days

ALIL acute lung injury; ARDS: acute respiratory distress syndrome; CXR: chest X-ray; ICU: intensive care unit; m: month; PEEP: positive end-

expiratory pressure; pts: patients.

Minerva Anestesiol 2010;76:448-54)




Mancebo’s trial

 Multicenter, randomized trial e

n=142

— From Dec. 1998 to Sep. 2002

- S SAVSI(S) A R D S ISOH‘ID:;%;e::I Trial C"‘“"""i‘{f" Trial

— 60 supine, 72 prone, total 132 patients
— Continuous prone ventilation for 20h/day

— Standardized guidelines for ventilator setting, weaning and

sedation
Am J Respir Crit Care Med Vol 173. pp 1233-1239, 2006



Number of patients at risk:

Supine group
Prone group

PROBABILITY OF SURVIVAL

100 -

o0
o
]

4) 31 28 28 28 28
55 47 46 44 44 44

PRONE
60 - B -
40 SUPINE
15% relative and 25% absolute
20 - reduction of ICU mortality
P=0.27
0
10 20 30 40 50 60

DAYS AFTER RANDOMIZATION




PPV reduces mortality in low PF ratio patients

p Risk Ratio Risk Ratio
Study Supine .
or sub-category 85% Cl % 95% Cl

All Patients
Gattinoni 2001
Beuret 2002
Guerin 2004
Curley 2005
Voggenreiter 2005
Mancebo 2006
Chan 2007
Femandez 2008
Taccone 2009
Subtotal (95% CI)
Test for Overall Effect: p=0.54
Heterogeneity: 12=0%

Pa0,/FiO, > 100 Subgroup
Gattinoni 2001
Guerin 2004
Curley 2005
Mancebo 2006
Chan 2007
Femandez 2008
Taccone 2009
Subtotal (95% CI)
Test for Overall Effect: p=0.35
Heterogeneity: 12=0%

Pa0,/Fi0, < 100 Subgroup
Gattinon 20071
Guerin 2004
Curley 2005
Mancebo 2006
Chan 2007
Femandez 2008
Taccone 2009
Subtotal (95% CI)
Test for Overall Effect: p=0.01
Heterogeneity: 12 = 0%

0.5 1 2
Favors prone Favors supine

Intensive Care Med (2010) 36:585-599




Mortality Benefits in Low P/F patients

*

BSSEESESES

-
[
(=]

Risk Ratio (95% Cl)

+ N + +

+

80 90 100 110 120 130 140 150 160 170 180 190 200
PaO,/FiO, Threshold (mm Hg)

<threshold N= 208 440 555 664 7/8 885 1008 1093 1203 1316 1399 1382 033
>threshold N= 1425 1283 1168 1059 945 838 7156 630 520 447 385 300 254

Intensive Care Med (2010) 36:585-599




Lessons From Gattinoni’s Study

* Short duration of prone position ventilation
— Six hours per day
* Late application of Prone Position Ventilation
— More than 20% patients has pressure sore at entry
* High tidal volume
— 10.3ml/kg of predicted body weight

— Higher tidal volume in prone group
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Prone Positioning in Severe Acute Respiratory Distress
Syndrome

*Hypothesis: Prone ventilation will decrease VILI and thus decrease mortality
*Methods:

*ARDS with P/F <150 on Fi0, > 0.6 & PEEP > 5 cmH,O on Vt 6ml/kg
*Criteria confirmed 12-24 hours later

*Prone for more than 16 hours per day
*Sample size: 460 patients
*Primary outcome: 30 day mortality




Prone positioning in severe ARDS

Multicenter, prospective,
randomized, controlled trial

446 patients

— 237 prone, 229 supine
Severe ARDS

— P/F ratio < 150

— Fi0,20.6

— PEEP25cm H,0
> 16 hours/day No. at Risk

Prone group 237
Supine group 229

Prone group

S—

Supine group
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N EnglJ Med 2013;368:2159-68.



CMA] RESEARCH

CMAJ 2014. DOI:10.1503/cmaj.140081

Effect of prone positioning during mechanical ventilation
on mortality among patients with acute respiratory
distress syndrome: a systematic review and meta-analysis

Deaths, n/IN

No. of I value, Favours ! Favours

Variable trials Prone Supine RR (95% ClI) %o «— prone E supine —»
Protective lung ventilation i

Mandated 6 154/510  209/506 0.74 (Cl 0.59-0.95) 29 —D—E ] p = 0.05

Not mandated 4 229/458  205/395 0.98 (Cl 0.86-1.12) 0 -‘;— - .
Duration of prone positioning i

=16 h/d 6 191/565  243/547 0.77(Cl 0.64-0.92) 21 +E T p =0.02

< 16 h/d 4 192/403 171/354 1.02 (Cl 0.88-1.17) 0 -'b- -
Level of hypoxemia* E

Severe 6 75/210  102/209  0.76 (Cl 0.61-0.94) 0 !

Moderate 6 751274 102/268 0.74 (Cl 0.48-1.16) 42 —l—i— ] p=09

Mild 4 3/22 3/23 0.98 (Cl 0.18-5.24) 0 q'!

i
0.1 1 10

RR (95% CI)



Prone Positioning Related Complications

Related to prone positioning (% of pa-
tients)§

Need tfor increased sedation

Airway obstruction

Facial edema

Increased need for muscle relaxants
Ventilator discoordination

Transient desaturation

H}."r.ni':lttfl'ltii(':lI]

Vomiting

Arrhythmias

[Loss of venous access

Displacement of a thoracotomy tube
Accidental extubation

Gattinoni L. et al N Engl J Med 2001;345:568-73



Contraindication

Serious burns or open wounds on the face or ventral body
surface

Spinal instability

Pelvic fracture

Life-threatening cardiac arrhythmia
Hypotension

Tracheotomy tube

Obesity, or massive ascites



ECMO volumes and indications

B Aduit Pulm

BPed Pulm

Cumulative Runs

Annual Runs
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d < 1 4
‘ | | | | ‘ ‘ OMeo Palm

o g of q“@mam@@@ﬂr
,@‘h%,\%%hh'b% p\b q;hcb“ m‘m“q’bh“@ﬁhﬁﬁﬁb'\“

0

Figu_re 8. Cases in the Extracorporeal Life Su_ppc&rt Organizatiur_‘n Figure 9. Adult respiratory cases, Extracorporeal Life Support
Registry, July 2013. (From the Extracorporeal Life Support Organi- Organization Registry July 2013. (From the Extracorporeal Life
zation Registry, reprinted with permission.) Support Organization Registry, reprinted with permission.)

Bartlett RH, J Am Coll Surg, 2014



“In God we trust;
All others must bring data”

E. Edwards Deming
1900-1993



Efficacy and economic assessment of conventional @
ventilatory support versus extracorporeal membrane
oxygenation for severe adult respiratory failure (CESAR):

a multicentre randomised controlled trial

y, Clare L Hibbert,

Giles

Ann

e UK-based multi-center trial

e 180 patients,1:1 ratio, conventional vs ECMO
— aged 18-65 years, severe (Murray score >3.0 or pH <7.20)
— high pressure (>30 cm H,0 of PIP) or high FiO, (>0.8) ventilation for more than
7 days; intracranial bleeding; any other contraindication to limited
heparinisation; or any contraindication to continuation of active treatment
e Survive to 6 months without disability
— ECMO 63% (57/90) vs conventional 47% (41/87) (RR 0.69; 95% Cl 0.05—
0.97,p=0.03)

Lancet 2009; 374: 1351-63



22 did not receive ECMO
16 improved with conventional
management
3 died within 48 h before transfer
2 died during transfer
1 had contraindication to heparint

48.5%

766 patients screened for eligibility

h

180 enrolled and randomlby
allocated to treatment

.

586 excluded
103 bed unavailable for ECWO
99 had Murray score <3-0 or pH>7.20
86 had high-pressure ventilation for=7 days
298 other*

i

90 assigned for consideration
to receive ECMO

00 assigned to receive
conventional management

r

h

68 received ECMO support

& had restricted information about
status at & months from GP or
hospital data

h

a0 received comventional
management

r

hd

3 withdrew from the study before
&-month follow-up

90 reached primary outcome

b

87 reached primary outcome;
90 continued to be assessed
for 6-month follow-up

h

r

| 57 eligible for 6-month follow-up

46 eligible for 6-month follow-upt

48.9%
| 44diedbeforebmonths |

k J

3 withdrew from the study and
had no information about

severe disability at & months

11 had restricted information about

k

v

status at & months from GP
or hospital data

52 assessed at & months

| 32 assessed at & months




Table 3. Patient Outcomes?
2009 Infl A(H1N1)
S | ECMO for 2009

Confirmed Suspected
Infection Infection All Infections

Outcome Measure (n =53) (n=15) (N = 68) I nfl uenzd H 1 N 1

Length of stay, median (IQR), d
ICU 26 (16-35) 31 (15-38) 27 (16-37)

Hospital a5 (24-45) 40 (27-54) 39 (23-47) S evere A R D S

Duration, median {IQR), d
Mechanical ventilation

4(13-31) 25 (13-34) Australia and New

ECMO support 0(7-14) 10 (7-15)
Survival at ICU discharge 8(72) 48 (71)

(

E Zealand
Siill in ICU 4 (8) 6(9)

(

(

(

(

Survival at hospital discharge 32 (47) JAMA. 2009;302(17):1888-1895
Still in hospital® 16 (24)

Ambulant at hospital discharge® 31 (97)

Sao, on room air at hospital 97 (95-98)

Discharge destination
Died

Home
Other hospital
Rehabilitation facility

Hemorrhage
Intracranial hemorrhage
Infection

Intractable respiratory failure




Table 3. Patient Outcomes?
2009 Infl A(H1N1)
S | ECMO for 2009

Confirmed Suspected

Infection Infection All Infections

Outcome Measure (n =53) (n=15) (N = 68) I nfl uenzd H 1 N 1

Length of stay, median (IQR), d
ICU 26 (16-35) 31 (15-38) 27 (16-37)

Hospital a5 (24-45) 40 (27-54) 39 (23-47) S evere A R D S

Duration, median {IQR), d
Mechanical ventilation

ECMO support
Survival at ICU discharge
Still in ICU
Survival at hospital discharge
Still in hospital®
Ambulant at hospital discharge®

Sa0, on room air at hospital
discharge, median (IQR), %°

Discharge destination
Died 11 (21) 14 (21)

Home 18 22 (32)
Other hospital 1(1)

4(13-31) 25 (13-34) Australia and New

0(7-14) 10 (7-15)
8 (72) 48 (71)

4 (8) 6(9)

(
E Zealand
(

22
(
(
(

2(42) 32 (47) JAMA. 2009;302(17):1888-1895
4 (26) 16 (24)

1 (95) 31(97)

97 (95-98)

Cause of deathd
Hemorrhage

Intracranial hemorrhage
Infection

Intractable respiratory failure




Extracorporeal Membrane Oxygenation for Severe Acute
Respiratory Distress Syndrome

[
G

1. Very sick patients

: \‘M «  P/F ratio < 80 mmHg
| oo g + CRS <30 cmH,0

=
3,; Control group . Driving pressure > 16 cmH,O
3 - SOFA>10
& 2.  Strict study design
P=0.07 by log-rank test . 100% ECMO in study group

. Optimal care in control group
N . Low tidal volume, 90% prone,
(Mo 12 ; 100% NM blockade

Control

The routine use of ECMO in patients with severe ARDS is not superior to the use of ECMO as a

rescue maneuver in patients whose condition has deteriorated further.
N Engl J Med 2018; 378: 1965-75.



Survival Without Treatment Failure

Crossover to ECMO or Death for the Control Group and Death for the ECMO Group
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No. at risk
ECMO 124
Control 125

P<0.001 by log-rank test

105
74

ECMO group

Control group

. Ethical consideration
. 35(28%) in the control group

crossover to ECMO

. Crossover patients are sicker

* Higher P, AP, Lower
compliance, more CXR
infiltrates

. High mortality (57%), without

crossover (41%)

N Engl J Med 2018; 378: 1965-75.



One-year survivors

Discharge 3 Mo

Change in Weight (%)

Figure 2. Mean (+SE) Change in Weight from Base Line
among Patients with the Acute Respiratory Distress Syn-
drome at the Time of Discharge from the ICU and at 3, 6,
and 12 Months.

Table 2. Recovery of Pulmonary Function among Patients with the Acute
Respiratory Distress Syndrome during the First 12 Months after Discharge
from the ICU.

3 Mo &6 Mo 12 Mo
Variable (N=71)* (N=77)F (N=280)x

median (interquartile range)
Forced vital capacity (% of predicted) 72 (57-86) 80 (68-94) 85 (71-98)

Forced expiratory volume in one 75 (58-92) 85 (65-98) 86 (74-100)
second (% of predicted)

Total lung capacity (% of predicted)§ 92 (77-97) 92 (83-101) 95 (81-103)

Residual volume (% of predicted) 107 (87-121) 97 (82-117) 105 (90-116)

Carbon monoxide diffusion capacity 63 (54-77) 70 (58-82) 72 (61-86)
(% of predicted){9|

N Engl J Med 2003;348:683-93.




5-year Survivors

Survival 6MWD SF36
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N Engl J Med 2011;364:1293-304.
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