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It has been shown that mechanical ventilation by itself can cause lung injury and affect outcomes.
Ventilator-induced lung injury is associated with high tidal volumes in lungs afflicted with ARDS.
However, the question is: Do high tidal volumes have this same effect in normal lungs or lungs that
have respiratory compromise stemming from something other than ARDS? Many clinicians believe
that a tidal volume strategy of 6 mL/kg predicted body weight should be standard practice in all patients
receiving mechanical ventilation. There is a growing body of evidence related to this issue, and this is the
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Introduction ing evidence indicates that it may also precipitate lung

injury in patients with no previous injury. Lung-protective

It is well known that the use of mechanical ventilation ventilation has evolved over the past couple of decades to
has the potential to aggravate pulmonary injury, but emerg- the point that it has become standard of care for patients

with ARDS. The use of lower tidal volume (V) values,
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4-8 mL/kg predicted body weight (PBW) is part of this
lung-protective strategy for mechanical ventilation (me-
chanical ventilation) along with limiting the plateau pres-
sure to a maximum of 30 cm H,O and prudent use of
PEEP to prevent atelectasis. Since we now know that the
use of lower Vi strategies (more specifically 6 mL/kg
PBW) helps to limit the pulmonary damage during ARDS,
the question now is: Should we be using this strategy in all
mechanically ventilated patients? Anatomically speaking,
it makes sense to, since the normal physiologic V. for
humans is approximately 6 mL/kg PBW.! There is a grow-
ing body of evidence that points toward the use of lower
Vi values leading to improved outcomes in patients suf-
fering from other forms and degrees of respiratory failure.
The aim of this paper is to examine the evidence relating
to the use of lower Vi values in conditions other than
ARDS in which mechanical ventilation is required. This
will be done with viewpoints from both the pro and con
positions.

Early Studies

There is a plethora of preclinical evidence from animal
studies supporting the fact that the use of high V| values
can directly cause injury to normal lungs. Animal studies
have shown that high V| ventilation increases levels of
pro-inflammatory mediators, leads to pulmonary edema,
and causes increased alveolar-capillary permeability and
structural abnormalities.>® With the emergence of these
animal data, clinicians began to question the traditional
use of Vi values in the range of 10—15 mL/kg PBW in
humans. Several small human studies were reported in
the mid- to late 1990s that produced conflicting
results.”!! These studies were hampered by several fac-
tors, including higher than predicted mortality in the con-
trol group, a relatively small difference in V. between the
groups, insufficient statistical difference to detect a signal,
and uncorrected acidosis in the low V.. group. However, in
2000, a landmark study comparing lower V| values
(6 mL/kg PBW) with higher V. values (12 mL/kg PBW)
in ARDS was undertaken by the ARDS Net group. It was
alarge multi-center prospective randomized trial with >800
subjects enrolled. The study was stopped early after an
interim analysis revealed a survival advantage of 22% in
the lower V. group.'? Since the publication of this study,
there has been a growing body of evidence that suggests
that the use of lower V values may also improve clinical
outcomes in patients without ARDS.

Ventilation of Patients Who Do Not Have ARDS
Although mechanical ventilation strategies are slowly

gravitating toward the use of lung-protective ventilation,
many clinicians have not adopted the practice in all pa-
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Fig. 1. Proportion of acute lung injury (ALI) with respect to tidal
volume (V). V; <9 mlL/kg predicted body weight (PBW) (n = 66),
V; = 9-12 ml/kg PBW (n = 160), and V; >12 mlL/kg PBW
(n =100). Adjusted P value from a multiple logistic regression
model; V; was treated as a continuous variable. From Refer-
ence 14, with permission.

tients. The use of high V values in patients with ARDS
clearly appears to be detrimental in that it rapidly results in
pulmonary changes that mimic and amplify the ARDS
inflammatory process.>'? The biophysical injury in ARDS
lungs consists of overdistention of recruited alveoli, direct
cell damage due to cyclical opening and closing of unsta-
ble alveoli, and loss of surfactant function.!'> What we do
not know for sure is whether higher V. values have this on
effect on normal lungs.

Shortly after the ARDS Net study in 2000, Gajic et al'4
conducted a retrospective cohort study of 332 medical-
surgical subjects receiving mechanical ventilation for
>48 h who did not have acute lung injury (ALI) at the
onset of mechanical ventilation. They found that 80 sub-
jects (24%) developed ALI within the first 5d and, on
average, within the first 3 d.!* They concluded that there
existed 2 important risk factors for the development of
ALI: large V. values and the administration of blood prod-
ucts. Figure 1 illustrates that, as V. increased, the ALI rate
also increased.'* The same group then followed up with an
analysis of a large international mechanical ventilation da-
tabase of subjects who received mechanical ventilation for
>48 h but did not have ARDS at the outset. Of 3,261
subjects, 205 (6.2%) developed ARDS. The initial venti-
lator settings, in particular the V., were associated with
the development of ARDS.!5 Of note, as was the case with
the ARDSNet study, the initial static respiratory system
compliance was better in the group that went on to develop
ARDS (higher V group). Thus, it is important to keep in
mind that the use of surrogate end points, such as compli-
ance, do not necessarily correlate to mortality.

Mascia et al'® conducted a prospective, observational
study of 82 mechanically ventilated subjects with severe
brain injury but with otherwise healthy lungs. In this pop-
ulation, 18 subjects (22%) developed ALI. The subjects
with ALI were initially ventilated with a significantly higher
Vi (10.4 mL/kg) compared with subjects without ALIL
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Risk factors for ALI were Vi, breathing frequency, and
expiratory minute volume. Later, the same group exam-
ined 118 subjects who were deemed potential organ do-
nors. This was a randomized controlled trial in 12 Euro-
pean ICUs that compared conventional ventilation
(Vr = 10-12 mL/kg and 3-5-cm H,O PEEP) with pro-
tective ventilation (V. = 6-8 mL/kg and 8—10-cm H,O
PEEP). The results revealed an dramatic increase in the
number of eligible lung donors: 32 (54%) versus only 16
(27%, P = .004) in the conventional group, suggesting that
lower V1 values may have a role in lung preservation.!”

In a large prospective randomized controlled trial, De-
termann et al'® compared the use of 6 mL/kg PBW V.
with 10 mL/kg PBW V. in 150 mechanically ventilated
intensive care subjects. The trial was stopped early be-
cause the rate of lung injury development was 13.5% in
the 10 mL/kg V group compared with only 2.6% in the
6 mL/kg V1 group. The investigators also found signifi-
cantly higher lavage fluid cytokine levels in the 10 mL/kg
Vi group. Also, the 6 mL/kg PBW group did not require
additional sedation or hemodynamic support.'8 In a smaller
randomized controlled trial of 20 subjects without lung
disease, the subjects received either V values of 5-7 mL/kg
PBW or 10-12 mL/kg PBW in the ICU setting. Tumor
necrosis factor alpha and interleukin 8 were measured in
both the serum and bronchoalveolar lavage fluid at admis-
sion and then again at 12 h. Whereas levels of both tumor
necrosis factor alpha and interleukin 8 increased initially,
the pulmonary inflammatory response in the low V. group
became attenuated at 12 h.'°

A secondary analysis of 3 prospective observational
multi-center studies from 1998, 2004, and 2010 looked at
ventilator management and complications over that span.
A total of 812 subjects who received mechanical ventila-
tion after cardiac arrest were studied. The group found that
the use of protective ventilation increased from 1998 to
2010, and pulmonary complications decreased in that time
span.2® The investigators concluded that the use of higher
Vi was a potential risk factor for developing pneumonia
and ARDS.?¢

In 2012, Serpa Neto et al?! performed a meta-analysis of
20 studies, 15 of which were randomized controlled trials
(2,822 subjects receiving mechanical ventilation who did
not have ARDS initially). They found evidence that the
use of lower V  was associated with a lower risk of de-
veloping ARDS, lower mortality rate, fewer pulmonary
infections, and a shorter hospital stay. The same group
followed up with a patient-specific meta-analysis of me-
chanically ventilated subjects without ARDS at the onset
of ventilation. The meta-analysis included 5 randomized
controlled trials and 5 observational studies. The subjects
were stratified into 3 groups: (1) V; =6 mL/kg PBW, (2)
Vi = 6-10 mL/kg PBW, and (3) V; =10 mL/kg PBW.
The findings of this study were that V.. values =6 mL/kg
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Table 1.  Pulmonary Complication Rate for Each Tidal Volume
Range
No Pulmonary Pulmonary
Vr Range Complication, % Complication, %
=7 mL/kg PBW 76.8 23.2
>7 mL/kg PBW, but 72.6 27.4
<10 mL/kg PBW
=10 mL/kg PBW 69.5 30.5

Data from Reference 23.
Vr = tidal volume
PBW = predicted body weight

PBW were associated with more subjects breathing with-
out assistance at day 28 and more ventilator-free days.??
The Serpa Neto group then went on to perform a third
meta-analysis in 201523 with the primary outcome being
pulmonary complications (ARDS and pneumonia) in sub-
jects without ARDS at the time of intubation. As in the
previous meta-analysis, they stratified the subjects into 3
groups: (1) V. =10mL/kg PBW, (2) V. >7and <10 mL/kg
PBW, and (3) V =7 mL/kg PBW) during the first 2 d of
mechanical ventilation. The results are depicted in Table
1. The results suggested a strong correlation for protective
ventilation and low V. values in that the risk of pulmonary
complications decreased by 28% in the low V. group com-
pared with the high V1 group (P = .042).23 The develop-
ment of pulmonary complications was associated with a
lower number of ICU-free and hospital-free days
(10.0 £ 10.9d vs 13.8 + 11.6d, P < .001) and increases
in hospital mortality (49.5 vs 35.6, P < .001).23> The results
also suggested a dose-response relationship between the size
of the V1 and the development of pulmonary complications.??

The evidence presented above is suggestive of the fact
that larger V. values lead to increases in pulmonary pro-
inflammatory mediators and pulmonary complications in
ICU patients who do not initially present with ARDS.
However, large randomized controlled trials are needed to
better establish the use of low V. values in this patient
population. More liberal use of low V. values certainly,
however, seems warranted for those patients who have risk
factors for the development of ARDS.

Ventilation of Surgical Patients

Postoperative pulmonary complications have been as-
sociated with increases in morbidity and mortality in pa-
tients undergoing major surgery.>* Postoperative ARDS
represents the worst pulmonary complication, and its oc-
currence has been estimated as high as 25%.25-27 Increases
in morbidity and mortality may be, at least somewhat,
attributable to the practice of historically using high V. in
the range of 10—15 mL/kg PBW and no PEEP. This prac-
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tice of using high V without PEEP in the operating room
was introduced back in 1963 as a means of improving
oxygenation and avoiding atelectasis and remains as a strat-
egy still being used by many today.?® Despite the publi-
cation of the ARDSNet landmark paper in 2000 showing
that lower V. resulted in a mortality benefit as compared
with the traditional V of 12 m/kg PBW, this strategy has
been slow to be employed in the surgical arena.?® How-
ever, over the past decade, there have been encouraging
indications that lung-protective ventilation is being used
more frequently in the operating room.3°

Since many surgical procedures are of relatively short
duration, the focus on lung-protective ventilation is placed
on the back burner by many anesthesiologists. However, it
has been shown that pulmonary inflammatory damage can
occur after only a few hours.3! Although information about
the pulmonary side effects of mechanical ventilation in the
operating room has historically been limited, there are a
growing number of studies showing that the use of high
V. values in surgical patients has deleterious effects. Schil-
ling et al3? studied 32 subjects undergoing open thoracic
surgery and compared the use of low V. (5 mL/kg PBW)
versus high V (10 mL/kg PBW) strategies. They found
that in all subjects, there was an increase in pro-inflam-
matory mediators. However, several of the pro-inflamma-
tory markers (tumor necrosis factor alpha and soluble in-
tercellular adhesion molecule 1) were significantly
decreased in the low Vi group over time. The authors
concluded that the use of mechanical ventilation may pro-
mote the production and release of pro-inflammatory sub-
stances in the alveoli, resulting in epithelial damage. They
further concluded that the use of lower V. values may aid
in decreasing some of the pro-inflammatory mediators.32
Michelet et al33 prospectively investigated 52 subjects who
underwent an esophagectomy, comparing high (9 mL/kg
PBW) and low V; (5 mL/kg PBW) strategies. As was the
case in the study by Schilling et al,3> the lower V| group
had lower blood levels of pro-inflammatory mediators,
improved P, /Fio, and a reduction in the duration of
intubation. Another study also examined the relationship
between the size of the V and the pro-inflammatory re-
sponse in subjects undergoing various surgical procedures
lasting =5 h. Wolthuis et al3* compared high V1 (12 mL/kg)
and no PEEP with protective ventilation of 6 mL/kg and
10-cm H,O PEEP and found that the use of lower V. atten-
uated the increase of pulmonary levels of pro-inflammatory
mediators.

It certainly appears from the above mentioned studies
that there is an increase in pulmonary inflammation that is
associated with mechanical ventilation and that using lower
V. values seems to have the potential to attenuate this
inflammatory response. Whether this translates into a mor-
tality outcome benefit remains to be seen.
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Several investigators have studied the association be-
tween Vi size and the development of postoperative re-
spiratory complications. Futier et al3° studied 400 subjects
undergoing abdominal surgery who were at risk of devel-
oping postoperative pulmonary complications and assigned
the subjects to receive either non-protective ventilation
(Vr = 10-12 mL/kg PBW and no PEEP) or lung-pro-
tective ventilation (V = 6—8 mL/kg PBW and PEEP = 6—
8 cm H,O along with recruitment maneuvers). They found
that pulmonary complications occurred in 27.5% of the
subjects in the non-protective group compared with only
10.5% in the protective group (P < .001). In addition, the
lung-protective strategy resulted in a 69% reduction in the
number of subjects requiring ventilator support within
the first 7 days after surgery. Severgnini et al*® compared
the use of a traditional ventilation strategy (V = 9 mL/kg
PBW and no PEEP) with a lung-protective strategy
(Vr = 7 mL/kg PBW with PEEP = 10 cm H,O and re-
cruitment maneuvers) in 56 subjects scheduled to undergo
elective open abdominal surgery lasting >2 h and found
that subjects in the lung-protective group had better pul-
monary function tests up to day 5, fewer alterations in
chest radiographs up to day 3, better oxygenation, and a
lower clinical pulmonary infection score. Ladha et al®’
performed a large (69,265 subjects) hospital-based registry
study in 3 Massachusetts hospitals from January 2007 to
August 2014. They compared subjects who received pro-
tective mechanical ventilation (V1 <10 mL/kg PBW, PEEP
=5 cm H,0, and plateau pressure <30 cm H,O) with
subjects who received non-protective mechanical ventila-
tion in terms of postoperative respiratory complications
during non-cardiac surgery. They found that using protec-
tive mechanical ventilation intra-operatively was associ-
ated with a significantly lower risk of postoperative respi-
ratory complications and that it was the V. (as opposed to
PEEP and plateau pressure) that had the most beneficial
effect difference. Fernandez-Perez et al®® performed a ret-
rospective analysis of 170 subjects who underwent pneu-
monectomies. The results showed that 18% of the subjects
developed respiratory failure and 50% developed ALIL
These subjects had higher V values than those who did
not develop respiratory failure (8.3 vs 6.7 mL/kg PBW,
P < .001).

There are a couple of recent meta-analyses that exam-
ined the effects low Vi strategies during mechanical ven-
tilation in surgery. Zhang et al3® performed a systematic
review of 22 studies of subjects undergoing general anes-
thesia during major surgery and the development of ALIL
They found that lower V. ventilation was associated with
a protective effect against the development of ALI Likewise,
Gu et al*® performed a recent meta-analysis that included
19 randomized controlled trials in 1,348 subjects under-
going surgery and compared the subjects who received
lung-protective ventilation (5—-8 mL/kg PBW) with those
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Events, n/N Favors , Favors
Study Lower V1t Higher V1 Risk ratio (95% ClI) ~— Jower V7| higher VT—>
Lung injury
Michelet et al*® 3/26 6/26 0.50 (0.14-1.79) ——
Weingarten*! 0/20 1/20 0.33 (0.01-7.72)
Yang* 1/50 4/50 0.25 (0.03-2.16) —
Treschan® 1/50 0/51 3.06 (0.13-73.35) s
Futier® 1/200 6/200 0.17 (0.02-1.37) — &
Maslow** 0/16 0/16 Not estimable
Shen*® 2/53 7/48 0.26 (0.06-1.19) ——
Qutub*® 0/13 0/13 Not estimable
Overall 8/428 24/424  0.36 (0.17-0.78) ‘
Heterogeneity: I> = 0%
Pulmonary infection
Michelet et al* 6/26 10/26 0.60 (0.26-1.41) —-
Weingarten*' 1/20 1/20 1.00 (0.07-14.90)
Yang* 1/50 7/50 0.14 (002-1.12) ——=—+
Treschan®® 5/50 6/51 0.85 (0.28-2.61) —a—
Futier®® 3/200 16/200  0.19 (0.06-0.63) —a—
Shen* 1/53 2/48 0.45 (0.04-4.84) &
Qutub*® 0/13 0/13 Not estimable
Overall 171412 42/408  0.46 (0.26-0.83) ‘
Heterogeneity: I = 8% , ,

0.01 0.1 1 10 100

Risk ratio (95%)

Fig. 2. Effect of lung protective ventilation with lower tidal volumes (V+) on lung injury and pulmonary infection. From Reference 40, with

permission.

who received traditional mechanical ventilation. There was
a decreased incidence of lung injury and pulmonary infec-
tions in the lung-protective mechanical ventilation group
(Fig. 2).333540-46

Cardiac surgery with cardiopulmonary bypass in and of
itself is associated with a systemic and pulmonary inflam-
mation.*’ Cardiopulmonary bypass-related systemic in-
flammatory response syndrome represents an important
first hit for lung injury, and the use of high V. values
during the surgery may act as the second hit that worsens
lung damage. Two studies looked at the effect of low V
strategy on pulmonary pro-inflammatory mediators in this
patient population. Zupancich et al?! studied the effect of
V1 on interleukin 6 and 8 levels in the bronchoalveolar
lavage fluid and plasma in 40 subjects undergoing elective
coronary artery bypass. They found that, whereas the lev-
els of interleukin 6 and 8 increased in both the low and
high V. groups, they leveled off in the low V1 group while
they kept increasing in the high V| group (Fig. 3). Mi-
randa et al*® also looked at the effect of V. on pro-inflam-
matory mediators in 62 subjects undergoing coronary ar-
tery bypass. Their results mirrored those of Zupancich in
that there was an initial increase in levels of pro-inflam-
matory mediators in all subjects, but it became attenuated
in the low V group.?8 In a large study Lellouche et al*®
examined consecutively 3,434 subjects who underwent car-
diopulmonary bypass and the immediate postoperative V.
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values. A multivariate analysis revealed that larger V
values were associated with longer time on mechanical
ventilation and prolonged times in the ICU (Table 2) as
well as hemodynamic instability.

Other outcome measurements have been used in com-
paring high versus low V. during cardiac surgery. Sundar
et al>® examined the time to extubation for cardiac sur-
gical subjects receiving either 6 mL/kg or 10 mL/kg
PBW. They found that, although the time to extubation
did not significantly decrease, significantly more sub-
jects in the lower V. group were extubated and breath-
ing without assistance 6—8 h after surgery. They also
noted that the lower V. group had a lower incidence of
re-intubation.

Although the above studies make a convincing argu-
ment for the use of lower V. values in the operating room,
well-powered randomized controlled trials are still needed
to better establish the clinical effect of intra-operative lung-
protective ventilation. However, until this occurs, physio-
logic data strongly suggest that the low V. strategy is safer
and more protective than traditional V. values.

Concerns About Using Low V.

Indeed, there are concerns about using lower V. values
during mechanical ventilation. Among them are the po-
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Fig. 3. Effect of different ventilatory strategies (A and C: high V{/low PEEP; B and D: low V;/high PEEP) on plasma interleukin 6 and
interleukin 8 before sternotomy (baseline), start of cardiopulmonary bypass (bypass), and 6 h after re-establishment of mechanical venti-
lation (mechanical ventilation). BAL = bronchoalveolar lavage. *, P < .001 versus baseline; #, P < .001 versus time bypass; T, P < .001,
high V;/low PEEP versus low V;/high PEEP. Points denote outliers. From Reference 31, with permission.

Table 2. Organ Failure, Duration of Mechanical Ventilation, and ICU Length of Stay
Outcome >10 mL/kg PBW 10-12 mL/kg PBW >12 mL/kg PBW p
(n=1724) (n=1,567) (n=1,143)

Organ failure, n (%) 82 (11%) 230 (15%) 206 (18%) <.001
Multi-organ failure, n (%) 21 (2.9%) 74 (4.7%) 70 (6.1%) .006
Duration of mechanical ventilation, h 6.0 6.5 7.4 <.001
ICU length of stay, d 1.0 1.2 1.8 <.001
ICU length of stay >24 h, n (%) 478 (20) 1,036 (45) 814 (35) .003

Data from Reference 49.
PBW = predicted body weight

tential for hypercapnia, patient-ventilator asynchrony, and
increased sedation use. Hypercapnia is a real possibility
when clinicians use a low V. strategy. However, increases
in set breathing frequency can offset this as long as auto-
PEEP is not created. There are a number of studies that
have actually shown beneficial effects of permissive hy-
percapnia in that it may have the potential to attenuate
lung injury.>'-5* Some have even suggested that hypercap-
neic acidosis could be therapeutic as opposed to permis-
sive.> However, the degree of permissive hypercapnia
that can be used safely during low V. ventilation is un-
clear, but it may be that a mild acidosis should be tolerated
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to enable the use of lower Vi values. Patient-ventilator
asynchrony is also a potential issue with the use of lower
V. values, especially in volume assist control with a fixed
flow. The smaller V values may result in shorter inspira-
tory times, which may create a mismatch with the patient’s
neural timing. However, with technological advances, to-
day’s mechanical ventilators now have advanced graphic
packages that depict the waveforms in great detail. This
equips the clinician to be better able to identity patient-
ventilator asynchrony and act to minimize it through ven-
tilator manipulation. Concerns have been raised that low
V. ventilation may increase patient discomfort, leading to
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increased sedative use.5¢ However, there are a number of
studies that refute this claim.22-57-59

Summary of the Pro Position

There is very strong evidence from randomized con-
trolled trials that the use of a 6 mL/kg V strategy affects
mortality outcome in ARDS. The routine use of a low V.
strategy in all patients receiving mechanical ventilation is
not yet an “official” recommendation, but evidence is
mounting that the use of low V values in patients without
ARDS may add additional protection against the injurious
effects of mechanical ventilation, leading to a paradigm
shift from treating ARDS to the prevention of ARDS.
There is convincing evidence that the use of low V values
during intra-operative ventilation protects against postop-
erative pulmonary complications. The role of low V strat-
egy in other ventilated patients without ARDS is less cer-
tain, but the evidence so far is suggestive that these patients
will also derive a protective benefit from V. reduction in
terms of reduction of pulmonary complication rate and
improvements in outcomes. Should 6 mL/kg be the “stan-
dard” V to be used in all patients? The answer to this is
yes, keeping in mind that there may be exceptions to this
standard. Although the evidence to this point in time sup-
ports the use of 6 mL/kg PBW, it is unknown whether
4 mL/kg PBW is better than 6 mL/kg PBW. All we know
is that 6 mL/kg PBW is more protective than 10—12 mL/kg
PBW. However, in the absence of more elaborate mea-
surements and with the evidence we have to this point, it
makes sense to at least start ventilation with the target of
6 mL/kg PBW at the bedside. Given the unpredictability of
developing ARDS during mechanical ventilation, a low
Vi ventilation strategy in all mechanically ventilated pa-
tients makes sense and should be used at the initiation of
mechanical ventilation. The use of 6 mL/kg PBW at the
onset of mechanical ventilation will help to ensure the
early delivery of lung protection in patients at risk (whether
it is known by the bedside clinician or not) of developing
ARDS. The evidence also suggests that this practice is safe
in the majority of mechanically ventilated patients.

Introduction of the Con Position

The premise that one prescription is good for all patients
and conditions is, on its own, difficult to sustain. It is
possible that one size fits most and that the ill effects of
such a decision are so small in comparison with the ben-
efits that it warrants blanket application. However, there
are enough reasons (clinical and physiological) for why
the general application of V. = 6 mL/kg PBW could lead
to adverse events. Not only are there conditions (eg, COPD
and acidosis) where using a standard “low” V. could be
deleterious, but we must remember that the only reason to
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scale the V. to PBW is to prevent ventilator-induced lung
injury (VILI). Reconsideration of a generic V dosage of
6 mL/kg is of particular importance in light of recent lit-
erature suggesting that scaling the Vi to PBW is, not a
predictor of lung injury.®°

Effect of a V; of 6 mL/kg PBW on Gas Exchange

There are several determinants of gas exchange, includ-
ing the partial pressures of oxygen and carbon dioxide,
lung perfusion, alveolar surface and thickness, hemoglo-
bin levels, V., breathing frequency, and dead space. To
better understand the effect of Vo, let’s assume normal
alveolar and blood gas partial pressures, lung perfusion,
alveolar surface, and thickness. The effect of V on gas
exchange is then described by the equation for alveolar
minute ventilation, Vg = (V4 — Vp) X f, where V,, is
minute alveolar ventilation, Vp, is the dead space volume,
and f is breathing frequency. It becomes evident that to
keep a constant VE, in the presence of a constant V. and
Vp, the only variable that can change is breathing fre-
quency. Now consider that we prescribe a V. of 6 mL/kg
PBW for a patient in which all physiological values
(alveolar surface, perfusion, and dead space = 2 mL/kg)
are within normal limits.®! The alveolar minute ventilation
range within the normal to highest limits of set ventilator
breathing frequency will be as follows: Vi = (V — Vp) X
f; Vg = (6 mL/kg — 2 mL/kg) X 10-35 breaths/min;
Vg = 40-140 mL/kg/min; Vg, for a 70-kg man = 2.8-9.8
L/min.6?

Now, consider COPD or even acute lung injury where
Vp, is elevated or sepsis and metabolic acidosis, where the
metabolic demand requires a higher V.63.64 If we increase
the dead space, just by 1 mL/kg, the maximum minute
ventilation that the ventilator can safely deliver decreases
by 25%: Vi = (6 mL/kg — 3 mL/kg) X 10-35 breaths/
min; Vi = 30-105 mL/kg/min; V, for a 70-kg man = 2.1—
7.4 L/min. Using conventional ventilation, attempting to
ventilate with small V. values will lead to higher breath-
ing frequencies and development of hypoventilation, in-
trinsic PEEP, hemodynamic compromise, and higher work
of breathing.62.65

Hypoventilation

As described above, the use of lower V. values fre-
quently leads to some degree of hypercapnia (due to the
restriction of breathing frequency to <~35 breaths/min
using conventional modes of ventilation). Clinicians have
adopted the practice of permissive hypercapnia to avoid
lung injury. This was accepted as a consequence because
the effects of mild to moderate hypercapnia on various
organ systems seem to be of no clinical relevance in the
majority of critically ill patients.°©-°8 However, the clini-
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cian must remember the effect of carbon dioxide in dif-
ferent organs and systems, which are of much relevance in
specific conditions. For example, the central nervous sys-
tem is extremely sensitive to carbon dioxide levels. Hy-
percapnia leads to an increase in cerebral blood flow, which
in the setting of intracranial hypertension may be delete-
rious. In specific settings, such as increased intracranial
pressure or ischemia, a low V. strategy could be injurious
for the brain.

Another clinically relevant example is the effect on the
cardiovascular system. Acute hypercapnia leads to an in-
crease in cardiac output secondary to an increase in car-
diac contractility, increased heart rate, and a reduction in
systemic vascular resistance. This leads to an increase in
oxygen delivery, which is further enhanced by a deviation
of the oxyhemoglobin dissociation curve. In contrast, the
effect of hypercapnia on the pulmonary vasculature is dif-
ferent. Hypercapnia causes an increase in pulmonary vas-
cular resistance and pulmonary artery pressures by en-
hancing the effects of hypoxic vasoconstriction.®®-70 With
this knowledge, patients with underlying pulmonary hy-
pertension or right heart failure may not benefit or may
even be harmed when exposed to hypercapneic conditions.
In summary, the implementation of strategies that may
lead to hypercapnia on all critically ill patients may have
deleterious effects.

Time Constant and Auto-PEEP
The time constant (s) is obtained by multiplying com-

pliance (mL/cm H,0O) and resistance (mL/cm H,O/s). The
time constant describes the time required to achieve a 63%
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Time constant

Table 3. Time Constants for Common Clinical Conditions. The time
(s) for normal lungs, ARDS, and COPD are given.

% of Normal ARDS COPD
Time Initial (R=13cm (R =16cm (R =20cm

Constant  Volume H,O/L/s; H,O/L/s; H,O/LJs;

Left C=51ml/em C=34 mL/cm C =55 mlL/cm
H,O H,O H,O

0 100

1 36.8 0.66 0.54 1.1

2 13.5 1.32 1.08 2.2

3 5.0 1.98 1.62 33

4 1.8 2.65 2.16 4.4

5 0.7 3.31 2.70 5.5

6 0.2 3.97 3.24 6.6

7 0.1 4.63 3.78 7.7

Data from Reference 71.
R = resistance
C = compliance

change in pressure, volume, or flow in response to a step
change in inspiratory pressure under passive conditions.
Figure 4 demonstrates that the lung will inflate or deflate
at the same proportion for a time interval (the time con-
stant), and in consequence, it takes 5 constants to essen-
tially empty or fill the lung. Table 3 demonstrates this
concept. In a patient with ARDS, the compliance and re-
sistance are low; thus, the time constant is short, and the
lung inflates rapidly. However, in an emphysematous lung,
the time constant is prolonged (both compliance and re-
sistance are higher); thus, a longer time is needed to empty.
In table 5 you can note that at 5 constants the lung has
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— PAV, NAVA
—PC, PS
— VC, adaptive PC

Ventilator WOB

Patient WOB

Fig. 5. Patient versus ventilator work of breathing (WOB) in relation
to the mode of mechanical ventilation; PAV = proportional assist
ventilation; NAVA = neurally adjusted ventilatory assist; PC =
pressure control; PS = pressure support; VC = volume control.

achieved full deflation or inflation. In ARDS this would
take 2.7 s vs 5.5 s in COPD.

As the V becomes smaller, all else being equal, the
breathing frequency must increase to maintain the target
minute alveolar ventilation. Patients with longer time con-
stants who are exposed to higher breathing frequencies
(mandatory or spontaneous) will develop air trapping. In
fact, in obstructive disorders, the recognition and avoid-
ance of auto-PEEP (the pressure associated with air trap-
ping) leading to lung hyperinflation is the cornerstone in
management. Tuxen et al’> described a strategy where
decreasing the amount of hyperinflation by creating hy-
poventilation leads to improved outcomes. This trial em-
phasized the importance of the time constant and allowing
adequate time for expiration. In that report, the initial V.
values were 10 mL/kg actual body weight (ranging from
700 to 900 mL) and respiratory the breathing frequency
was limited to avoid air trapping. Interestingly, since the
advent of the ARDSNet trial, guidelines and reviews for
mechanical ventilation in obstructive lung disorders have
been gradually decreasing V. values, despite the absence
of any new work in the management of COPD.73-7> We
must not forget that air trapping and auto-PEEP leading to
hemodynamic consequences occurs also in ARDS, where
the time constant is considerably shorter.76-77

Work of Breathing

Figure 5 depicts the relationship between the ventilator
and the patient work of breathing according to the mode of
mechanical ventilation.”® This relationship is essential to
understanding the effects of decreasing V1 on the patient’s
work of breathing. The ventilator work of breathing will
depend on the driving pressure required to achieve the
desired target. When the target is volume, in the presence
of patient effort, the ventilator will require less driving
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Fig. 6. Simulated screenshot of flow starvation in volume control
continuous mandatory ventilation. Shown is a graphical represen-
tation of a volume-controlled breath in the presence of a simulated
patient respiratory effort. The green line represents airway pres-
sure at the mouth opening. When the airway pressure drops below
baseline (PEEP) a mismatch between patient’s flow needs and the
ventilator flow delivery is present. The drop in pressure below
baseline is interpreted as no work of breathing support by the
ventilator.

pressure to deliver a given V. It follows that when lower
Vi values are set, the driving pressure will be lower, re-
sulting in a shift of work toward the patient (ie, the ven-
tilator will do less work to deliver the volume). In volume
control ventilation, when the patient effort is high enough,
the patient may actually breathe against the ventilator
(which will not deliver more flow/volume) (see Fig. 6). In
modes that use pressure control, in the presence of respi-
ratory effort, the operator or the ventilator will need to
decrease the inspiratory pressure to maintain the target
V.7

As we can see, decreasing the Vy size may lead to
unmatched patient work of breathing. This results in in-
creased work of breathing and asynchrony. The resolution
of this has due to low V; with the use of higher V  in
ARDS have been well described by Kallet et al.®> In clin-
ical practice, the presence of asynchrony related to high
respiratory drive (double triggering, flow asynchrony in
volume control, or excessive Vp values in pressure con-
trol) may lead to use of sedation or paralysis to allow
limitation of the V and synchrony. Indeed, the analysis of
studies evaluating the ARDSNet studies revealed no in-
crease in sedation and paralytics.>’->° However, in the con-
text of a broad population, some with normal lungs, COPD,
or severe acidosis, the utilization of sedation may be dif-
ferent. This poses a particular clinical challenge and may
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lead to prolongation of mechanical ventilation and the in-
herent adverse effects of oversedation and paralytics.80-82

VILI

In terms of VILI, an excessive Vo is a well-recognized
cause of alveolar overdistention (stretch injury), alveolar
wall rupture (disruption), and cyclic recruitment.®3 The
ARDSNet trial was a culminating point in our understand-
ing of VILI and led to a change in practice.!? After the trial
was published, controversy ensued regarding what com-
ponent (V. or plateau pressure) was the driver of the re-
sults. Trials by Stewart et al,'! Brochard et al,” and Brower
et al34 found no difference between low and high V.. ven-
tilation in subjects with ARDS. The trial by Amato et al'®
and ARMA found a lower mortality in favor of lower V.
Eichacker et al®> pointed out that the 3 “non-beneficial”
trials used V. closer to 10 mL/kg in the higher V. group,
and the plateau pressures were <28-32 cm H,O, whereas
in the 2 “beneficial trials,” the higher V| of 12 mL/kg was
associated with high airway pressures (>34 cm H,0), and
this would explain the mortality difference.®-!2-84.85 Petrucci
and Tacovelli®¢ reported similar findings and showed that
clinical outcome of high V. ventilation was not different
from that of low V1 ventilation when plateau pressure was
maintained at 31 cm H,O or less; however, the sample size
between the groups was very different (lower plateau pres-
sure 288 subjects vs higher plateau pressure 1,009 sub-
jects), so the results should be interpreted with caution.
Guidelines and protocols suggest limiting V at 6 mL/kg
PBW and plateau pressure <30 cm H,O to prevent VILIL
However, more recent evidence reveals that neither V
scaled to PBW nor plateau pressure are adequate surro-
gates for predicting outcomes.3” How do we reconcile this
with the available evidence?

Scaling

The current method to select V. dosage is to scale (nor-
malize) it to the PBW (using height and sex), similar to the
way drug dosages are calculated. This was an important
contribution from the Vo trials, which helped to standard-
ize interventions across centers and made clear to every-
one the V. used.'>%* The rationale to normalize the V
was that the lung size is defined by height rather than by
weight (ie, an adult will have the same size lungs regard-
less of his weight). This concept makes sense in health, but
the V1 scaled to the height may not reflect the actual size
of the lungs in disease. Gattinoni®® made the case that in
patients with acute lung injury, the normally aerated tissue
was closer to the size of a “baby lung.” On the opposite
side of the spectrum are lungs that are larger than expected
for the height due to a pathologic process. The classic
example would be emphysema, in which the lungs are
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Lung size

Body size

Fig. 7. Relative size of the lung according to body size. In a patient
with ARDS, the lung volume will shift down, such that for the same
body size, the lungs will be smaller (as if they were from a smaller
person). In a patient who develops emphysema, the lung volume
shifts up, so that for the same body size, the lungs will be larger (as
if they were from a larger person).

larger than expected for the height of the patient (ie, the
aerated tissue is closer to the size of a giant’s lung) (Fig.
7). Under these circumstances, scaling V to PBW could
lead to inappropriate settings. In the case of the ARDS
lung, 6 mL/kg could be too large a Vi, which would lead
to injury. In the case of emphysema, a 6 mL/kg would be
too small, leading to increased percentage of dead space
ventilation, tachypnea, and auto-PEEP.

Several groups have come to recognize that the alter-
native is to scale the V. to the respiratory system charac-
teristics (compliance or elastance) rather than PBW. A
pioneer in this field, Mead et al®® described the concept of
relative stress as the change in volume relative to resting
size. They then elegantly studied the concept of regional
stress multipliers as a source of lung injury. This concept
demonstrated that under heterogeneous lung conditions,
areas of alveolar collapse would generate multiplication of
the wall stress in the neighboring areas. Using this ratio-
nale, current research groups have evaluated the effect of
stress and strain on the lung, recognizing that scaling V to
the respiratory system characteristics may be a better pre-
dictor or marker of injurious mechanical ventilation.!3.60-90
Gattinoni®® interpreted strain as the change in volume
(change in size) over the functional residual capacity (rest-
ing size).

Lung injury can then be explained by excessive appli-
cation of global or local stress and/or strain. Chiumello
et al?” tested this theory in an animal model of ARDS.
They found that strain values in the range of 1.5-2, which
corresponds to a transpulmonary pressure (stress) of
10 cm H,O, were the critical threshold for injury. In this
study, neither V./PBW nor plateau pressure was a marker
of lung injury. More importantly, prolonged application of
very large V1 (27 = 3 mL/kg) without any PEEP for 2.5 d
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did not cause any lung injury as long as the strain was
below the threshold.

A recent study by Amato et al®®© used data from 9 ran-
domized trials evaluating mechanical ventilation in ARDS
to assess whether V. normalized to the respiratory system
compliance was a better predictor of injury. They used the
definition of compliance (the inverse of elastance),
Crs = V1/A P, where Cig is the compliance of the respi-
ratory system (which includes the lung and chest wall
components), V- is the tidal volume delivered above PEEP,
and AP is the difference between plateau pressure and set
PEEP. AP or driving pressure was then defined as V/Cgg.

As such, AP is normalizing or scaling the Vp to the
respiratory system compliance. The advantage is that AP is
an index of both high V and low Cgg, each of which is
associated with VILI. In their thoughtful analysis, AP was
the variable that best predicted survival. More to our point,
neither V./PBW nor plateau pressure had any predictive
effect on survival or barotrauma. (eg, there was no difference
in the relative risk of mortality at any level of V./PBW from
4 to 10 mL/kg PBW).

Summary of the Con Position

In summary, limiting V values to 6 mL/kg PBW for all
patients receiving mechanical ventilation has the potential
to cause harm. The blanket application could lead to in-
creased breathing frequencies, auto-PEEP, hypoventilation,
increased sedation, and unmatched work of breathing. All
of these issues may be worth the price to prevent lung
injury; however, new evidence on the understanding of
lung injury suggests that the scaling of V. to PBW is not
an accurate way of predicting risk in the first place. Thus,
the concept of limiting V1 to 6 mL/kg PBW needs to be
reexamined in the face of the patient’s condition, disease,
and physiological characteristics. A simple V. dosage for
all patients may not be appropriate and may lead to harm
in specific cases. The risk of developing side effects is
higher in patients with severe lung disease, increased re-
spiratory drive (neurological or metabolic), increased dead
space, and prolonged time constants (Tables 4 and 5).

Conclusions

The use of low Vi strategies has been well validated in
ARDS and has led to a paradigm shift in our thinking and
ventilation management for these patients. We have learned
that mechanical ventilation and the knobs we manipulate
therein significantly affect our patients and can be injuri-
ous. This frame of mind has expanded to the realm of
non-ARDS patients. There is emerging evidence that using
lower V. values in surgical and non-ARDS mechanically
ventilated patients may improve clinical outcomes and pre-
vent the incidence of ARDS in high risk patients, which

784

Table 4.  Conditions Where Higher Tidal Volume May Be
Beneficial
Condition Rationale

COPD and asthma Increased Vp,, increased metabolic demands,
increased work of breathing, acidosis, and
a prolonged time constant

Increased metabolic requirements, increased

neural drive, increased work of breathing

Metabolic acidosis

Increased neural drive unable to control with
any mode

Neuromuscular patients Need to avoid atelectasis, preserve chest

wall mobility, aid cough

Neurological injury

Drug overdose or
withdrawal

Increased neural drive, agitation, increased
work of breathing, increased metabolic
requirements

Exercise (rehabilitation) Increased metabolic demand

Vp = dead space volume

Table 5. Conditions Where Lower Tidal Volume May Be Beneficial
Condition Rationale
ARDS Functional lung size is smaller

Lung resection Functional lung size is smaller
Single lung ventilation Functional lung size is smaller
Chest wall deformities Functional lung size is smaller

ECMO Lung rest

ECMO = extracorporeal membrane oxygenation

begs the question: Why not employ the use of V.. of 6 mL/kg
PBW for all patients, including those without ARDS? We
must exercise some caution in taking this to the bedside.
First, new evidence suggests that there may be a better
way to adjust our V. values; however, more studies are
needed before we should incorporate it into practice. We
must keep in mind the physiology and the multiple con-
ditions often found in the ICU, also keeping in mind that
there may yet be situations where 6 mL/kg PBW may not
be optimal. Also, the use of 6 mL/kg PBW does have the
potential to induce hypercapnia, auto-PEEP, and patient-
ventilator synchrony. However these conditions are man-
ageable at the bedside in the majority of cases. There are
a couple of reasons to strongly consider the use of 6 mL/kg
PBW in all patients at the initiation of mechanical venti-
lation. The first is that pulmonary damage can happen in
only a few hours after the initiation of mechanical venti-
lation with inappropriate settings. The second is that ARDS
is frequently recognized after a delay in onset of the in-
flammatory process. Therefore, early use of 6 mL/kg PBW
can be considered a preventive measure as opposed to a
therapeutic modality. This may be especially protective in
at-risk conditions, such as sepsis, trauma, transfusions, or
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high-risk surgeries. Considering the evidence to date, it
does seem prudent to use 6 mL/kg at the initiation of
mechanical ventilation. This has the potential to change,
however, with emerging new evidence. At present, 2 large
randomized control trials are being conducted. The first is
a Dutch multi-center randomized control trial titled PRe-
VENT-NL comparing alow V. strategy (4—6 mL/kg PBW)
with conventional V1 use (8§—10 mL/kg PBW) in critically
ill patients without ARDS with the end point being the
number of ventilator-free days and mortality at day 28
(available at http://clinicaltrials.gov; NLM Identifier
NCT02153294). The second is EPALI, being conducted in
Spain. This study is comparing a low V.  strategy of
=6 mL/kg PBW with 8 mL/kg PBW in critically ill patients
at risk for developing ARDS with the end point being the
development of ARDS (available at http://clinicaltrials.gov;
NLM Identifier NCT02070666).
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Kallet: Great presentation by both of
you. I think this is still an important
topic with unresolved issues. When we
look at V1 of 6 mL/kg and compare it
to other mammals, this obviously has
to be done in a singular context—at
rest. Otherwise, there’s no way to com-
pare anything. So how we breathe sit-
ting here nodding off after lunch is
different than what we do in activity.
In evolutionary terms, your demand
goes up, your minute ventilation goes
up, and your V. goes up. I think irre-
spective of whether it’s an activity like

hunting or some athletic activity or
you’re massively septic, your Vg is
not going to stay at 6 mL/kg. In terms
of the sedation/V issue, it’s an issue
of proprioception. When you control
V. and demand goes up, the work of
breathing (WOB) goes up because dur-
ing volume control, the ventilator
fights the patient. Or you put them on
pressure control or proportional assist
ventilation (PAV) where the ventila-
tor augments increased breathing ef-
forts. It decreases the sense of dys-
pnea, but the damage goes up. And
there’s no good solution to this. The
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issues of sedation are the negative ef-
fects of that. When you look at studies
that say there’s no difference in seda-
tion, I have a hard time believing that
because the issue is: How are asyn-
chrony and need for sedation being
assessed? What are they using as cri-
teria? During the ARDSNet trial, I saw
data from a few centers where some
subjects were breathing 60 breaths/min
and that was tolerated, because seda-
tion was not protocolized in that study,
and that was the strategy chosen by
the clinicians managing the patient
(unpublished observations). I couldn’t
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personally deal with that; I would ask
physicians to increase the sedation to
keep the subjects in sync. Asynchrony
has some very negative effects. Yet, I
don’t think patients need to be per-
fectly synchronous with the ventila-
tor. I think a modest or even moderate
amount of asynchrony is allowable if
the person doesn’t seem to be suffer-
ing. Bob [Kacmarek] may offer an-
other opinion on that, and I think he
has some justification to do so. But in
the context of patients who are ex-
tremely ill and we have trouble ven-
tilating, oxygenating, and are hemo-
dynamically unstable, we have to take
them out of the picture. If someone
has a little bit of schmutz here or there
on their chest x-ray, their P/F ratio is
a little funky, I don’t think there’s any
way I could justify keeping them
deeply sedated to keep them in sync
versus liberalizing their V. Generally
around 8 ml/kg with a good flow,
you’d have pretty decent luck with
that. Obviously it’s a hard nut to crack
and the nice thing about the study by
Amato! is it’s reassuring to know that
maybe it’s the stress-strain, so we don’t
need to be as worried. Patients who
have relatively minor injury with only
a modestly decreased functional re-
sidual capacity (FRC) can tolerate that
volume without increasing lung injury.

Kacmarek: I think we scale Vp al-
ready; I mean the range is 4-8 mL/kg.
If you look at Marcelo Amato’s data,’
the majority of patients who we ven-
tilate, if we appropriately set PEEP
and use a reasonable V in that range,
itis very unusual for your driving pres-
sure to be significantly beyond 15.
Where you get into trouble, particu-
larly with ARDS patients, is when you
have not appropriately recruited the
patient and not appropriately set PEEP.
The way I interpret driving pressure is
it’s added to the 2 other factors. He
makes a point in the paper saying it’s
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only driving pressure; I don’t buy that.
All the data that have been accumu-
lated that he analyzed, some of those
subjects had huge V. values. They
were from previous studies using 12-
15 mL/kg Vi values. I think it is the
driving pressure, plateau pressure
(Py1a)> and Vo that all have to be con-
sidered, and I don’t think we can leave
any of those 3 out of the equation.
Most patients if you’ve gone from
pressure-targeted ventilation or vol-
ume-targeted ventilation to PAV or
neurally adjusted ventilatory assist
(NAVA) they tend to choose small
V. values; they don’t choose large V1.
values. Critically ill patients don’t like
big V values; they breathe rapidly
and shallowly unless they have a neu-
rologic or pharmacologic reason why
they should breathe deeply. They just
don’t, not on a regular basis.

Kallet: I would say patients who are
very acidotic don’t. Or mechanically
they can, but the drive from the brain
might be different. Patients who are ex-
tremely acidotic do not target 8 mL/kg;
their brain is telling them to be hyper-
pneic, whether they can achieve that me-
chanically or not. That’s the only caveat
I would add.

Kacmarek: OK.

Marini: Many good things came out
in the talk, but I just want to empha-
size a couple of them. What Rich men-
tioned is extremely important; in fo-
cusing on the events within the tidal
cycle, we tend to forget about minute
ventilation. A guy who has a minute
ventilation of 14 L/min should not
be equated with somebody with a min-
ute ventilation of 5 or 6 L/min. Cu-
mulative stretch forces are going to be
much greater at the higher minute ven-
tilation, and so will be the tendency
for lung damage. The fascinating thing
is we’ve been using the same equa-
tion in different ways for 40 y in try-
ing to limit ventilator injury. What is
driving pressure? Driving pressure is
the quotient of V; and compliance.

We’ve targeted best PEEP to compli-
ance in the past—that’s what Peter
Suter did.> Now we’re twisting these
same 3 factors (Vy, compliance, and
pressure) and saying, “OK, driving
pressure is the real deal,” which I'm
very happy to see because I think it
refocuses appropriately upon the ten-
sions that are really the damaging
forces associated with V. Indirectly,
Deans and Natenson? said in response
to the original ARMA®# trial, “Look,
there are going to be some people who
are incorrectly treated with 6 mL/kg
and others who will be fine with
12 mL/kg. It depends on the pressures
and tensions developed by the V. .”
These are really not new concepts, but
I’m glad to see the refocusing. When-
ever we talk about driving pressure,
we’re talking about a passive individ-
ual, and we should be looking at the
trans-lung pressure. The lung itself is
non-homogenous, and even a small
number of damaged units can set in
motion escalating problems. Under-
standably, we’re trying to simplify
things. A 6-mL/kg V is a good start-
ing point, but it’s got to be assessed
and adjusted to compliance and ven-
tilation needs. I think driving pressure
is useful—provided you know what
you’re looking at. Finally, I don’t think
lung injury due to ventilator manage-
ment directly causes death; at the very
least it’s not the only contributing fac-
tor. If driving pressure and mortality
are linked, you wonder, “Is this
causal?” Is it really true that you ei-
ther get driving pressure right or you
get it wrong, and the patient lives or
dies? It is a part of the issue, but it
can’t be the whole thing.

Kacmarek: It’s a manifestation of
the severity of illness.

Branson: I wanted to ask the ques-
tion I get asked most often in SICU
(surgical ICU): My patient comes out
and is on 10-cm H,O PEEP, has a P/F
ratio of 250, and is on nothing but
pressure support, and the pressure sup-
port is 8 cm H,0, so the P, is
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18 cm H,0, and the V is 12 mL/kg.
Do I have to be concerned, or is that
OK?

Kacmarek: According to Amato,!
you don’t have to be concerned.

Hess: It depends. Getting back to
what John [Marini] just said, if
there is a pleural pressure change
of —20 cm H,O on every breath, I
would be concerned.

Mireles-Cabodevila: The underly-
ing condition too. The health of the
lung. If the milieu is correct and you
have injury to the lung, you will be
more prone to injury. That’s what
we’re seeing from the papers in the
OR.

Kacmarek: Amato’s discussion of
driving pressure is totally focused on
controlled mechanical ventilation.! It
does not apply to patient-triggered
ventilation because of what we’re say-
ing—we have no idea what the respi-
ratory muscles are generating and what
the true transpulmonary pressure (Py,)
and driving pressure is.

Branson: So are we advocating for
doing esophageal manometry on ev-
erybody?

Kacmarek: No. But 12 mL/kg, a pa-
tient doing that voluntarily, I’d have
to say what’s going on? What is driv-
ing that patient to do that? Because
you just don’t see it. You might get to
8 or 10 mL/kg, but to sustain
>12 mL/kg is not a normal response
that you see with a pressure support of
8 cm H,0. Even in surgical patients,
we don’t see that on a regular basis.

Kallet: I think the context is impor-
tant. If this is a patient you’re plan-
ning on keeping intubated for a short
period of time, [ wouldn’t do anything.
If this is someone coming back to the
ICU from massive abdominal surgery
with several risk factors for ARDS and
will be intubated for several days, I

think it’s prudent to do something
there. But again, it depends on the con-
text.

Branson: So, do what?

Kallet: Extubate.

Maclntyre: I think one thing you
have to remember is that in the Amato
paper,! most of those data (I’ll grant
ARMA* as an exception) came from
the PEEP studies, where V. values
were all kept in the 4-8 mL/kg range.
The independent variable was adjust-
ments of the PEEP and using different
PEEP strategies. These were not ran-
dom assignments of PEEP and V. val-
ues that occurred. You thus have to
interpret these data a little more care-
fully. But the notion behind it I kind
of like—thinking regional rather than
global V. Six mL/kg (IBW [ideal
body weight]) in you and me gets dis-
tributed evenly because all of our al-
veoli are normal. But take out half my
lung and put 6 mL/kg into me now,
and lo and behold you’re going to blow
up the remaining normal lung. The idea
of referencing Vi to either Cgg, as
Amato! does, or FRC or functional
TLC like Gattinoni® does make all
kinds of sense. I’'m not sure why we’re
considering this such a breakthrough.
This notion of regional V. values and
regional overinflation has been around
for a long time. Lung-protective ven-
tilation really isn’t protecting the sick
lung but the healthy lung. In all lung
disease, there are regions that are rea-
sonably healthy, and that’s why I like
the idea of smaller V. values for ev-
erybody, because that’s what we’re
trying to do—protect healthier regions.
I think using FRC or functional TLC
as measures or Crg as surrogates to
estimate what’s going on regionally
just makes sense to me. I’m not sure
it’s such arevolutionary idea. I’'m more
like John, I think it’s nice to see an
old idea being refocused upon.

Holets: So one question then, and this
may be beyond the scope of this discus-
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sion. If a patient is at risk for develop-
ing lung injury, where does noninvasive
ventilation (NIV) come into this?

Maclntyre: Or do you mean high-
flow oxygen (>40 L/min).

Holets: Yes, NIV and high flow de-
vices.

Marini: Ireview a lot of papers, and
I’ve seen stuff that I cannot easily put
a mechanism to. For example, in anes-
thetized patients without lung disease,
it has been recently observed that in
surgeries lasting 2-4 h, if the V. ex-
ceeds a certain volume, there will
likely be postoperative complications
attributable to the high V. If that were
true, then every person with normal
lungs who goes out exercising should
come back with ARDS. During exer-
cise we generate—there was a paper
in Chest® in the late ‘90s that looked
at this—esophageal pressures averag-
ing about 40 cm H,O at peak tread-
mill exercise. Some healthy subjects
went up to 60 cm H,O or more. You're
talking here about a driving pressure
across the lung that’s 3 times what’s
supposed to be damaging for the lung
and chest wall in ARDS. It’s very crit-
ical (and Rich alluded to this) the sub-
strate that you’re dealing with. I can’t
understand the surgical operating the-
ater as a venue in which to emphasize
practicing tight lung protection for pa-
tients who have normal lungs.

Hurford: John, but remember that
those are very abnormal conditions in
the OR. Classically, FRC is reduced
by 50% very quickly; there’s a lot of
atelectasis that occurs within 10 min
of inducing anesthesia. You have in-
creases in intra-abdominal pressure,
you have release of inflammatory me-
diators. It’s a very short time and I
share your suspicion, but I don’t want
people to walk away thinking that the
lung of a supine person with a lot of
surgeons inside their belly is a normal
situation. Similar to pulmonary resec-
tion, if you’re taking out one lung and
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that remaining lung is already diseased
and you’re having the release of in-
flammatory mediators, it’s a more ab-
normal situation than you might be-
lieve. Admittedly, if you’re having a
knee arthroscopy, it’s going to be re-
ally hard to screw up. We’ve venti-
lated people with 10-15 mL/kg for
years and years, and those folks
weren’t ending up in the ICU. Our
pneumonectomy patients were. And
the mortality rate was dramatically re-
duced when we changed ventilator
strategies.

Marini: Bill, those are excellent
points. Let’s not forget the vascular
side too. When you’re dealing with a
small lung like a single lung resec-
tion, you’re pouring a lot of blood flow
through that single lung and you’re
really upping the ante. You're abso-
lutely right; in certain surgery patients,
you have to be particularly careful.
Do you measure the pressures in the
anesthesia machines?

Hurford: Yes.
Marini: And keep them down?

Hurford: We do. It’s hard. There’s
a recent study that looked at our use
of lower V. values in the OR, and
there was a recent study’ from Van-
derbilt looking at some academic in-
stitutions, Mayo Clinic, Partners,
nearly 300,000 cases. And even in
high-risk subjects, they were using
>8 mL/kg about 40% of the time. It’s
one of these things to have very slow
adoption. Everyone’s confused. Nor-
mal patients probably don’t need it,
patients at high risk probably do; we
really don’t know who’s at risk, so is
there harm in using it on everybody?
I don’t know.
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