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KEY POINTS

e Ventilator-associated events definitions were designed to improve the objectivity,
breadth, and seriousness of adverse event surveillance in mechanically ventilated
populations

e The most common conditions that trigger ventilator-associated events are pneumonia,
fluid overload, acute respiratory distress syndrome, and atelectasis

e Promising strategies to prevent ventilator-associated events include minimizing sedation,
enhancing paired daily spontaneous awakening and breathing trials, promoting early
mobility, setting low tidal volume ventilation, using intravenous fluids conservatively after
resuscitation, and implementing restrictive transfusion thresholds.

e An increasing number of reports document that multifaceted quality improvement initia-
tives are associated with lower ventilator-associated event rates

INTRODUCTION

Up to 800,000 patients per year receive mechanical ventilation in the United States and
the incidence is increasing over time.”=® This procedure can be lifesaving for patients
with acute respiratory failure, but being on a ventilator also increases the risk of an array
of complications that can prolong ventilator dependence and sometimes hasten death.
Some of these complications are caused directly by mechanical ventilation, others only
indirectly. The objective of this article is to provide an up-to-date review on the epide-
miology, outcomes, risk factors, and prevention strategies for ventilator-associated
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events (VAEs), including pneumonia. We focus on the adult patient population, but also
briefly describe relevant work in pediatric and neonatal populations.

VENTILATOR-ASSOCIATED EVENTS VERSUS VENTILATOR-ASSOCIATED PNEUMONIA

Before January 2013, the Centers for Disease Controls and Prevention’s (CDC) Na-
tional Healthcare Safety Network (NHSN) only provided surveillance definitions for
ventilator-associated pneumonia (VAP). The NHSN switched the focus of surveillance
from VAP to VAE in early 2013, however, in response to increasing concerns about the
suitability of traditional VAP definitions to support quality improvement and bench-
marking initiatives.*

The VAE framework includes a nested set of definitions designed to detect both in-
fectious and noninfectious complications in mechanically ventilated patients.®> Some of
these complications may be direct adverse consequences of mechanical ventilation
(such as pneumonia), whereas others are indirect events that can complicate the
course of mechanical ventilation (such as pulmonary edema). Fig. 1 provides a sum-
mary of adult VAE surveillance definitions. The core definition in the VAE set is called
a ventilator-associated condition (VAC). A VAC is designed to detect respiratory dete-
rioration after a period of stability or improvement. To be eligible for a VAC, a patient
must first demonstrate at least 2 days of stable or improving ventilator settings, namely,
the daily minimum fraction of inspired oxygen (Fio,) or positive end-expiratory pressure
(PEEP). If a patient subsequently requires an increase in the daily minimum Fio, by 0.20
or more or an increase in the daily minimum PEEP by 3 or more cm H,0, and the in-
crease is sustained for at least 2 calendar days relative to both baseline days, then
the patient meets VAC criteria and has a VAE. The increase in ventilator settings is pre-
sumed to indicate that the patient may have suffered a complication or deleterious
change in their clinical status, but does not in and of itself indicate what might have
gone wrong. There are consequently additional VAE criteria to identify the subset of
VACs that may be attributable to infection and the subset of those that might be due
to pneumonia. An infection-related ventilator-associated complication (IVAC) occurs
in a patient with VAC who has concurrent inflammatory changes (abnormal white blood
cell count or temperature) and in whom clinicians begin and continue a new course of
antibiotics (>4 days of new antimicrobials starting within 2 days of the VAC). Both VAC
and IVAC intentionally capture both pulmonary and nonpulmonary complications.® The
last surveillance tier of the VAE definition set identifies the subset of IVACs that are
possible VAPs (PVAP). This final tier is flagged by a case of IVAC with concurrent in-
flammatory pulmonary secretions and/or positive respiratory cultures. IVAC-plus refers
to IVACs that include PVAPs (whereas IVAC-alone is IVAC excluding PVAPS).

Why the Shift to Ventilator-associated Events?

Numerous concerns catalyzed the shift from VAP to VAE. From a technical and prac-
tical perspective, the old NHSN VAP criteria were challenging.” The definitions
included multiple pathways for different patient populations and many of the surveil-
lance criteria were subjective, insensitive, and nonspecific (eg, “new or progressive in-
filtrates,” “change in the character of sputum,” or “worsening cough”).2 The definition
correlated poorly with histologic pneumonia and the clinical information needed to
apply traditional VAP definitions was hard to collect, making surveillance difficult to
implement.®'° The subjective components of the VAP definition led to high rates of
interobserver variability.''='* Finally, VAP criteria did not consistently identify patients
at increased risk for poor outcomes, and interventions that decreased VAP rates often
had no effect on more patient-centered outcomes, such as the duration of mechanical
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Ventilator-Associated Events

Mechanically ventilated patient with 22 d of stability or improvement
followed by Criterion 1 or 2 for 22 d

VAC Criterion 1 or Criterion 2
Increase in daily minimum FiO, Increase in daily minimum PEEP
by 20.20 of 23 cmH,0

|

Within 2 d before or after VAC onset (ie, worsening oxygenation) patient
meets both Criterion 3 and 4

IVAC Criterion 3 Criterion 42
and
Temperature >38° C or <36° C, New antimicrobial agent(s) are started
or white blood cell count and continued for 24 d

212,000 or <4,000 cells/mm?

\ J
|

Within 2 d of meeting the criteria for IVAC, patient meets one of the
following criteria are met

Criterion 5° Criterion 6° Criterion 7°
or or
Positive culture via Purulent respiratory One of the following:
PVAP endotracheal secretions and positive organism identified
aspirate, BAL, lung culture via specimens in via pleural fluid, lung
tissue, or protected Criterion 1, but not histopathology,
specimen brush meeting those Legionella diagnostic
with quantitative thresholds for growth test, or respiratory
/semi-quantitative secretion positive for
thresholds viral organism

Fig. 1. National surveillance definitions for VAEs in adults. See the full CDC NHSN protocol
for details related to each criterion (CDC 2020). BAL, bronchoalveolar lavage. Surveillance
“day 1" is the day of intubation and initiation of mechanical ventilation; the earliest day
VAE criteria can be fulfilled is day 4 and the earliest event date for VAE is day 3 of mechan-
ical ventilation.

ventilation or hospital mortality.’>~'° Indeed, recent estimates suggest that the attrib-

utable mortality of VAP is only about 10%.%%2"

The failure of most VAP prevention strategies to yield better outcomes for ventilated
populations begs the question of whether VAP is the best target to drive surveillance
and prevention programs. Quality improvement initiatives should ideally focus on iden-
tifying and preventing objective, morbid complications that are unambiguously associ-
ated with poor outcomes. By broadening the scope of surveillance from VAP to VAE,
CDC acknowledged that both infectious and noninfectious complications can arise in
ventilated patients and all should be considered when designing prevention programs.

VAE surveillance is based on quantitative clinical criteria that can be collected,
detected, and reported electronically.??~2” Although some of the VAE criteria reflect un-
derlying clinical judgment—such as adjusting ventilator settings, starting and continuing
antimicrobial treatment, and obtaining respiratory cultures—the definition components
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themselves are clear and reproducible, the key characteristics of good case definitions
for public health surveillance.?® The objective criteria associated with VAEs have compa-
rable meanings and can be collected in comparable ways across institutions.

EPIDEMIOLOGY AND OUTCOMES
Descriptive Epidemiology of Ventilator-associated Events

The proportion of mechanically ventilated patients who develop a VAE has generally
been reported as 5% to 10%, although studies that restricted eligibility to patients
on mechanical ventilation for longer periods of time have reported rates of more
than 20%.'5:19,25,27.29-36 |ncidence rates reported to the CDC for the first full year of
VAE surveillance (2014) varied from 2.59 to 11.79 per 1000 ventilator-days, with higher
rates found in larger teaching hospitals.®” VAE incidence varies by intensive care unit
(ICU) type, a finding common to VAP as well. One large academic medical center, for
example, observed VAE rates per 1000 ventilator days of 16.0, 15.7, 12.9, and 12.1 in
the general surgery, medical, thoracic surgery, and cardiac medicine units, respec-
tively, compared with rates of 9.8 and 5.8 in the neuroscience and cardiac surgery
units, respectively.®? The rates of probable or possible pneumonia, based on older
versions of the PVAP surveillance definition, also varied by ICU type ranging from
1.7 to 4.5 events per 1000 ventilator days. Likewise, the fraction of VACs that qualify
as IVACs vary by ICU type and ranges from about one-third to one-half, with higher
fractions in trauma, burn, and surgical ICUs compared with medical ICUs.2%30:37

An increasing number of large case series are being published from around the
world describing VAE epidemiology. VAE rates in recent series largely mirror earlier re-
ports.2733:3436 A study of more than 6000 ventilated patients in 5 ICUs across medical
and surgical specialties at an academic medical center in China, for example, reported
VAC, IVAC, and PVAP rates of 13.7, 6.3, and 2.2 per 1000 ventilator days, respec-
tively.® However, lower rates were reported in a study of 7 urban hospitals in Japan
(6.4 VAEs per 1000 ventilator days) and higher rates within a multinational cohort in
Europe (40.8 VAEs per 1000 ventilator days).*8>° Interestingly, the European cohort
reported that 96% of VAEs qualified as IVACs or PVAPs (vs one-third to one-half in
most US studies), a finding that may represent differences in patient populations
and/or local practices in antimicrobial prescribing. Table 1 summarizes these and
other key findings related to the epidemiology of VAEs.

Stevens and colleagues?® found that patients with a VAE were more likely to be male
and younger (unadjusted analyses) compared with mechanically ventilated patients
without a VAE. Some investigators have found that patients who develop VAEs
have more severe illness at baseline compared with those who do not."®4% Most
studies, however, have not found significant demographic differences between pa-
tients with and without VAEs.'%:24:27,31,32,34-36,38,39,41

Like VAP, most VAEs occur early in the course of mechanical ventilation. One study
found a mean daily rate of 2.9 per 100 patients on day 3 and 2.0 per 100 patients on
day 7, with a steady decrease to between 1.0 and 1.5 per 100 patients from day 14
onwards.° Another found that 68% of VAEs occurred before day 7, 86% before
day 14, and that the rate decreased to less than 1 VAE per 1000 ventilator days after
day 21.2” The median time to VAE onset is typically 5 to 6 days after the initiation of
mechanical ventilation,?9:30:35,37,38,42

Adverse Outcomes Among Patients with a Ventilator-associated Event

Most studies report that patients with VAEs are approximately 1.5 to 2.0 times more
likely to die in the hospital compared with similar patients without

Downloaded for Anonymous User (n/a) at Tekirdag Namik Kemal University from ClinicalKey.com by Elsevier on November

25, 2022. For personal use only. No other uses without permission. Copyright ©2022. Elsevier Inc. All rights reserved.



‘PAAISSAI SIYSLI [ "U] I1AS[H 72070 WS1Ado)) ‘uorsstunrad jnoyim sasn 19130 oN "Ajuo asn jeuosiad 104 7Z0T ‘ST
IOQUIDAON UO ISIAJS[H AQ WO AI[LOTUI]) WOIJ ANSIDATU() [RWSY JIweN Sepio ] e (B/u) 1os) snowAuouy Ioj popeojumo

Table 1

The epidemiology of VAE in adults

Incidence

Hospital Mortality

Ventilation Duration

ICU and Hospital Length of
Stay

Klompas et al,’> 2011 (VAC)

N = 597 patients, half
ventilated 2-7 d and half
ventilated >7 d

21/1000 vent days

OR 2.0 (1.3-3.2)

14.2 (12.5-16.0) vs 9.1 (8.2—
10.0) days of ventilation

25.4 (224-29.0) vs 23.7
(21.6-25.9) days, hospital
LOS

17.4 (15.4-19.7) vs 13.1
(11.9-14.4) days, ICU LOS

Klompas et al,’® 2012 (VAC)
N = 8735 ventilation
episodes (no restrictions)

12.0/1000 vent days

OR 2.4 (1.6-3.6)

1.9 (1.7-2.1), ratio of
ventilator days from VAC
to extubation in cases vs
controls

1.4 (1.2-1.5), ratio of
hospital days from VAC
to hospital discharge in
cases vs controls

Muscedere et al,?' 2013
N = 1320 patients
ventilated >48 h

VAC: 49.6% vs 31.7%
IVAC: 44.6% vs 33.0%

VAC: Median 15.4vs 6.2 d
of ventilation

IVAC: Median 16.9 vs 6.4 d
of ventilation

VAC: Median 31.7 vs 21.8 d,
hospital LOS

VAC: Median 18.9 vs 9.0 d,
ICU LOS

IVAC: Median 34.6vs 22.5d,
hospital LOS

IVAC: Median 22.0 vs 9.3 d,
ICU LOS

Hayashi et al,3? 2013 (VACQ)
N = 543 patients ventilated
>48 h

HR 0.9 (0.6-1.4) for days to
ICU death

HR 0.7 (0.6-0.8) for days of
ventilation

HR 0.8 (0.5-1.1) for days to
hospital discharge

HR 0.5 (0.4-0.6) for days to
ICU discharge

Klein Klouwenberg et al,*
2014

N = 2080 patients
ventilated >2 d

VAC: 10/1000 vent days

IVAC: 4.2/1000 vent days

Possible or probable VAP:
3.2/1000 vent days

VAC: HR 3.9 (2.9-5.3)

IVAC: HR 2.5 (1.5-4.1)

Possible or probable VAP:
2.0 (1.1-3.6)

VAC: HR for ICU discharge
0.38 (0.3-0.6)

IVAC: HR for ICU discharge
0.47 (0.3-0.7)

Possible or probable VAP
HR for ICU discharge: 0.6
(0.3-1.1)

(continued on next page)
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Table 1
(continued)

Incidence

Hospital Mortality

Ventilation Duration

ICU and Hospital Length of
Stay

Klompas et al,?° 2014
N = 20,356 ventilation
episodes (no restrictions)

VAC: 6-16/1000 vent days,
variable by ICU type

IVAC: 3-7/1000 vent days,
variable by ICU type

PVAP: 0.8-2/1000 vent days,
variable by ICU type

VAC: OR 2.4 (1.9-2.9)
IVAC: OR 1.9 (1.4-2.4)
PVAP: OR 2.2 (1.4-3.2)

VAC: OR for days to
extubation 3.1 (2.9-3.3)

IVAC: OR for days to
extubation 3.5 (3.2-3.7)

Possible VAC: OR for days to
extubation 3.2 (2.8-3.5)

VAC: OR for days to
hospital discharge 1.5
(1.4-1.6)

IVAC: OR for days to
hospital discharge 1.5
(1.4-1.6)

Possible VAC: OR for
hospital discharge 1.4
(1.2-1.6)

Stevens et al,?® 2014 (VAE)
N = 10,998 patients
ventilated >4 d

38% vs 24%
OR 1.9 (1.5-2.4)

Mean 24 vs 18 d, hospital
LOS
Mean 18 vs 11 d, ICU

Boyer et al,?® 2015
N = 1209 patients
ventilated >2 d

VAC: 7.0/1000 vent days
IVAC: 3.6/1000 vent days

66% vs 14%

14.7 vs 6.3 d of ventilation

Lilly et al,'2 2014
N = 8408 episodes of
mechanical ventilation

VAC: 13.8/1000 vent days
IVAC: 8.8/1000 vent days

VAC: 42% vs 24%
OR 1.84 (0.95, 3.6)
IVAC: 43% vs 24%
OR 1.32 (0.66, 2.6)

14.8 (VACQ) and 14.5 (IVAQ)
vs 4.8 d of ventilation

25.3 (VAQ) and 25.1 (IVAQ)
vs 15.1 d, hospital LOS

Fan et al,** 2016

N = Meta-analysis of 18
studies, 61,489 patients
receiving mechanical
ventilation

VAC: 13.8% (9%-18.6%)

IVAC: 6.4% (4.8%-8.1%)

PVAP: Possible, Probable
1.1% (0.5%-1.7%), 0.9%
(0.6%—1.2%)

Magill et al,3” 2016

N = 1824 health care
facilities representing
32,772 mo of VAE data

VAE (any): 2.59-11.79/1000
vent days, variable by ICU
type

IVAC plus: 0.4-5.46/1000
vent days, variable by ICU
type

VAC: 33.65%
I VAC plus: 27.43%

9/8
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Kobayashi et al,** 2017
N = 407 patients ventilated
>4d

VAC: 13.4%
IVAC plus: 5.7%

VAC: 57.4%, HR 1.45 (0.97-
2.18)

IVAC plus: 65.2%, HR 2.42
(1.39-4.2)

Without VAE and VAP:
34.9%

VAC: 15d
IVAC plus: 13 d
Without VAE and VAP: 6 d

17 (VAQ) and 15 (IVAC) days
for median ICU LOS

47 (VAQ) and 47 (IVAC) days
for median hospital LOS

Rawat et al,'?' 2017
N = 120,519 ventilator days
(no restrictions)

VAE rate from first study
quarter to after 2 y of
study intervention:

VAE 7.34-4.58/1000 vent
days

IVAC: 3.15-1.56/1000 vent
days

PVAP: 1.41-0.31/1000 vent
days

Chao et al,** 2018
N = 1158 patients
ventilated (no

restrictions)

VAE: 7.7/1000 vent days,
7.3%

VAC: 2.9/1000 vent days

IVAC: 2.6/1000 vent days

PVAP: 2.1/1000 vent days

Non-PVAP (VAC + IVAQC):
66.1%
PVAP: 60.9%

Non-PVAP 17 d (11-29.3) vs
PVAP 22 d (12-38)
PVAP: 22 d (12-38)

ICU LOS: Non-PVAP 18.5d
(13-26.3) vs PVAP 20 d
(12-33)

Hospital LOS: Non-PVAP
30 d (18.3-48) vs PVAP
41 d (26-53)

Meagher et al,’ 2018
N = 1533 trauma patients
ventilated >3 d

VAE: 8.1%
VAP: 7.4%
Both: 4.1%

VAE vs VAP: HR 2.86 (1.44-
5.68)

VAE vs no-VAP: HR 2.83
(1.83-4.38)

Ventilator-free days, mean
(SD):

VAE: 8.9 (8.8), VAP 10.9
(7.9), both 7.6 (6.9)

ICU LOS, mean (SD): VAE
19.2 (+13.3), VAP 18.8
(£11.2), both 26.3
(£16.2)

Hospital LOS, mean (SD):

VAE 31.9 (28.6), VAP 31.4
(22.4), both 36.7 (19.9)

Nakahashi et al,?° 2018
N = 785 patients ventilated
>2d

VAE: 5.7% of patients
ventilated >2 d 6.4/1000
vent days.

VAC: 2.20/1000 vent days

IVAC: 1.90/1000 vent days

PVAP: 2.29/1000 vent days

ICU mortality rate:
VAE: 42.9%

No VAE: 15.4%
Unadjusted OR: 4.13

VAE: 22.4d
No VAE: 8.7 d

ICU LOS:
VAE: 25.2d
No VAE: 13.6 d

(continued on next page)
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Table 1
(continued)

Incidence

Hospital Mortality

Ventilation Duration

ICU and Hospital Length of
Stay

Ramirez-Estrada et al,®
2018

N = 244 patients ventilated
>2d

VAC: 1.2/1000 vent days

IVAC plus: 39.6/1000 vent
days

PVAP: 22.3/1000 vent days

30-d mortality rate:
VAE: 43%
No VAE: 29%

VAE: 31 d (17-54)
No VAE: 12 d (7-20)

ICU LOS:

VAE: 23 d (10-36)
No VAE: 12 d (7-20)
Hospital LOS:

VAE: 31 d (17-54)
No VAE: 19 d (10-38)

Liu et al,3> 2019
N = 428 patients ventilated
>4d

VAC: 7.53/1000 vent days
IVAC: 3.52/1000 vent days
PVAP: 2.26/1000 vent days

VAE: 56.7%

No VAE: 11.8%

Relative risk, 9.77 (4.66—
21.38)

VAE: 11 d (7-15), P < .001
No VAE: 7 d (5-10)

ICU LOS:

VAE: 13 d (8-19), P = .01

No VAE: 9.5 d (7-150

Hospital LOS:

VAE: 20 d (11.5-33.25),
P=.77

No VAE: 21 d (10-33)

He et al,?” 2021
N = 6252 patients
ventilated >4 d

VAC plus: 7.29-23.72/1000

vent days, variable by ICU

type
IVAC plus: 3.59-9.44/1000

vent days, variable by ICU

type

PVAP: 0.62-2.18/1000 vent
days, variable by ICU type

Non-VAE: 13.7%
VAC plus: 20.7%
IVAC plus: 19.9%
PVAP: 22.3%

Non-VAE: 8 d (5-13)
VAC plus: 14 d (8-22)
IVAC plus: 15 d (10-25)
PVAP: 20 d (11-31)

ICU LOS:

Non-VAE: 13 (8-21)
VAC plus: 20 (12-33)
IVAC plus: 21 (14-33)
PVAP: 23 (15-35)
Hospital LOS:
Non-VAE: 22 (15-34)
VAC plus: 28 (17-43)
IVAC plus: 30 (19-44)
PVAP: 30 (21-46)

Zhu et al,?® 2021
N = 6426 patients
ventilated >4 d

VAE: 22.2/1000 vent days
VAC: 13.7/1000 vent days
IVAC: 6.3/1000 vent days
PVAP: 2.2/1000 vent days

ICU Mortality
VAE: 18.8%
No VAE: 12.3%

VAE: 13 (8-22)
No VAE: 7 (5-13)

ICU LOS:

VAE: 19 (11-30)
No VAE: 12 (8-20)
Hospital LOS:

VAE: 27 (17-42)
No VAE: 22 (15-34)

Caution should be used directly comparing rates and outcomes between the listed studies given varying inclusion criteria for ventilated patients in the VAE de-

nominator. Note that some of the studies reported here did not apply the current specific VAE definitions (CDC 2020).
Abbreviations: HR, hazard ratio; IVAC, infection-related VAC; LOS, length of stay; OR, odds ratio; vent, ventilator.

8.8
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Ventilator-Associated Events

VAEs.10:15.19.24,25,27,30,31,36,39,43 \ AEg are also associated with more time on mechan-
ical ventilation, longer ICU stays, and longer hospital stays, as summarized in Table 1.
These findings have been observed across a variety of ICU types with heterogeneous
patient populations. Studies that have compared VAE mortality with VAP mortality
generally report that patients with VAEs are about 50% more likely to die compared
with patients with VAP.** Patients with IVAC and PVAP have longer attributable venti-
lator and hospital days relative to patients with VAC alone. Patients with PVAP have
outcomes similar to those with IVAC alone.?7:30-33.36.38

Higher rates of antimicrobial use have been reported for patients with VAEs
compared with matched controls.*® Some investigators have suggested that the
strong association between antimicrobial consumption and VAEs allows for the pos-
sibility that VAE surveillance in general and the ratio of IVACs to VACs in particular may
be useful metrics for antimicrobial stewardship programs.®

CLINICAL TRIGGERS AND RISK FACTORS FOR VENTILATOR-ASSOCIATED EVENTS
Clinical Triggers Identified in Case Series

Table 2 summarizes findings from studies that assessed the clinical etiologies of
consecutive VAEs within defined populations. These studies used medical chart re-
views to identify the clinical conditions that necessitated the acute and sustained in-
crease in ventilator settings that triggered VAE criteria. Respiratory infections, fluid
overload, acute respiratory distress syndrome (ARDS), and atelectasis were the
most common conditions that triggered VAEs. %:24:29:32,33,38.40,.46 pneymonia and res-
piratory infections accounted for approximately 25% to 40% of cases, pulmonary
edema and/or fluid overload accounted for 20% to 40% of cases, atelectasis for
10% to 15%, and ARDS for 10% to 20%. The proportion of cases with no identified
trigger ranged from 6% to 41%, depending on the series. 243228 Prospective studies
were more apt to identify causes for VAEs compared with retrospective studies. Hay-
ashi and colleagues®® found that although more than 30% of VAC patients did not
have a particular diagnosis documented in the chart at the time of VAE, many of these
were functionally treated for presumed respiratory infections and/or pulmonary edema
with antibiotics and/or furosemide.

Potential Risk Factors for ventilator-associated Events

Fluid overload

Excess fluid balance has been identified across multiple studies as a risk factor for
VAE. Lewis and colleagues” identified positive fluid balance as a risk factor (odds ra-
tio [OR]. 1.2 per liter; 95% confidence interval [CI], 1.0-1.4) and congestive heart fail-
ure (CHF) as protective, presumably because patients with a history of CHF were given
about one-third less fluid compared with patients without CHF. An analysis of VAEs
among 1608 patients admitted to the medical ICU of a tertiary care center in Taiwan
identified renal replacement therapy (OR, 8.9; 95% ClI, 1.5-54.6), and a positive cumu-
lative 2-day fluid balance (OR, 1.5 per liter increase; 95% Cl, 1.2-2.0) as independently
associated with VAEs owing to pulmonary edema.>® A 2018 case-control study
including 186 VAEs from an academic medical center in Ohio identified total parenteral
nutrition as a risk factor for VAC, whereas CHF was protective.*® A study of 2 ICUs in
Eastern China including 5532 patients also found a strong association between pos-
itive fluid balance and VAEs (relative risk, 8.4; 95% ClI, 3.0-23.5).%° Blood transfusions
are associated with volume overload and may increase risk for ARDS, and in multiple
logistic regression analysis have been associated with the development of VAE after
cardiac surgery (OR, 19.7; 95% Cl, 7.3-41.4).4°
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Table 2
Clinical triggers identified among adult patients with VAE
Ramirez-
Klompas  Hayashi Whiting  Nakahashi  Chao Estrada
etal,’® et al,>? Klein Klouwenberg et al,*® et al,*® et al,*? et al,®
2011 2013 et al,”* 2014 Boyer et al,>? 2015 2015 2016 2018 2018
n =44 n =153 n =81 n =31 n =67 n =34 n=19 n =385 n =49
VAE VAE VAE IVAC VAE IVAC VAE n =37 VAE VAE IVAC
Pneumonia and/or aspiration 10 23%) 66 (43%) 28 (35%) 15(48%) 22(33%) 21(62%) 4 (21%) 14 (38%) 22 (26%) -
Pulmonary edema, pleural 8 (18%) 40 (26%) 23 (28%) 12(39%) 10(15%) - 5 (26%) 15 (41%) 19 (22%) 2 (4%)
effusion, and/or fluid overload
ARDS 7 (16%) 10 (7%) - - 14 (21%) 3 (9%) 2 (11%) 5 (14%) 7 (8%) 6 (13%)
Atelectasis/mucous plugging 6 (13%) 25(16%) 12(15%) 5(19%) 6 (9%) - 4 (21%) 8 (22%) 20 (24%) 26 (55%)
Extrapulmonary infection/sepsis 1 (2%) - 9 (11%) 5(16%) 3 (5%) - - - 12 (14%) -
syndrome
Pulmonary embolism 2% (1) 3 (2%) 0 (0%) 0 (0%) - - - - - -
Pneumothorax - - 2 (2%) - 2(3.0%) - - - 4 (5%) -
TRALI/TACO - - - - 2 (3.0%) - - - - -
Abdominal compartment 1(2%) 2 (1%) 9 (11%) 4 (13%) - - - - 1(1%) -
syndrome/distention
Radiation pneumonitis 1(2%) - - - - - - - - -
Acute neurologic event - - 10 (12%) 3 (10%) - - - - - -
Other - - - - 7 (13%) 4 (12%) 4 (21%) - - -
No trigger identified 41% (18) 11 (17%) 10(12%) 2 (6%) 6 (9%) 6 (18%) - - - 13 (28%)

Abbreviations: ARDS, acute respiratory distress syndrome; TRALI, transfusion-related acute lung injury; TACO, transfusion-associated circulatory overload; Totals

per study do not equal 100% because multiple triggers could be identified and reported per VAC event.
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Ventilator-Associated Events

Sedation

Deep sedation and paralysis are also associated with increased risk of VAE. The afore-
mentioned study out of Eastern China found sedative administration between the first
and fourth days of mechanical ventilation to be associated with VAE development
(relative risk, 15.7; 95% ClI, 1.6-152.1).3° Klompas and colleagues®® analyzed 9603
consecutive episodes of mechanical ventilation in a large academic hospital to mea-
sure associations between different kinds of sedatives and VAEs. The analysis took
into account the day-to-day patterns of sedative exposures for each patient. The au-
thors found that benzodiazepines and propofol were associated with an increased risk
for VAEs, whereas dexmedetomidine was not. They also found that propofol and dex-
medetomidine were associated with less time to extubation compared with benzodi-
azepines, and that dexmedetomidine was associated with less time to extubation
compared with propofol. In a matched case-control study, Lewis and colleagues®’
identified exposures to paralytics (OR, 2.3; 95% ClI, 0.79-80), sedation with benzodi-
azepines (OR, 5.0; 95% ClI, 1.3-29), and total opioid exposure (OR, 2.3; 95% Cl, 0.9-
16) as risk factors for VAEs. They found liver disease to be protective against VAE, and
that physicians used opioids and sedatives more sparingly among this population; pa-
tients with liver disease were given about one-quarter fewer opioids compared with
patients without liver disease.*”

Mandatory ventilation and driving pressure

Mandatory modes of mechanical ventilation as well as high tidal volumes or driving
pressures have also been associated with increased risk of VAE. Mandatory modes
of ventilation, defined as all mechanical ventilation modes other than pressure sup-
port, were associated with an OR of 3.4 (95% ClI, 1.6-8.0) for VAEs.*” Higher driving
pressures were also risk factors for VAEs on multivariate analysis of 303 ventilated pa-
tients at an academic center in Japan (HR 1.12; 95% ClI, 1.04-1.22). Ogbu and col-
leagues? found an association between tidal volumes and VAE risk. They matched
167 patients with VAEs with 668 controls. On multivariable conditional logistic regres-
sion, the odds of VAE increased by 1.21 for each milligram per kilogram of tidal volume
greater than 6 mL/kg of predicted body weight (P = .03).

As pointed out by Lewis and associates,*” mandatory modes of ventilation may or
may not be independent predictors of VAEs. On the one hand, mandatory modes may
cause more volume and pressure trauma to patients’ alveoli than spontaneous modes.
This could trigger or worsen ARDS and thus cause VAEs. On the other hand, the as-
sociation between mandatory modes of mechanical ventilation and VAE may be
confounded by severity of illness. Patients with severe, progressive pulmonary dis-
ease are more likely to require mandatory modes of mechanical ventilation and pro-
gressively higher ventilator settings that might trigger VAE criteria. Similarly, a high
driving pressure is associated with poorly compliant lungs that may be at greater
risk for volume and pressure trauma. There may also be an interplay between manda-
tory modes of mechanical ventilation and other risk factors for VAEs: patients who
require mandatory modes of ventilation are also more likely to require heavy sedation
and/or neuromuscular blockade, which in turn could also increase their risk for VAEs.

Aspiration

Aspiration has been identified as a potential trigger for VAE. Not surprisingly then,
many risk factors for aspiration have also been identified as risk factors for
VAEs,13:29,32,33,40,46 Thege include gastric residuals or more than 200 mL (relative
risk, 9.3; 95% ClI, 1.9-45.5),%° oral care with chlorhexidine where aspiration may cause
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a chemical pneumonitis and ARDS (OR, 1.42; P = .03),%' and tube feeds (which can
inhibit upper and lower esophageal sphincter function).*®

Risk factors for infection-related ventilator-associated complications

Risk factors for IVAC have been evaluated by fewer studies. Lewis and colleagues®*’
identified benzodiazepines started between admission and intubation (OR, 5.0; 95%
Cl, 1.3-29), prescriptions for opioids (OR, 3.3 per 100 pg fentanyl equivalents per
kg; 95% CI, 0.9-16), and the use of paralytics while intubated (OR, 2.3; 95% CI,
0.8-8.0). There were also trends toward more IVACs with higher minimum tidal vol-
umes (OR, 1.5 per mlL/kg; 95% ClI, 0.91-2.9) and positive daily fluid balances (OR,
1.1 per liter positive; 95% CI, 0.90-1.5). Kubbara and colleagues*® identified COPD,
tube feeds, and total parenteral nutrition as risk factors for IVAC plus, whereas
morphine and prednisone use were protective. Morphine use may have been in place
of longer acting sedatives, leading to shorter and lighter sedation. The mechanisms by
which prednisone may decrease the rate of IVAC plus are numerous, with blunting of
the fever response as one plausible explanation.

Care-related risk factors

Bouadma and colleagues®® noted that patient transport was associated with 17% of
VAEs in their multicenter retrospective dataset of 2331 cases. Nakahashi and col-
leagues™® identified 4 care-related variables (as opposed to host-related variables)
associated with VAEs among 3122 patients admitted to a Japanese ICU: absence
of intensivist participation in managing ventilated patients, the use of higher ventilator
driving pressures, development of edema, and greater body weight increases.

PREVENTION INTERVENTIONS

Because only a small proportion of VAEs are attributable to pneumonia, standard VAP
prevention bundles may only partially lower VAE rates. A logical framework for pre-
venting VAEs is to select interventions that decrease the duration of mechanical venti-
lation (and hence the time at risk for VAEs) and/or prevent one or more of the major
conditions associated with VAEs (pneumonia, fluid overload, atelectasis, and
ARDS).%? Using this framework, 6 interventions have been proposed to prevent
VAEs: minimize sedation, speed extubation by optimizing the performance of daily
paired spontaneous awakening and breathing trials, mobilize patients, use conserva-
tive fluid management, ventilate patients with low tidal volumes, and set restrictive
thresholds for transfusions (Fig. 2).°° There are likely additional institution-specific
strategies to improve care for ventilated patients that could be identified by con-
ducting root-cause analyses of individual VAEs.?®“° Table 3 provides an overview
of studies to date assessing interventions to prevent VAEs.

Minimize Sedation

Deep and sustained sedation is associated with numerous adverse events, including
increased mortality, prolonged mechanical ventilation, and a higher risk for VAEs.>4-57
Deep and/or sustained sedation may trigger VAEs by prolonging time on mechanical
ventilation, increasing the need for mandatory modes of mechanical ventilation (which
in turn may increase the risk of lung injury), decreasing clearance of respiratory secre-
tions, and increasing the risk of atelectasis and aspiration.® Collectively, these effects
predispose patients to pneumonia, atelectasis, and/or ARDS, 3 of the 4 clinical con-
ditions most commonly associated with VAEs.

Because sedation is associated with ICU-acquired infection—via a number of po-
tential mechanisms —minimizing sedatives and opioids is recommended to decrease
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Ventilator-Associated Events

VAE Risk Factors VAE Prevention Elements

Deep and prolonged

Minimize sedation

sedation ° Duration of
M f . Ventilation
an.dat_ory modes o Paired SATs and SBTs
ventilation
o Pneumonia
High tidal volume and -
o Early mobility
driving pressure
a Atelectasis

Low tidal volume /'

Aspiration e
ventilation

(1)| ARDs
Oral care with Conservative fluid
chlorhexidine management
"o Fluid Overload
Conservative

transfusion thresholds

Excess fluid balance

Blood transfusions

Fig. 2. Potential strategies to prevent VAEs. Interventions that decrease duration of me-
chanical ventilation and target 1 or more of the conditions that most commonly trigger
VAEs are highlighted. SATs, spontaneous awakening trials; SBTs, spontaneous breathing
trials.

time on the ventilator and time in the ICU.5%-¢° The short-acting sedatives propofol and
dexmedetomidine have been associated with less time to extubation compared with
benzodiazepines, and dexmedetomidine has been associated with a lower risk for
VAEs. Conversely benzodiazepines, opioids, and paralytics have been associated
with an increased risk for IVACs.4750:6"

Daily Coordinated Spontaneous Awakening Trials and Spontaneous Breathing
Trials

Spontaneous awakening trials and spontaneous breathing trials are 2 of the best-
studied interventions to decrease VAEs. Spontaneous awakening and spontaneous
breathing trials are designed to decrease sedation and the duration of mechanical
ventilation by identifying the lowest level of sedation a patient needs to be comfortably
ventilated and the earliest time at which they can safely be extubated. Both interven-
tions reduce time at risk for VAEs.®®62-4 Coordinating spontaneous awakening trials
and spontaneous breathing trials to perform spontaneous breathing trials during seda-
tive interruptions (so that patients are more awake and hence more likely to pass their
spontaneous breathing trials) further decreased the time to extubation compared with
spontaneous breathing trials alone.®5-¢°

Multiple studies have documented inverse associations between spontaneous
awakening trials and/or spontaneous breathing trials and VAEs. Muscedere and col-
leagues®' found that the percentage of ventilator days with spontaneous awakening tri-
als and spontaneous breathing trials was associated with lower VAC and IVAC rates.
Other investigators reported decreased rates of VAEs and IVAC in hospitals compliant
with spontaneous breathing trial guidelines.®® A prospective quality improvement
collaborative among 12 ICUs subsequently confirmed that increasing the performance
rate of paired daily spontaneous awakening trials/spontaneous breathing trials can
lower VAE rates.>® Over a 19-month period, the collaborative noted 37% fewer VAEs
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practice guidelines sequentially
introduced over 24 mo

Table 3

Interventions to prevent VAE in adults

Study Intervention Impact

Muscedere Retrospective analysis after Overall VAE rate decreased by
etal,' 2013 implementation of VAP clinical 29% over the study period.

Rates of VAC decreased,
although the IVAC rates
remained steady.

Those who developed VAC were
more likely to be orally
intubated and had less frequent
humidifier and suction system
exchanges.

The percentage of ventilator days
with SATs and SBTs was
associated with a trend toward
lower VAC and IVAC rates.

Mekontso Dessap
et al,®> 2014

Retrospective analysis of a
randomized controlled trial
targeting depletive fluid
management using BNP in
ventilated patients

In the BNP guided group, patients
received more diuretics, had a
more-negative daily fluid
balance (mean —640 mL vs
—37 mL), and shorter time to
extubation (42.4 h vs 58.6 h).

There was a 50% lower incidence
of VAE in the fluid depletive
group vs usual care (8.6% vs
17.8%)

Klompas et al,®

2015

Prospective study of a protocol for
increasing paired daily SAT and
SBT (collaborative group) over a
19-month period

Among intervention ICUs, SAT
performance rate increased
from 14% to 77% of days where
indicated. SBT performance
rates increased from 49% to
75% of days where indicated.
Mean duration of mechanical
ventilation decreased by 2.4 d,
but there was no change in ICU
mortality.

The VAE rate went from 9.7 events
per 100 episodes of mechanical
ventilation to 5.2 events per 100
episodes of mechanical
ventilation. IVAC rates went
from 3.5 to 0.52 events per 100
episodes of mechanical
ventilation. PVAP rates did not
significantly change.

There was no change in VAE rate
in the surveillance group ICUs.

(continued on next page)
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culture and adherence to 6
evidence-based interventions
(head of bed elevation,
subglottic suctioning, oral care,
chlorhexidine mouth care, SAT,
and SBT)

Table 3

(continued)

Study Intervention Impact

Rawat et al,’?’ Multifaceted collaborative Over a 24-month period, there was
2017 including unit teamwork, safety a 37% decrease in VAE (7.34-

4.58 VAE per 1000 ventilator
days). IVAC (3.16-1.56) and
PVAP (1.41-0.31) cases per 1000
ventilator days also decreased.

Compositive compliance in the 6
interventions increased from
14% to 20% over the study.
Regression analysis suggested
that a 10% increase in
composite compliance was
associated with a 12% VAE
decrease.

Anand et al,'??
2018

Quality improvement intervention
to improve VAP bundle (head of
bed elevation, oral care, peptic
ulcer prophylaxis, daily SAT/SBT)
adherence among trauma
patients

Compliance with the VAP bundle
increased from 65% at baseline
to more than 90% within 1 year
of the quality initiatives.

Mean ventilator days did not
change over the course of the
study, but PVAP rates fell from
12% at baselineto3% at 1y, 2%
at 2y, and then 0%.

Chumpia et al,®’
2019

Multifaceted intervention
including education around
electronic order sets and nurse
and respiratory driven protocols
to improve SAT/SBT adherence

SAT and SBT order rates increased
and duration of mechanical
ventilation decreased (mean
7.2 d at baseline to 4.7 d after
the intervention)

This was associated with a drop in
VAEs from 5.2 per 100 episodes
at baseline to 0.7 per 100
episodes after intervention.

Seaver et al,”?
2020

Multidisciplinary team
collaboration on VAE
prevention including electronic
health record optimization and
protocol driven ventilator
liberation

The rate of VAE decreased from
12.8 VAE per 1000 ventilator
days at baseline to 2.8 VAE per
1000 ventilator days after
intervention.

As part of the intervention, PEEP
was initiated at 6 cm H,O
instead of historically used 5 cm
H,O such that VAE would not be
triggered by an increase of PEEP
to 8 cm H,0.

Abbreviation: BNP, B-type natriuretic peptide.

(OR, 0.63; 95% Cl, 0.42-0.97) and 65% fewer IVACs (OR, 0.35; 95% Cl, 0.17-0.71) per
episode of mechanical ventilation. These improvements were also associated with a
2.4-day decrease in the mean duration of mechanical ventilation, a 3.0-day decrease
in ICU length of stay, and a 6.3-day decrease in hospital length of stay. A 2019 study
at a Los Angeles Veterans Affairs Hospital aimed to decrease VAE rates by decreasing
duration of mechanical ventilation via improved spontaneous awakening/spontaneous
breathing trial protocols and adherence. Spontaneous awakening and spontaneous
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breathing trial order rates increased and duration of mechanical ventilation decreased
(mean of 7.2 days at baseline to 4.7 days after the intervention; P = .049). This strategy
was associated with adecrease in VAEs from 5.2 per 100 episodes at baseline to 0.7 per
100 episodes after the intervention; P = .06).%”

Importantly, spontaneous awakening trials and spontaneous breathing trials are
means, not ends. The intent of these 2 interventions is to decrease the overall level
of sedation and to lessen the period from readiness for extubation to actual extuba-
tion. Merely checking the box on spontaneous awakening trial or spontaneous
breathing trial performance is not sufficient to decrease VAE rates if not paired
with active attempts to decrease sedative use and speed extubation. A well-
rounded quality improvement initiative will thus include not only mechanisms to in-
crease spontaneous awakening trial and spontaneous breathing trial rates, but
also education around best practices for sedation and protocols to move patients
from successful spontaneous breathing trials to extubation. This need was evident
in a clinical trial that found that adding daily sedation interruptions to a sedation pro-
tocol did not decrease the duration of mechanical ventilation or hospital stay
compared with a sedation protocol alone.®® The patients randomized to sedative in-
terruptions in this trial paradoxically received more boluses and higher daily doses of
midazolam and fentanyl compared with patients being managed by protocol alone.
Presumably this outcome reflected a persistent culture of sedation, wherein patients
who became agitated during sedative interruptions were reflexively managed with
more sedation rather than trying to manage their agitation using nonsedating
strategies.

Programs for Early Exercise and Mobility

Immobility is associated with atelectasis and pneumonia—common triggers for
VAEs—as well as a longer duration of hospital stay and time on the ventilator. To
date, no studies that have examined the independent impact of early mobility on
VAE risk; however, multiple studies have reported better patient outcomes after the
introduction of early exercise and mobility programs.®°~"2 Early physical and/or occu-
pational therapy can decrease time on the ventilator, and has been associated with
lower rates of complications and VAP in some studies.”®"* Although there are chal-
lenges with mobilizing someone on a ventilator and surveys of practice suggest that
early mobility is not yet commonly used, adverse outcomes have not been observed
when such programs are instituted.”>~"8 A small prospective study of quality improve-
ment programs around ventilator liberation, including daily exercise and ambulation,
observed a decrease in the VAE rate after the intervention, although the data for adher-
ence to the exercise component were not provided.”®

Low Tidal Volume Ventilation

Low tidal volume ventilation has been associated with improved outcomes in venti-
lated patients with and without ARDS and it may prevent several triggers of VAEs,
namely ARDS, atelectasis, and lung infections.?°84 Neto and colleagues®®®® per-
formed 2 meta-analyses of the impact of low tidal volume ventilation on patients
without lung injury at the start of ventilation. Lower tidal volumes were associated
with a lower risk for ARDS, fewer pulmonary infections, and less atelectasis when
compared with higher tidal volumes. A shorter hospital length of stay and decreased
mortality were also observed. Ogbu and colleagues”? affirmed the potential value of
lower tidal volumes to prevent VAEs in a case-control study that documented an
increased odds of VAE with each milligram er kilogram of tidal volume that is greater
than 6 mL/kg.
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Conservative Fluid Management

A positive fluid balance has consistently been associated with VAEs."%:29:32:40,:47,85

Excess fluids increase the risk of pulmonary edema, ARDS, and pneumonia, 3 of
the 4 most common conditions that trigger VAEs.®® Conversely, conservative fluid
management is associated less time to extubation, shorter ICU stays, and lower hos-
pital mortality rates, particularly among patients with ARDS.87-88

One randomized controlled trial thus far has affirmed that conservative fluid man-
agement can prevent VAEs. Mekonsto Dessap and colleagues®® retrospectively
applied VAE definitions to data from a randomized controlled trial of conservative fluid
management versus usual practice during the weaning phase of mechanical ventila-
tion. Conservative fluid management in this trial was driven by daily measurements
of B-type natriuretic peptide (BNP). Patients randomized to daily measurement of
BNP levels were administered less fluids and more diuretics, and had greater negative
fluid balances compared with patients in the usual practice arm. Conservative fluid
management was associated with more ventilator-free days and substantially lower
VAE rates. There were 52% fewer VAEs in the intervention group compared with usual
care group.

What remains to be seen is how conservative fluid management is best operation-
alized. Wiedemann and colleagues used a complex protocol that included invasive
monitoring devices and a complicated management algorithm, whereas Mekontso
Dessap and colleagues used daily BNP levels.®>®” Neither of these approaches is
optimal: invasive monitoring devices can be harmful, overly complex protocols are
difficult to generalize and error prone, and daily BNP levels can be expensive and chal-
lenging to interpret in patients with renal impairment. Additional approaches are
required. Possibilities include daily weight monitoring, noninvasive ultrasound mea-
surements, or simplified protocols for interpreting common physiological data.®®
Work in this area is ongoing.

Conservative Blood Transfusion Thresholds

Restrictive red blood cell transfusion strategies have been associated with decreased
risk for hospital-acquired infections, including pneumonia.®® In addition, blood trans-
fusions may increase the risk of ARDS and pulmonary edema.t%859" Two recent
studies, one among adult patients in the cardiac ICU and another in 6 pediatric hos-
pitals, found associations between blood transfusions and VAE risk.*®°? No studies
to date, however, have directly evaluated whether restrictive transfusion thresholds
can decrease VAE rates.

Ventilator-associated Pneumonia Prevention

The VAE prevention bundle proposed in this article is designed to include and su-
persede VAP prevention bundles. VAP accounts for about one-third of VAEs and
thus VAE prevention bundles must by right include VAP prevention strategies.
The proposed VAE prevention bundle includes most of the VAP prevention prac-
tices associated with shorter durations of mechanical ventilation and/or lower mor-
tality rates as recommended in the Society for Healthcare Epidemiology of
America’s Compendium of Strategies to Prevent VAP.%® Some of the additional
strategies classically used to prevent VAP such as elevating the head of the bed,
oral care with chlorhexidine, and subglottic secretion drainage are discussed else-
where in this article. There are still grounds to include some of these interventions in
comprehensive prevention bundles for ventilated patients, particularly head of bed
elevation.
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Elevating the head of the bed to prevent VAP is common practice in almost all US
hospitals.®* Although there are compelling physiologic arguments to support this
practice, there are very few data describing its impact on patients’ outcomes. In a
Cochrane review encompassing 10 randomized controlled trials and 878 participants,
the semirecumbent position (>30°) significantly decreased the risk of clinically sus-
pected VAP, but had no impact on objective outcomes such as duration of ventilation,
ICU length of stay, or mortality.°® There are very few data, however, suggesting any
risk of harm associated with elevating the head of the bed, the practice is free of
charge, and it is possible that larger studies in the future may yet document clear ben-
efits. As such, elevating the head of the bed still seems to be a reasonable practice to
include in prevention bundles for ventilated patients.

Routine oral care with chlorhexidine, by contrast, may be a source of harm for some
fraction of patients. Recent meta-analyses question the association between oral care
with chlorhexidine and lower VAP rates in non—-cardiac surgery patients and note that
there may be a signal toward higher mortality rates in patients randomized to chlorhex-
idine.®6-°® The mechanism of increased mortality risk is unknown, but a possible
explanation may be occasional episodes of aspiration of antiseptic precipitating
ARDS.®?71%2 Note that the concern with oral care with chlorhexidine is specifically
with the chlorhexidine component of the regimen. Oral care alone still seems very
reasonable for patient hygiene and comfort. Few studies have rigorously assessed
the impact of oral care alone without an antiseptic on VAP and other outcomes, but
in contrast with chlorhexidine there is no suggestion of a safety signal.'%3-1%6

One area of ongoing controversy is whether selective digestive decontamination
with a combination of oral and parenteral antibiotics can be helpful for patients. A se-
ries of large randomized controlled trials have suggested that this strategy may not
only prevent VAP but also decrease mortality rates.'®’~%° The practice is controver-
sial, however, owing to fear that prescribing antibiotics for all ICU patients or all venti-
lated patients may cultivate and promote multidrug-resistant organisms that might
ultimately compromise the care of future ICU patients.''® A 2018 multicenter cluster
randomized controlled trial of selective digestive decontamination specifically con-
ducted in ICUs with higher rates of antibiotic use and higher baseline prevalences
of antibiotic resistant organisms, however, reported no impact on mortality rates (or
the frequency of multidrug resistant infections).'°® The decontamination regimen in
this study did not include a course of parenteral third-generation cephalosporin anti-
biotics, in contrast with prior studies of digestive decontamination that reported mor-
tality benefits. It is unknown, whether this factor accounts for the lack of a mortality
signal in this study or if other factors were at play. The literature on the long-term
impact of selective digestive decontamination on ICU resistance rates and patient out-
comes is still relatively sparse, but studies thus far have not clearly confirmed
enhanced risk.""""3 Indeed, some studies suggest that digestive decontamination
may paradoxically lower overall antibiotic use, presumably by averting some infec-
tions. Many hospitals in Europe routinely practice selective digestive decontamina-
tion, but it is almost never practiced in North America.

An additional practice commonly adopted to prevent VAP is endotracheal tubes
with subglottic secretion drainage. These devices are designed to minimize the pool-
ing of secretions above the endotracheal tube cuff and hence to diminish the volume
of microbe-laden secretions seeping around the cuff and into the lungs. Early meta-
analyses of this strategy suggested that these devices can both decrease VAP rates
and shorten the duration of mechanical ventilation, leading to a recommendation in
favor of subglottic secretion drainage in VAP prevention guidelines.®®'"*""7 These
analyses were based on a possible misinterpretation of 1 key ftrial, however, that
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was responsible for much of the signal toward shorter ventilator episodes.’'® A 2016
meta-analysis that excluded this trial failed to find any improvements in the duration of
mechanical ventilation, ICU length of stay, or mortality.”'® A more recent systemic re-
view and meta-analysis did report a mortality improvement, but double-abstracted 1
article and used per-protocol rather than intention-to-treat results for another.'2°

Ventilator Bundle Compliance and Ventilator-associated Pneumonia

An increasing number of centers and quality improvement collaboratives have pub-
lished data showing that bundling together multiple measures to prevent VAEs is
effective at decreasing VAE rates. A 2017 study including 56 ICUs from 2 states tested
a bundle of 6 interventions traditionally used for VAP prevention: head of bed eleva-
tion, subglottic suctioning, oral care, chlorhexidine mouth care, spontaneous awak-
ening trials, and spontaneous breathing trials.’>' The study was collaborative by
nature, encouraged peer learning, and used a structured change management pro-
cess. Rates of VAC, IVAC, and PVAP per 1000 ventilator days all significantly
decreased over the course of the study. The incidence of VAC in particular decreased
by 37.6%. Each 10% increase in composite compliance was estimated to decrease
the VAE rate by 12% (incident rate ratio, 0.88; 95% Cl, 0.78-0.99; P = .032). The au-
thors noted that head of bed elevation and subglottic suctioning compliance did not
change over the course of the study, and thus it seemed that oral care, chlorhexidine
mouth rinse, and/or increased compliance with spontaneous awakening trials and
spontaneous breathing trials were responsible for the decrease in VAE rates. Alterna-
tively, given only modest increases in these measures and the potential for chlorhex-
idine to be associated with harm, the drop in VAE may have been due to other
unmeasured factors, such as improvements in safety culture.

A 2018 study at a large academic medical center further investigated the associa-
tion between ventilator bundle compliance and the incidence of VAE.>' Among 273
VAEs and 984 controls, there was no association between overall bundle scores in
the 3 days before VAE, and a risk of VAE trigger (OR, 1.15, P = .34). During this
time period, the same bundle implementation was associated with decreased rates
of VAP, highlighting the limited overlap between VAE and VAP. Compliance with
oral chlorhexidine was associated with a higher risk of VAE (OR, 1.45; P = .007) as
well as IVAC plus (OR, 1.73; P = .0006), a finding that persisted on multivariate anal-
ysis. In a retrospective single center trauma surgical ICU population, improved compli-
ance with a VAP prevention bundle after a multifaceted educational intervention was
associated with decreased PVAP rates (12% from 2009 to 2010, 0% in from 2013 to
2016) and a near 50% decrease in mortality, although ventilator days remained
similar.'??

All told, the data on ventilator bundles are promising but more work is needed to
identify the ideal components to include in ventilator bundles and to better determine
their impact on VAE and other outcomes.

Pediatric Ventilator-Associated Conditions

Investigators continue to explore the application of VAE surveillance to children and
neonates. Cocoros and colleagues'?® examined whether adult VAC criteria should
be revised for a pediatric VAC definition given the inherent differences between adults,
children, and neonates. They evaluated a range of potential alternative approaches to
identify pediatric VAC and ultimately recommended identifying worsening oxygena-
tion by increases in daily minimum Fio, or mean airway pressure (MAP) after a period
of ventilator improvement or stability. The authors opted for MAP instead of PEEP
because MAP more accurately reflects lung compliance, whereas PEEP is set by
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clinicians. They reported incidence rates of approximately 3 per 1000 ventilator days in
the pediatric ICU (PICU), neonatal ICU, and cardiac ICU. They also reported a sub-
stantially increased risk of hospital mortality, increased hospital and ICU lengths of
stay, and a longer ventilation duration among children with a VAC compared with
matched patients without a VAC across all ICU types.

The need for a VAC definition tailored to children and neonates led to CDC devel-
oping a Pediatric VAE (PedVAE) definition (Fig. 3). PedVAEs, like adult VAEs, are iden-
tified by a deterioration in respiratory status after a period of stability or improvement
on the ventilator.”>* There are important differences, however, including the use of
MAP in lieu of PEEP and the exclusion of nested VAE subtypes, namely, IVAC and

Mechanically ventilated patient with >2 d of stability or improvement
followed by Criterion 1 or 2 for 22 d

Criterion 1° Criterion 2°
VAC or
Increase in daily minimum FiO, Increase in daily minimum MAP
by 20.25 of 24 cmH,0

|

Within 2 d before or after VAC onset (ie, worsening oxygenation) patient
meets Proposed Criterion 3

AVAC® o
Proposed Criterion 3
New antimicrobial agent(s) are started and continued for 24 d
\ J
|
Within 2 d of meeting the criteria for AVAC, patient meets one of the
following criteria
Criterion 4 Criterion 5 Criterion 6
or or
Positive culture via Purulent respiratory One of the following:
pVAP® endotracheal secretions and positive organism identified
aspirate, BAL, lung culture via specimens in via pleural fluid, lung
tissue, or protected Criterion 1, but not histopathology,
specimen brush meeting those Legionella diagnostic
with quantitative thresholds for growth test, or respiratory
/semi-quantitative secretion positive for
thresholds viral organism

Fig. 3. National surveillance and proposed definitions for PedVAEs. Surveillance “day 1" is
the day of intubation and initiation of mechanical ventilation; the earliest day PedVAE
criteria can be fulfilled is day 4 and the earliest event date for PedVAE is day 3 of mechanical
ventilation. 2See the full CDC NHSN protocol for details related to each criterion (CDC 2021).
For patients <30 days old, daily minimum MAP values of 0 to 8 cm H,O are considered equal
to 8 cm H,0 for the purposes of surveillance and for patients >30 days old, 0 to 10 cm H,O
are considered equal to 10 cm H,O for the purposes of surveillance. PAVAC and Pediatric
PVAP are proposed definitions and not currently included in CDC guidelines. AVAC, pediat-
ric VAC with antimicrobial use; MAP, mean airway pressure; PVAP, pediatric possible VAP.
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PVAP. However, a simplified algorithm encompassing pediatric VAC with antimicro-
bial use has been proposed as an alternative to IVAC."2° This pediatric VAC with anti-
microbial use definition differs from IVAC insofar as the only additional criterion
beyond VAC is the initiation of new antimicrobials within 2 days of the PedVAE;
abnormal temperature and white blood cell counts are not required, a reflection of
the fact that most ventilated patients have abnormal white blood cell counts and/or
temperatures, and these criteria have minimal impact on case counts and add little
specificity.

Several studies have now applied adult and PedVAE definitions to real-world pedi-
atric populations. Phongjitsiti and colleagues'?® applied the adult VAE definitions to
patients in a PICU and found that approximately 15% of patients met the adult VAC
definition (21/1000 ventilator days) and about half had an IVAC (13/1000 ventilator
days). Those with a VAC had increased hospital mortality and longer ventilator, hospi-
tal, and ICU stays compared with those without. These findings of worse outcomes
among those with VAC were affirmed in a 2018 study from a tertiary care PICU."?”
Beardsley and colleagues'?® assessed 300 episodes of mechanical ventilation in
the PICU and identified 30 episodes of IVAC (2.16 events per 1000 ventilator days).
There was little overlap in the diagnosis of IVAC, traditional VAP, and tracheobronchi-
tis with only 9 episodes meeting more than 1 definition.

A 2018 study compared clinical outcomes between patients who met criteria for
VAP, traditional VAE, and a modified PedVAE algorithm based on a more liberal defi-
nition for PEEP or Fio, increases.'?%'3° Among 656 children, there were 7 VAEs (2.74
per 1000 ventilator days), 29 PedVAEs (11.34 per 1000 ventilator days), and 11 VAPs
or VATs (4.3 per 1000 ventilator days). VAEs were associated with significant in-
creases in ventilator duration and mortality, PedVAE was only associated with
increased duration of ventilation, and VAP was not associated with worse outcomes.
The authors expressed concern that the adult VAE definition is too restrictive in iden-
tifying only the most severely ill patients. They noted that VAE rates in children tend to
be lower than adults, and associated mortality higher, and that the less restrictive Ped-
VAE definition may, therefore, be more suitable for pediatric populations. This concern
was shared by Cirulis and colleagues,'?° who noted in a single-center study that 80%
of VAP cases did not meet VAC criteria, but were associated with similarly poor
outcomes.

Risk factors for VAEs in pediatric and adult populations may differ, requiring new an-
alyses and perhaps different approaches for prevention in neonates and children.
Recent studies, however, have identified overlap of VAE risk factors between adult
and pediatric patients. A case-control study of 192 pediatric VAC cases and controls
across 6 hospitals in the United Stated identified neuromuscular blockade (OR, 2.3;
95% Cl, 1.1-4.9), positive fluid balance (OR, 7.8; 95% Cl, 2.1-28.6), and blood product
use (OR, 1.52; 95% ClI, 0.7-3.3) as potential risk factors for VAC.%? These risk factors
were shared between PICU, cardiac ICU, and neonatal ICU patients, and a recent sur-
gical procedure was also associated with increased risk in neonatal ICU patients.
Weaning from sedation or sedation interruption was protective against VAC across
ICU types. A 2018 case control study of 70 VAE and 140 controls using adult VAE def-
initions identified a higher mean peak inspiratory pressure (OR, 1.1; 95% ClI, 1.0-1.2)
and acute kidney injury (OR, 2.9; 95% ClI, 1.4-5.7) as risk factors for VAC."?” These risk
factors were also observed in a case-control study conducted in a tertiary care PICU,
which identified a composite score for fluid overload and kidney injury (FOKIS score)
to be associated with VAC."®" The degree of fluid overload, kidney injury severity, and
high peak inspiratory pressure were independently associated risk factors for both
VAC and IVAC.
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SUMMARY

The introduction of VAE definitions transformed national surveillance for complications
in adults receiving mechanical ventilation. VAE definitions expanded the purview of
surveillance to include both infectious and noninfectious conditions and transitioned
hospitals toward using objective data to measure events. VAEs are associated with
higher mortality rates, prolonged mechanical ventilation, and longer lengths of stay.
Excess fluid balance, blood transfusions, deeper levels of sedation, prolonged seda-
tion, high tidal volumes, high inspiratory driving pressures, oral care with chlorhexi-
dine, and stress ulcer prophylaxis are risk factors for VAEs. The most common and
consistent complications that trigger VAE criteria are pneumonia, pulmonary edema,
ARDS, and atelectasis. Conservative fluid management, enhancing the performance
of spontaneous awakening trials and spontaneous breathing trials, and minimizing
sedation can prevent VAEs and combining these measures into VAE prevention bun-
dles in multidiscipline collaboratives can facilitate implementation and maximize their
impact.
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