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Bddy Fan The Berlin definition of ARDS: an expanded therapeutic options according to the severity of ARDS. Boxes in
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require confirmation in prospective clinical trials. This figure is just
a model based on cumently available information. In the coming
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PR offs may move, and some therapies may be found to not be useful,
B Tavlor Thompaan. while others may be added
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e

@) comin
;griﬂ}f g‘:;ghz Ventilatory support of patients with sepsis
Emir Festic or septic shock in resource-limited settings
Recrutment Use recrmlmanl MANCUVErS 1 ua 1enls wnh moderate or severe ARDS (ZH] In pauanls w1lh refracmry
maneuvers hypoXemia 1n whom an ARDS diagnosis cannot be made due to lack of CXR andlor ABG (2D), and only

when the staff are trained and expenenced in performing these maneuvers (2D); use the simplest maneuver,
18,, ‘sustained inflation” (2D); when using recruitrent maneuvers, the patient should be closely monitored,
nteferably by using an arterial line, to promptly detect hemodynamic compromise (2B)

Modes of ventilation ~ We recommend using “volume-controlled" modes of ventlation over “pressure-controlled” modes of ventilation
(2D); we cannot recommend on whether assisted ventilation (‘support’ mode) 15 preferred over assist
ventilation (‘controlled” mode) 1n all patients; use a short course of muscle paralysis (<48 b), and thus

controlled ventilation, only in patients with moderate or severe ARDS (2B)

Grading: see onling Supplement for explanations
CAR chest radiograph, ABG arterial blood gas, ARDS acute respiratory distress syndrome, PRW predicted body weight, PEEP positive
end expiratory pressure, NIV non-invasive ventilation
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TABLE 19-2 Summary of Clinical Trials Using Alveolar Recruitment Maneuvers in

Study No. of Subjects Control

(Intervention/No

Study
Design*

Intervention(s)

Intervention)

Novak, 1987% 16 (16/0) NR,C RM using CPAP40  Crossover
cm H,O for 15-30 sec  design
and bag-sighs
Amato, 1995"" 53 (29/24) R RM using CPAP 35-40 12 mL/kg VT,
cm H,0 for 40 sec low PEEP, no
with LPV (low VT, RM
high PEEP)
Pelosi, 1999°" 10 (10/0) NR 3 Sighs/minfor L hr ~ None
— using Pplat = 45 cm
H,0
Lapinsky, 14 (14/0) NR RM using CPAP 30-45 None
1999+ cm H,0 for 20 sec
Foti,2000°" 15 (15/0) R,C 3 Groups: VC low- Triple
PEEP vs. VC high- Crossover
PEEP vs. VC low- design
PEEP with RM (PEEP
<20 cm H,O every 30
sec)

Acute Respiratory Distress Syndrome

Qutcomes

‘No change in

PaO,orC, at5
min in either
group

| Mortality (38%
vs. 71%)

TWean from
ventilator (66%
vs. 29%)
Improved PaO,
and EELV; effect
lost at 1 hr

70% had better
PaO, at 4 hr; no
adverse events
Group with RM
had improved
Pa0,, shunt
fraction, C, vs.
VC low-PEEP
but worse Pao,

and shunt fraction
vs. VC high-

AHRF patients
(before AECC
ARDS definition)

Improved
outcomes due to
LVP; benefit of
RM unknown

More effective in
ARDSexp; LPV
used

Early AHRF;
LPV not used

PEEP-responsive
ARDS only;
mixed
ARDSp/exp;
variable ARDS
duration



Crotti, 2001 5 (5/0)

Lim, 20017 20 (20/0)

Richard, 2001 10 (10/0)

Villagra, 2002* 17 (17/0)

Patroniti, 2002 13 (13/0)

Grasso, 20027 22 (22/0)

NR

NR

NR

NR

NR

NR

RM using PCV with
varying Pplat (30-45
cm H,0) and PEEP (5-
20 cm H,0) with CT

Two 90-sec sighs with
stepwise increase in
PEEP and decrease in

VT (Pplat <40 cm
H,0)

RM using CPAP 45
cm H,O for 15secin6

mL/kg Vtand 10
mlL/kg Vi groups

RM using 2 min PCV
of Ppg 50 cm H,O with
PEEP > UIP for 2 min

“Sigh ventilation” for
1 br (1 sigh/min with
3-5 sec of CPAP = 35

cm H,0)

RM using 40 cm H,O

for 40 sec

None

None

None

None

None

None

PEEP

Recruitment is
pan-inspiratory;
improved gas
exchange; no
adverse events
Improved PaO,
and C, at 1 hr; no
adverse events

Improved short-
term Pa0, and
EELV in 6 mL/kg
VT group only

No change in
PaO, for late or
early ARDS;
possible
overdistention
and worsening
shunt

Improved Pao,,
EELV,and C;
effect lost after
cessation of sighs
Improved PaO, at
20 min in early

Early ARDS;
ARDSplexp; LPV
not used; variable
ARDS duration

Mixed
ARDSplexp;
early ARDS

Mixed
ARDSplexp;
increasing PEEP
has same effect as
RM

LPV used; mixed
ARDSp/exp;
effect on ARDS
duration studied

Early ARDS;
mixed
ARDSp/exp; PSV
used

Effect on ARDS
duration studied;



Bien, 2002

Pelosi, 2003

Lim, 2003*

Tugrul, 2003*

ARDSNet,
2003’

11 (11/0)

10 (10/0)

47 (47/0)

24 (24/0)

72 (72/0)

NR

NR

NR

NR

R,C,P,
MC

RM using PCV with
Pplat = 60 cm H,0 for
30 sec

3 Sighs/min for 1 hr
using Pplat =45 cm
H,0 in prone/supine

RM as above (Lim,
2001); 3 groups: RM

followed by tPEEP vs.

RM followed by no
change in PEEP vs.
TPEEP alone

RM using CPAP 45
c¢m H,0 for 30 sec
with tPEEP post-RM

RM using CPAP 35-40
cm H,O for 5-10 sec
every 48 hr (on days

None

None

None

None

Crossover
design with
sham RM:

ARDS only;
~25% |MAP and
CO in late ARDS
group

Decrease in MAP
and CPP

Increase in Pa0,,
EELV, and C,
better in prone,
but effect gone at
1 hr

Improved Pa0, in
all (best in
ARDSexp); effect
lost immediately
unless {PEEP
after RM; ARM+
1PEEP better
than tPEEP alone
Improved Pa0, 6
hr post-RM
(ARDSexp >
ARDSp);
improved C, in
ARDSexp
Improved Pa0, at
10 min
(transient), but no

mixed
ARDSpl/exp; LPV
used

All patients with
cerebral injury

LPV used; early
ARDS

LVP used; early
ARDS

LPV used: no
adverse events

LPV with high
PEEP used:
protocol for



Oczenski,
zﬂmi'«]

Povoa, 2004

Borges, 2006”

Constantin,
2008"

LOVS, 2008"

30 (15/15)

8 (8/0)

26 (26/0)

19 (19/0)

983 (475/508)

NR

NR

R,C

R,MC

1/3 or 2/4)

Single RM using
CPAP 50 cm H,O for
30 sec with LPV

RM using PCV with
stepwise increase in
Pplat/PEEP (max of
60/45) over 30 min

RM using PCV with
stepwise increase in
Pplat/PEEP to 60/45
followed by PEEP
decremental trial

2 RM groups: CPAP
40 ¢cm H,0 for 40 sec
vs. 15 min sigh (VCV
with PEEP 10 cm H,O
above LIP)

LOV: PCV with goal

LPV without
RM

None

None

Crossover
design

ARDSNet

change in
FIO./PEEP; no
difference by
ARDS
phenotype;
transient | BP
with RM
Improved PaO,
and shunt fraction
at 3 min, effect
lost at 30 min; no
adverse events
Improved PaO,
and C, at 30 min

24/26 were
recruitable;
Improved Pa0, at
6 hr; transient
hypotension and
hypercarbia

Both RM
improved PaQ,
(better with sigh);
only sigh
increased EELV
LOV with less

changes in
Flo,/PEEP after

Early ARDSexp;
PEERP trial before
RM

Early ARDS;
LPV with high
PEEP used;
mixed
ARDSp/exp
Early ARDS;
mixed
ARDSpl/exp; LPV
with low PEEP
pre-RM

LPV used: CPAP
RM stopped in 2
patients due to
hypotension

Protocolized



VT 6 mL/kg, Pplat <
40 cm H,0, high
PEEP, RM using
CPAP 40 cm H,0 for
40 sec

LPV with no
RM

refractory ventilation
hypoxemia (5%  strategy
vs. 10%), but no

difference in

mortality or

barotrauma

AECC, American-European Consensus Conference; AHRF, acute hypoxemic respiratory failure;
ARDS.,,, extrapulmonary ARDS; ARDS,, pulmonary ARDS; CO, cardiac output; CPAP, continuous
positive airway pressure; CPP, cerebral perfusion pressure; C,, static respiratory system compliance; CT,
computed tomography; EELV, end-expiratory lung volume; LIP, lower inflection point on pressure-
volume curve; LOV, “lung open” ventilation strategy; LPV, lung protective ventilation; MAP, mean
arterial pressure; Pa0,, partial pressure of arterial oxygen; PCV, pressure-control ventilation; PEEP,
positive end-expiratory pressure; P.,, peak pressure; Pplat, plateau pressure; PSV, pressure-support
ventilation; RM, recruitment maneuver; VC, volume control; VT, tidal volume; UIP, upper inflection

nnint nn nrecenre-vnlime Firve
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A Alveolus

Volume (mL)

—" Lower inflection point

Pressure (cmH,0)

Fig. 1 Pressure-volume curve (a). During inflation (full line)
transpulmonary pressure overcomes the critical opening pressure
(upper inflection point). After recruitment maneuver, during
deflation (dotted line), lung volume is greater at a certain pressure
level, and alveoli remain opened as long as positive end-expiratory
pressure (PEEP) is kept above a critical pressure level (lower
inflection point). Pressure—time (seconds) curve (b) showing a
sustained inflation recruitment maneuver using continuous positive
airway pressure (CPAP) of 40 cmH,O for 40 s. Pressure—time
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(minutes) curve showing a stepwise recruitment maneuver (c) using
both inspiratory pressure and PEEP increases, keeping driving
pressure fixed at 15 cmH,0, achieving peak pressure after recruit-
ment of 50 cmH,0 and PEEP of 35 cmH,O. After recruitment,
figure shows a decremental PEEP titration and a new recruitment
maneuver performed after an optimal PEEP is identified (i.e., the
PEEP associated with best compliance of respiratory system or best
oxygenation). After the new recruitment, PEEP is set 2 cmH,0
above the optimal level



BapnaHTbl peKpyTMeHT maHespa (1)

PackpbiTne BbiICOKMM PIP («Knaccnyecknimn» BapmaHT,
Lachmann B., 1992) — TexHON0OrMss HEMHOrO Aanblue

Ysennyenune PIP ¢ 30 po 60 cm Boa.cT. Ha 30 ceK

YBennyenune PIP po 60 cm Boa.ct. Ha 10-30
AbixaHun npu PCV n tutposaHue PEEP ¢ BbiCOKMX
3HayeHun (c LIP)

PC - PIP=40 cm Boa.cT, PEEP =20 cm BOA.CT. B
TeyeHUe 30 ceK, NOBTOP 3 pa3a

[lpoTtokon UBJ1 ¢ manbimun Vit
PyyHoe ncnonb3sosaHue LIP n UIP



BapnaHTbl peKpyTMeHT maHespa (2)

P-V curve (P-V tool)

MpumeHeHune PEEP =40 (30-35) cm Boa.cT Ha 40 cek,
Fi02-1,0
MpumeHeHune PEEP = 40 cm Boa,.cT. Ha 10 (20) cek

(Kapanoxmpyprua, «manoe» BAnAHME Ha
reMmoanHaMMKYy)

«MepgneHHbIn» pekpytmeHT — VC, V=10 (8) mna/Kr,
PEEP = 15 cm BOA.CT., Nay3a B KOHUe BAOXa Ha /
CeKyHA 2 pa3a/MWH B TeyeHue 15 MUHYT

HenHsasnsHbIN pekpyTmeHT — n-CPAP = 10 cm BoA.CT.,
n-CPAP + Sigh



BapnaHTbl peKpyTmMmeHT maHespa (3)

e [Mepemexatowmmca PEEP, Hanpumep 35 cm Boa.cT. 1
Pa3 B 4Yac Ha 3-5 ceKyHA.

e ABTOMATUYECKUN «B3A0X» — Sigh, 3 B3a0Xa B 4ac C
PIP =45 cm BOA.CT.
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Rationale, study design, and analysis plan of the
Alveolar Recruitment for ARDS Trial (ART): Study
protocol for a randomized controlled trial
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Figure 1 ART strategy: maximum alveolar recruitment maneuver associated with PEEP titration.
.




Intensive Care Med (2011) 37:1588-1594
DOI 10.1007/s00134-011-2323-0 ORIGINAL

Jean-Michel Arnal Optimal duration of a sustained inflation

Jérémie Paquet

Marc Wysocki recruitment maneuver in ARDS patients

Didier Demory

Stéphane Donati

Isabelle Granier

Gaélle Corno

Jacques Durand-Gasselin

Table 1 Baseline characteristics of the study population and out-

comes for the 50 patients included

Parameter Value
Age (years) 62 £+ 20
Sex (male/female) 32/18
SAPS 11 52 £ 15
Body mass index (kg/m?) 22 £ 8
Duration mechanical ventilation before inclusion 03 +09
(days)
Tidal volume/PBW (mL/kg) 80+12
Plateau pressure (cmH,O) 24 £ 4
CSTAT (mL/CmHzo) 30+ 9
FiO, (%) 71 + 20
pH 7.25 + 0.10
PaO,/FiO, (mmHg) 129 £+ 37
PaCO, (mmHg) 45 + 10
ARDS causes (n/%)
Inhalation 21/42
Pneumonia 13/26
Septic shock 7/14
Near-drowning 6/12
Pulmonary contusion 2/4
Acute pancreatitis 172
Total duration of mechanical ventilation (days) 10 &+ 10
Total duration of ICU stay (days) 11 £ 10
Mortality in ICU (n/%) 23/46

Values are mean = SD

PBW, predicted body weight; CsaT, Static compliance
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Fig. 1 Representation of the experimental protocol: airway pres-
sure was increased from either 5 or 10 cmH,O to 40 cmH,O. RM
used the sustained inflation method at 40 cmH,O for 30 s (upper
panel). If recruitment occurs, the total volume of the lung increases.
As a consequence, airway pressure decreases. To maintain the
airway pressure at 40 cmH,O, the ventilator inflates the lung with
spikes of flow (solid line in lower panel). Integration of the spikes
of flow measured at the airway is used to calculate the volume
increase during the RM (Vrnm) (dashed line in lower panel) as an
assessment of the volume recruited during the RM



NIH NHLBI ARDS Clinical Network
Mechanical Ventilation Protocol Summary

INCLUSION CRITERIA: Acute onset of

1. Pa0,/Fi0, < 300 (corrected for altitude)

2. Bilateral (patchy, diffuse, or homogeneous) infiltrates consistent with
pulmonary edema

3. No clinical evidence of left atrial hypertension

PART I: VENTILATOR SETUP AND ADJUSTMENT

1. Calculate predicted body weight (PBW)

Males = 50 + 2.3 [height (inches) - 60]

Females = 45.5 + 2.3 [height (inches) -60]

Select any ventilator mode

Set ventilator settings to achieve initial Vx = 8 ml/kg PBW

Reduce V; by 1 mi/kg at intervals < 2 hours until V+ = éml/kg PBW.
Set initial rate to approximate baseline minute ventilation (not > 35
bpm).

6. Adjust Vrand RR to achieve pH and plateau pressure goals below.

gk

OXYGENATION GOAL: PaO, 55-80 mmHg or SpO, 88-95%
Use a minimum PEEP of 5 cm H,0. Consider use of incremental FiO,/PEEP
combinations such as shown below (not required) to achieve goal.

Lower PEEP/higher Fi02

Fi0, 03 {04 |04 |05 |05 |06 |07 |07

PEEP | 5 5 8 8 10 110 |10 |12

Fi0, 07 |08 109 [09 |09 |10

PEEP |14 |14 |14 [16 |18 |18-24

Higher PEEP/lower Fi02

FiO, 03 |03 |03 |03 |03 |04 |04 |05

PEEP |5 8 10 |12 |14 |14 [16 |16

Fi0, 05 (0508 |08 |09 |10 |1.0

PEEP | 18 20 22 22 22 24

PLATEAU PRESSURE GOAL: < 30 cm H,0

Check Pplat (0.5 second inspiratory pause), at least g 4h and after each
change in PEEP or V.

If Pplat > 30 cm H,0: decrease V- by 1mi/kg steps (minimum = 4
mi/kg).

If Pplat < 25 cm H,0 and V;< 6 mi/kg, increase V; by 1 ml/kg until
Pplat > 25 cm H,0 or Vr = 6 ml/kg.

If Pplat < 30 and breath stacking or dys-synchrony occurs: may
increase Vrin 1ml/kg increments to 7 or 8 ml/kg if Pplat remains < 30 cm
H,0.

http://www.ardsnet.org



APPENDIX D
Summary of Ventilator Procedures in the Higher PEEP Groups of the ALVEOLI Trial

Procedure Value

Ventilator mode Volume assist/control

Tidal volume goal 6mL/kg of predicted body weight

Plateau pressure goal <30cm H,0

Ventilator rate and pH goal 6-35, adjusted to achieve arterial pH = 7.30 if possible
Inspiration expiration time 1:1—-1:3

Oxygenation goal
Pao, 55—80mm Hg

Spo 88%—95%

2

Weaning Weaning attempted by means of pressure support when level of arterial oxygenation
acceptable with PEEP <8 cm H,0 and Fio, <0.40

Allowable combinations of PEEP and F|o;'

Higher PEEP group (after protocol changed to use higher levels of PEEP)

Fio, 0.3 0.3 0.4 0.4 0.5 0.5 0.5-0.8 0.8 0.9 1
1 —
PEEP 12 14 14 16 16 18 20 29 29 29-24

Note: Complete ventilator procedures and eligibility criteria can be found at www.ardsnet.org.
Spo, = oxyhemoglobin saturation as measured by pulse oximetry, Fio, = fraction of inspired oxygen, PEEP = positive end-expiratory pressure.

“In both study groups (lower and higher PEEP), additional increases in PEEP to 34cm H,O were allowed but not required after Fio, had been
increased to 1.0, according to the protocol.

Adapted from Brower RG, Lanken PN, Maclntyre N, et al: Higher vs. lower positive end-expiratory pressures in patients with the acute respiratory
distress syndrome.
N Engl J Med. 2004; 351(4):327-3386.
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Guillermo M. Albaiceta
Luis H. Luyando

Diego Parra

Rafael Menendez

Juan Calvo

Paula Rodriguez Pedreira
Francisco Taboada

Inspiratory vs. expiratory pressure-volume
curves to set end-expiratory pressure
in acute lung injury

Abstract Objective: To study the
effects of two levels of positive end-
expiratory pressure (PEEP), 2 cmH,O
above the lower inflection point of
the mspiratory [imb and equal to the
point of maximum curvature on the
expiratory limb of the pressure-vol-
ume curve, in gas exchange, respira-
tory mechanics, and lung aeration.
Design and setting: Prospective
clinical study in the intensive care
unit and computed tomography ward
of a university hospital. Patients:
Eight patients with early acute lung
injury. Interventions: Both limbs of
the static pressure-volume curve were
traced and inflection points calculat-
ed using a sigmoid model. During
ventilation with a tidal volume of

6 ml/kg we sequentially applied a
PEEP 2 cmmH,O above the inspiratory
lower inflection point

(15.5+3.1 cmH,0) and a PEEP equal

to the expiratory point of maximum
curvature (23.5+4.1 cmH,O). Mea-

surements and results: Arterial blood
gases, respiratory system compliance
and resistance and changes in lung
aeration (measured on three comput-
ed tomography slices during end-ex-
piratory and end-inspiratory pauses)
were measured at each PEEP level.
PEEP according to the expiratory
point of maximum curvature was re-
lated to an improvement in oxygen-
ation, increase in normally aerated,
decrease in nonaerated lung volumes,
and greater alveolar stability. There
was also an increase in PaCO,, air-
way pressures, and hyperaerated lung
volume. Conclusions: High PEEP
levels according to the point of
maximum curvature of the deflation
limb of the pressure-volume curve
have both benefits and drawbacks.

Keywords Acute lung injury -
Positive end-expiratory pressure -
Pressure-volume curves - Computed
tomography - Mechanical ventilation



Fig. 1 Representative pressure-
volume curve in a patient. Data
pairs of pressure and volume
from the inspiratory and expi-
ratory limbs {filled and open
points, respectively) were used
to calculate a model of the
curve {continuous line) and the
inflection points (LIP and PMC,
arrows)
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Table 1 Patients characteristics: diagnosis, age and sex (A-II Acute Physiology and Chronic Health Evaluation II score, LIS lung injury

score)

No. Diagnosis; cause of lung injury Age (years) Sex A-TI PaO,/FIO, LIS Height (cm) Outcome
1 Pancreatitis 81 F 19 125 3.25 150 Death

2 Leukemia; alveolar hemorrhage 49 M 29 160 3.75 175 Survival
3 Urinary sepsis; septic shock 63 M 30 123 3 170 Death

4 Cardiac arrest; gastric aspiration 74 M 19 171 2.75 177 Death

5 Leukemia; pneumonia 56 M 25 192 3 175 Death

6 Hemorrhagic shock 47 F 25 97 3.5 155 Survival
7 Incarcerated hernia; gastric aspiration 80 M 27 201 2.75 174 Death

8 Septic shock of unknown origin 64 F 25 162 3.25 148 Death
Mean — 64.3 — 24.9 154 3.2 165.5 —

SD — 13.2 — 4.1 36 0.3 12.3 —

Table 2 Airway pressures, compliance and resistances during
ventilation above the lower inflection point (LIP) and the point of
maximum curvature (PMC) on the inflation and deflation limbs of

the pressure-volume curve respectively

LIP PMC p

+2 ¢cmH,0
Auto-PEEP (cmH,0) 0.7£0.6 0.5£0.4 0.12
Peak pressure (cmH,0) 38.4+3.7 d87+54.  <0.01
Plateau pressure (cmH,0) 27.3£3.7 37.2+5.3 <0.01
PEEP (cmH,0) 15.5+3.1 23041 <0.05
Driving pressure (cmH,0) 11.8+2.4 13.7£3.9 0.08
Compliance (ml/cmH,0) 35.7£13.9 29.248.3 0.095
Total resistance 12.3£1.2 12.0+1.3 0.13
(cmH,0 s' 171
Intrinsic resistance 3.7+1.1 4,614 0.13
(cmH,O g1 1_1)
Additional resistance 8.6x0.7 7.3+0.8 0.15

(cmH,0 shh

BriBoasl: [Ipumenenne PEEP
o Touke RMC, nmonyueHHol ¢
ITOMOIIBIO KPUBOM JIABJICHUE-
00bEM UMEET Kak
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Fig. 5 Representative case of a
patient showing the volume
increase (Vgy) and the invasive
arterial pressure during and
after the RM
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In conclusion, this study provides direct evidence that
most of the recruitment occurs early during a sustained
inflation RM in ARDS patients which confirms the
experimental animal study data [14]. However, hemody-
namic impairment 1is a progressive phenomenon
throughout the sustained inflation RM. These results
could influence the design of optimal sustained inflation
RM in ARDS patients. A 10-s sustained inflation RM may
be recommended to achieve a plateau in the volume
recruited and to prevent hemodynamic compromise.
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Lung recruitment maneuver depresses
central hemodynamics in patients following

cardiacsuxgery

Department of Anesthesia and Intensive
Care Medicine, Aalborg Hospital,
Arhus University Hospital,

Hobrovej, 9100 Aalborg, Denmark

Abstract Objective: To assess the
impact of the lung recruitment ma-
neuver on circulation following car-
diac surgery. Design and setting:
Prospective randomized cross-over
study at the Departments of Anes-
thesia and Thoracic Surgery, Copen-
hagen University Hospital. Patients:
Ten adult undergoing coronary artery
bypass surgery. Interventions: Pa-
tients were randomized to two dura-
tions of lung recruitment maneuvers
(40 cmH>O airway pressure for 10 s
an S Or ViCE versa after 5 min
administered immediately after sur-
gery. Measurements and results:
Transesophageal echocardiography
(left ventricular short axis view),
pulse contour cardiac output, and ar-
terial blood pressure were monitored
continuously. Systemic and pulmo-
nary arterial blood gases were sam-
pled before and after each lung re-
cruitment maneuver to calculate the

intrapulmonary shunt. Left ventricu-
lar end-diastolic areas decreased sig-
nificantly during both the 10-s and
the 20-s lung recruitment maneuvers.
Cardiac output was 5.6+0.8 I/min at
baseline, decreasing by 3.0+1.1 I/min
and 3.6+1.2 1/min during lung re-
cruitment maneuvers of 10 and 20 s,
respectively. Shunt decreased from
20+5% to 15+6% after the first lung
recruitment maneuver and from
15+6% to 12+5% after the second.
Conclusions: LLung recruitment ma-
neuvers markedly reduced cardiac
output and left ventricular end-dia-
stolic areas in hemodynamically sta-
ble patients following cardiac sur-

gery.

Keywords Lung recruitment
maneuver - Cardiac output -
Cardiac surgery - Pulse contour
cardiac output - Transesophageal
echocardiography - Anesthesia



Table 1 Patient demographics and values relevant to anesthesia
and surgery: median values (parentheses range) (n=10)

Age (years) 67 (54-79)
Height (cm) 178 (168—190)
Weight (kg) 82 (71-118)
Body mass index 26 (20-36)
Cardiopulmonary bypass time (min) 82 (44-97)
Aortic clamping time (min) 47 (27-70)
Left ventricular ejection fraction (%) 50% (45-70)

* Missing LVEF value presented as ‘“normal” by investigator

Table 3 The impact of 10-s and

20-s lung recruitment maneu-
vers on hemodynamics: median
values (parentheses range) (HR
heart rate, MAP mean arterial
pressure, CVP central venous
pressure, MPAP mean pulmo-
nary artery pressure, Difference
before vs. end of value)

Before End Difference Ji
10-s
HR (bmp) 68 (57 to 80) 58 (59 to 89) -4 (-24109) <0.07
MAP (mmHg) 72 (59 to 110) 60" (47 to 93) -17 (<41 to 6) <0.01
CVP (mmHg) 12 (7 to 30) 15 (7to 32) 3(-1to 14) <0.02
MPAP (mmHg) 19° (13 to 26) 28" (22 to 50) 11 (6 to 24) <0.004
20-
HR (bpm) 72 (39 to 89) 57" (30 to 84) -15(-29t0 0) <0.02
MAP (mmHg) 79 (56 to 114) 37 (29 to 59) -33 (-14 to 79) <0.004
CVP (mmHg) 10 (4 to 31) 20 (13 to 33) 8 (2 to 20) <0.005
MPAP (mmHg) 17* (12 to 33) 25 (20 to 34) 9 (0 to 21) <0.02

* Missing value due to recording error by the monitor
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Slow moderate pressure recruitment maneuver
minimizes negative circulatory

and lung mechanic side effects:

evaluation of recruitment maneuvers

using electric impedance tomography

Abstract Objective: To evaluate the
efficacy of different lung recruitment
maneuvers using electric impedance
tomography. Design and setting:
Experimental study in animal model
of acute lung injury in an animal re-
search laboratory. Subjects: Fourteen
pigs with saline lavage induced lung
injury. Interventions: LLung volume,
regional ventilation distribution, gas
exchange, and hemodynamics were
monitored during three different re-
cruitment procedures: (a) vital ca-
pacity maneuver to an inspiratory
pressure of 40 cmH,O (ViCM), (b)
pressure-controlled recruitment ma-
neuver with peak pressure 40 and
PEEP 20 cmH->O, both maneuvers
repeated three times for 30 s
(PCRM), and (c¢) a slow recruitment
with PEEP elevation to 15 cmH-O
with end inspiratory pauses for 7 s
twice per minute over 15> min
(SLRM). Measurements and results:
Improvement in lung volume, com-
pliance, and gas exchange were sim-

ilar in all three procedures 15 min
after recruitment. Ventilation in dor-
sal regions of the lungs increased by
60% as a result of increased regional
compliance. During PCRM compli-
ance decreased by 50% in the ventral
region. Cardiac output decreased by
63+4% during ViCM, 44+2% during
PCRM, and 21+3% during SLLRM.
Conclusions: In a lavage model of
acute lung injury alveolar recruitment
can be achieved with a slow lower
pressure recruitment maneuver with
less circulatory depression and nega-
tive lung mechanic side effects than
with higher pressure recruitment
maneuvers. With electric impedance
tomography it was possible to moni-
tor lung volume changes continu-
ously.

Keywords Lung recruitment -
End-expiratory lung volume - Acute
lung injury - Bronchoalveolar lavage -
Electric impedance tomography
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ment. Methods:  To perform a
fecruitment maneuver, 0nce a minute
we ncreased the pressure applied to

the airway from 10 cmH,0 to

25 cmH,0 for § s (SIGH). We
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Influence of lung collapse distribution
on the physiologic response to recruitment
maneuvers during noninvasive continuous

ositive airwa reﬁm’é
p ySPM. aggiore

Department of Anesthesiology and
Intensive Care, Universita Cattolica del
Sacro Cuore, Agostino Gemelli University
Hospital, Rome, Italy

Abstract Purpose: Noninvasive
continuous positive airway pressure
(n-CPAP) has been proposed for the
treatment of hypoxemic acute respi-
ratory failure (h-ARF). Recruitment
maneuvers were shown to improve
oxygenation, i.e., the ratio of arterial
oxygen tension to inspiratory oxygen
fraction (PaO,/Fi0,), during either
invasive mechanical ventilation, and
n-CPAP, with a response depending
on the distribution of lung collapse.
We hypothesized that, during
n-CPAP, early h-ARF patients with
bilateral (By) distribution of lung
involvement would benefit from
recruitment maneuvers more than
those with unilateral (U;) involve-
ment. Methods: To perform a
recruitment maneuver, once a minute
we increased the pressure applied to
the airway from 10 cmH,O to

25 cmH,O for 8 s (SIGH). We
enrolled 24 patients with h-ARF

(12 By, and 12 U;) who underwent
four consecutive trials: (1) 30 min
breathing through a Venturi mask
(Vmask)> (2) 1 h n-CPAP (n-CPAP,),
(3) 1 h n-CPAP plus SIGH (n-
CPAPsigH), and (4) 1 h n-CPAP (n-
CPAP,). Results: Compared to
Vmask, n-CPAP at 10 comH,»O deliv-
ered via a helmet, increased PaO,/
FiO, and decreased dyspnea in both
B; and Uj ; furthermore, it reduced
the respiratory rate and brought
PaCO; up to normal in By only.
Compared to n-CPAP, n-CPAPg g
significantly improved PaO,/FiO; in
B (225 £ 88 vs. 308 £ 105,
respectively), whereas it produced no
further improvement in PaO,/FiO, in
Up (232 £ 72 vs. 231 £ 77, respec-
tively). SIGH did not affect
hemodynamics in both groups. Con-
clusions: Compared to n-CPAP,
n-CPAPg gy further improved arterial
oxygenation in By patients, whereas it
produced no additional benefit in
those with Uj..

Keywords Noninvasive CPAP -
Recruitment maneuvers
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PEEP-induced changes in lung volume in acute
respiratory distress syndrome. Two methods

to estimate alveolar recruitment

Table 1 Arterial blood gas values and ventilation during the minimum distension (low PEEP) and high recruitment (high PEEP) periods

Low PEEP High PEEP > p value
PEEP,,; (cmH,0) 5[5] 15 [13-16] <0.0001
Pplat (cmH,0) 19 [16-23] 29 [29-31] <0.0001
Cytar (mL/cmH,0) 31.4 [24.1-38.6] 28.0 [23.4-31.9] 0.02
Ciin (mL/cmH,0) 32.7 [25.0-40.8] 29.0 [24.5-32.9] <0.0001
pH 7.38 [7.33-7.44] 737 [1.31-7.41] 0.03
Pa0,/FiO, 142 [106-176] 173 [126-213] <0.0001
Sa0, (%) 95 [93-97] 98 [95-99] <0.0001
PaCO, (mmHg) 39.5 [36.0-45.7] 41.0 [35.2-45.7] 0.8
EELV (mL) 888 [658-1,078] 1,487 [987-1,803] <0.0001
PEEP volume (mL) 170 [112-245] 662 [463-961] <0.0001
Strain 0.27 [0.19-0.34] 0.70 [0.53-0.83] <0.0001

All data are median [interquartile range]
Low PEEP Lowest PEEP set to achieve SaO, > 88%, high PEEP PEEP set to obtain a plateau pressure of 28-32 cmH,0, Cy,, static

compliance calculated as VT/(Pplat-PEEP), Cj;, linear compliance measured on the linear part of the pressure/volume curve

The p values refer to the comparison of low to high PEEP



Table 4 Pulmonary volumes and strain in the low and high recruiter subgroups defined based on the median recruited volume (Rec ;)
measured on pressure-volume curves

All patients Low recruiters High recruiters p value

n =30 n=15 n=15
Volumes
PEEP volume, low PEEP (mL) 170 [112-245] 157 [126-239] 184 [99-248] 0.8
PEEP volume, high PEEP (mL) 662 [463-961] 471 [356-644] 023 172610041 _ 0.001
APEEP volume (mL) 501 [314-705] 322 [224-458] 713 [609-944] 0.0002
EELV, low PEEP (mL) 888 [658-1,078] 816 [629-1,023] 931 [776-1,067] 0.4
EELV, high PEEP (mL) 1,487 [987-1,803] 1,080 [885-1,504] 1,645 [1,487-2,000] 0.03
AEELV (mL) 444 [276-689] 373 [192-402] 658 [534-804] 0.0007
FRC" (mL) 685 [526-900] 582 [482-885] 743 [546-966] 0.5
AEELV/FRC (%) 73 [39-106] 55 [23-70] 110 [76-135] 0.001
FRCy,” (mL) 2,266 [1,896-2,540] 2,211 [1,841-2,814] 2,266 [2,089-2,512] 0.8
Minimum predicted increase 249 [182-393] 180 [145-237] 382 [289-432] 0.001

in lung volume® (mL)

Rec s (mL) 272 [191-355] 187 [135-214] 355 [319-494] <0.0001
Recesiim (mL) 187 [67-297] 74 [22-215] 278 [145-475] 0.007
Strain, low PEEPY 0.27 [0.19-0.34] 0.29 [0.21-0.34] 0.25 [0.13-0.37] 0.47
Strain, high PEEP® 0.70 [0.53-0.83] 0.60 [0.48-0.77] 0.79 [0.66-0.91] 0.04
AStrain' 0.43 [0.31-0.55] 0.32 [0.28-0.40] 0.55 [0.46-0.60] 0.002

Values are median [interquartile range] unless otherwise indicated. Median recruitment was 272 mL [187-355]

The p values refer to the comparison of low and high recruiters

EELV End expiratory lung volume measured using the nitrogen washout/washin technique, AEELV difference between EELV values at
high and low PEEP, PEEP volume volume trapped by PEEP, APEEP volume difference between PEEP volumes at high and low PEEP,
APEEP calculated as the difference between high PEEP and low PEEP, FRC functional residual capacity

* FRC was calculated as the mean of estimated FRC at low and high PEEP, with estimated FRC,,, peep = (EELV,, peep — PEEP
volume,yy, peep) (Fig. 1)

® Theoretical FRC (FRC,,) was calculated using the formula proposed by Ibafiez and Raurish [16]

¢ Minimum predicted increase in lung volume was calculated as Cy,, X APEEP, where Cg, is static compliance [tidal volume/(Pplat
measured at low PEEP — low PEEP)] and APEEP is the difference between high PEEP and low PEEP

4 Strain, low PEEP = (EELV at low PEEP — FRC at low PEEP)/FRC at low PEEP

¢ Strain, high PEEP = (EELV at high PEEP — FRC at high PEEP)/(FRC at high PEEP + Rec,,.)

' AStrain = strain, high PEEP — strain, low PEEP
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Fig. 1 Example of pressure-volume curves in a single patient, at
both positive end-expiratory pressure (PEEP) levels studied (here
low PEEP =5 cmH,O and high PEEP = 14 cmH,0), reposi-
tioned on the same volume axis. The solid line indicates end-
expiratory lung volume (EELV) measured using nitrogen washout/
washin technique. EELV represents the aerated volume in the lungs
at the end of expiration. Dashed line indicates the PEEP volume,
i.e., expired volume from PEEP to elastic pressure measured using

a prolonged exhalation to zero end expiratory pressure. FRC is
estimated as the mean of (EELV,,,, pgep — PEEP volume,,,, pegp)
and (EELVyien ppep — PEEP volumeyign prpp). ReChes 1s the
recruitment induced by PEEP change measured on the graph.
ReCesim 1S the recruitment calculated using AEELV — the
minimum predicted increase in lung volume, which is the product
of compliance and APEEP. Grey inset is a schematic representation
of Recestim

(p = 0.002). Conclusion: PEEP-
induced recruitment and strain can be
assessed at the bedside using EELV
measurement. We describe two bed-
side methods for predicting low or high
alveolar recruitment during ARDS.
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Ventilatory mode

VCV = PCV
_ PCV-VG may be helpful
Tidal volume Airway pressure
6-8 mL/kgPBW as suggested PIP/Ppls30cmH,0O as
reasonable target suggested reasonable target

Recommendations for
intraoperative ventilation

Respiratory rate of obese patients

Titrated for normocapnia PEEP

- — Optimal fixed PEEP unknown
PEEP titrated to maximum Cdyn,
Pa0,, or SpO, seems reasonable

_ Combined with rec%litment
. . ! maneuvers, more efficient in_
Perioperative adjuvant maneuvers reducing atelectasis and improving

Fio2 Position: head-up or reverse Trendelenburg OXy g ! Possible

Minimize to assure SpO,290% Encourage deep breathing: incentive
spirometry, early mobilization

Consider perioperative CPAP/BIPAP (pre-
induction, postoperative)

Minimize respiratory deglre‘ssants, consider
regional technigue

Prepare for possible difficult airway
management

Fernandez-Bustamante et al. BMC Anesrhesioiagy (2015) 15:56 .
DOI 10.1186/512871-015-0032-x BMC

Anesthesiology

(Cdyn=Dynamic compliance; BiPAP=Bilevel positive airway

fraction of oxygen, PaO.=Arterial oxygen partial pressure, PB . . . o .
VG=Pressure controlled ventilation volume guaranteed; PEE} Perioperative lung protective ventilation in obese
Ppl=Plateau airway pressure; SpO.=Peripheral saturation of « patients

Figure 1 Practical recommendations for intraoperative ventilation of o 4, Fernandez-Bustamante™, Soshi Hashimoto®, Ary Serpa Neto™, Pierre Moine', Marcos F Vidal Melo®

- and John E Repine®®




MaHeBp «OTKPbITUA» NEerKUx

Wolf S. et al. Open lung ventilation in neurosurgery: an
update on brain tissue oxygenation // Acta Neurochir
Suppl. 2005; 95:103-5

[IpuMeHeHne pEKPYTMEHT - MAaHEBPA TIPU OCTPOUW BHYTPUUEPEITHOU
naronorun U OP/IC y Helpoxupypruueckux 00JbHBIX BO3MOXHO (13
MaIMEeHTOB C Cy0apaxHOMJIAIbHBIM KpoBou3ausHueM u UMT) .

Ouenka PbrO2.

ManeBp npu FiO, =1,0 mo Texnonoruu: PEEP = 30-40 cm Bo.CT. B
TeueHue 40 cexkyH/I.

B cpeanem depes 17 MuHyT mocie nepBoro ManeBpa Hadopa, PbrO2 =
35,6+ 16,6 MM pT.CT. (YIyUllIEHHUE).

B teuenue 24 gacos FIO, moxeT ObITh yMeHbInieHa ¢ 0,85+0,17 mo
0,55=*+0,12 npu cpennem PbrO2 (24,6 MM PT.CT. 10 PEKPYTMEHTA).
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