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BACKGROUND: ARDS remains a source of significant morbidity and mortality in the crit-
ically ill patient. The mainstay of therapy entails invasive mechanical ventilation utilizing a
lung-protective strategy designed to limit lung injury associated with excessive stress and
strain while the underlying etiology of respiratory failure is identified and treated. Less is
understood about what to do once conventional ventilation parameters have been optimized
but the patient’s respiratory status remains unchanged or worsens. In 2015, a protocolized,
stepwise approach to mechanical ventilation with partially automated and clearly defined
thresholds for management changes was implemented at our institution. We hypothesized
that, by identifying appropriate patients earlier, time-to-escalation and rescue therapy
implementation would be shortened. METHODS: Subjects with severe ARDS, treated with
prone positioning based on our institution’s protocolized approach from December 2013 to
August 2016 were included. Their baseline characteristics, severity of illness scores, and
mechanical ventilation parameters were collected and analyzed. RESULTS: Baseline char-
acteristics, tidal volumes, P,o,/Fio,, duration of ventilation after proning, and mortality
were similar in both groups. Median (interquartile range [IQR]) PEEP at the time of
proning was higher after the protocol implementation (12.5 cm H,O [IQR 6.5-19.4] vs
18 cm H,O0 [IQR 10-22], P = .386), and mean (IQR) respiratory system driving pressure
was lower (16 cm H,O [IQR 13-36.2] vs 12 cm H,0 [IQR 9-19.6], P = .029). Median (IQR)
time from refractory hypoxemia identification to proning was shorter after protocol imple-
mentation (42.2 h [IQR 6.83-347.2] vs 16.3 h [IQR 1-99.7], I = .02), and P,o,/Fip, at 1 h
after proning was higher. ICU and hospital LOS were shorter after the protocol
implementation. CONCLUSIONS: Following the implementation of an early, evidence-
based, protocolized approach to optimizing mechanical ventilation, subjects with true re-
fractory hypoxemia were identified earlier and time to proning was significantly shorter.
Despite improvement in the evaluation and management of refractory hypoxemia as well as
time to initiation of prone positioning, mortality was unchanged and there was variation in
the duration of the position. Key words: refractory hypoxemia; ARDS; prone position, protocolized
mechanical ventilation. [Respir Care 2020;65(4):413—419. © 2020 Daedalus Enterprises]
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Introduction

Despite extensive investigation, ARDS remains a source
of significant morbidity and mortality in the critically ill pop-

SEE THE RELATED EDITORIAL ON PAGE 577

ulation.' Historically the mainstay of therapy, invasive ven-
tilation with a low tidal volume strategy has been employed
while the underlying etiology of respiratory failure were
investigated and treated.* To first do no harm requires evalu-
ation of the patient’s respiratory system mechanics and deter-
mining ventilator settings that balance the need for adequate
gas exchange with the minimization of risk for patient-self-
inflicted or ventilator-induced lung injury. Advances in non-
invasive ventilation (NIV) and high-flow nasal cannula
(HENC) technology have led to a resurgence of interest in
these modalities, even in early ARDS, with promising
results.” The role for NIV/HFNC in more severe cases of
acute respiratory failure remains controversial, as patients
who fail such therapy have a poorer prognosis, and the delay
in escalation to intubation and mechanical ventilation for the
sickest patients—defined as severe (P,0,/Fio, < 100) hypox-
emia and ARDS—has been shown to increase mortality.*”’

A lung-protective ventilation strategy in 2019 is gener-
ally accepted to include a personalized, open-lung approach
that attempts to match patient ventilator needs while mini-
mizing tidal volume and driving pressure. Much of the cur-
rent clinical and translational literature focuses on methods
for sizing Gattinoni’s “baby lung” and selecting an appro-
priate PEEP in real-time at the bedside.®® Less is under-
stood about what to do when these parameters have been
optimized but the patient fails to improve or fails a conven-
tional lung-protective ventilation strategy.

A retrospective survey of medical, surgical, and subspe-
cialty ICUs in our quaternary medical center identified a
small subset (15%) of the total cases of ARDS that met cri-
teria for severe and refractory hypoxemia.'® Fewer than
half of this population received what would be considered
nonconventional ventilatory approaches or rescue therapies
(eg, prone positioning, inhaled prostaglandins or nitric ox-
ide, airway pressure release ventilation, high-frequency
oscillation, extracorporeal life support) during their hospi-
talization, yet mortality remained well below expected in
the 15-20% range, which suggests that perhaps a portion of
this group was misidentified as severe and/or refractory
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Current knowledge

ARDS remains a source of high morbidity and mortal-
ity among the critically ill. Nonconventional ventila-
tory approaches such as prone positioning have been
shown to improve mortality if implemented correctly
and in a timely fashion.

What this paper contributes to our knowledge

We evaluated the implementation of a refractory hy-
poxemia protocol on the mechanical ventilation and
proning practices at our institution. We observed that
subjects with true refractory hypoxemia were identified
earlier and time to proning was significantly shortened.

based upon a suboptimal ventilation strategy. Of those who
did receive rescue therapies, the average time to implemen-
tation ranged between 1-2.5 d after the criteria for refrac-
tory hypoxemia had been met. Moreover, there was no
clear rationale for the form of rescue therapy employed,
although this may have been due to a lack of data pre-
dating several important studies for or against specific
modalities in ARDS, including prone positioning, neuro-
muscular blockade, and high-frequency oscillation.
Because of the multidisciplinary approach to care
(including shift changes and handoffs) and the often chaotic
nature of the ICU setting (eg, multiple severely ill patients,
planned and unplanned distractions and emergencies includ-
ing code and rapid response activations, decompensating
patients, family care conferences), our hypothesis was that a
protocolized approach to mechanical ventilation with par-
tially automated and clearly defined thresholds for manage-
ment changes would allow for the rapid delivery of a safe
and optimized ventilation strategy for most patients, and for
the identification of patients with true severe and refractory
hypoxemia in a timely fashion. Our aims included identify-
ing true and severe hypoxemia in a timely fashion and
decreasing the time to escalation and rescue therapy imple-
mentation. Such strategies are consistent with current evi-
dence for early interventions improving outcomes in several
studies including early paralysis or prone positioning.''"'?

Methods

After fully analyzing the study results, and recognizing
the recent shifts in the available evidence base for rescue
strategies, in 2014 we convened a multidisciplinary work-
ing group composed of critical care physicians (pulmonary
critical care, anesthesia critical care, extracorporeal mem-
brane oxygenation [ECMOY] specialists), respiratory thera-
pists, clinical nurse specialists, nurses, and other key
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Fig. 1. Refractory hypoxemia protocol. PBW = predicted body weight; Py,o: = plateau pressure; ABG = arterial blood gas; ICP = intracranial
pressure; ECMO = extracorporeal membrane oxygenation; APRV = airway pressure release ventilation; NO = nitric oxide.
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stakeholders to develop expert consensus for an evidence-
based, best-practice guideline for mechanical ventilation
within our institution (Fig. 1). We initially identified 2 key
areas for improvement. The first area was the correct
identification of patients with true severe and refractory
hypoxemia, not simply those under-recruited or inap-
propriately under-ventilated. For the former, it was con-
cluded that a delay in, and misidentification of, these
patients has historically likely been due to the absence of
a consensus definition for refractory hypoxemia. Recent
advancement in this area has been aided by a recent
national survey of > 400 multidisciplinary critical care
providers'® that proposed consensus for defining severe
and refractory hypoxemia as either a P,0,/Fio, < 100 cm
H,0 or P,o, < 60 and Fjp, > 0.7 for 1 h with PEEP = 15,
having ruled out reversible causes. The second area is
that patients with severe and refractory hypoxemia are
not escalated to nonconventional or rescue strategies in a
timely, evidenced-based fashion.

This study was performed at the Mayo Clinic in
Rochester, Minnesota, and was approved by the Mayo
Clinic Institutional Review Board. All adult patients = 18y
old admitted to the adult ICUs at our institution and diag-
nosed with ARDS in accordance to the 2012 Berlin defini-
tion,'® who were treated according to our institution’s
refractory hypoxemia protocol (Fig. 1) between December
2013 and August 2016, were included, provided they had
provided consent for research in their medical record.
Those dates were chosen to reflect 16 months before and
16 months after the implementation of the refractory hy-
poxemia protocol. The protocol was implemented in April
2015; subjects treated from December 2013 through March
2015 were classified as the before group, and those who
were treated from April 2015 through August 2016 were
classified as the after-implementation group.

A sustained inflation recruitment maneuver was per-
formed: starting PEEP was the current setting, or 5 cm H,O
below the current setting, if feasible. Top pressure was set
at 40 cm H,O, and ramp speed was set at 3 cm H,O/s. A
10-s pause was set at the end of each maneuver.'” "

Subjects with ARDS were identified using billing
codes for the diagnosis of ARDS and hypoxemic respi-
ratory failure. Their charts were then reviewed by an
expert to confirm that the Berlin criteria were met.'®
Subjects who had been proned were identified using
billing codes for the use of a RotoProne specialty bed
(KCI, San Antonio, Texas) and using ICU records of
subjects who were manually proned. To identify the
time to proning and the duration of proning sessions,
subjects’ activity forms were reviewed. Patient activ-
ities are charted by bedside nurses on an hourly basis;
this is the standard way of recording prone positioning
at our institution. Initial time of proning was defined as
the first time the word prone appeared on the activity
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Table 1. Baseline characteristics of all subjects with ARDS
Variables Pre-protocol Post-protocol P

Sex, male 62 (26.5) 68 (29) .93

Age, y 58.8 (32-78.6) 60.7 (37-79.3) .09

Body mass index, kg/m* 27.9 (19.7-39.4) 28.6 (22.7-41.5) .25

P.0,/Fio, 105 (63.3-176.7) 107 (67-168.2) .77
ARDS severity .87
Mild 5(4.5) 5(4.1)
Moderate 55 (49.1) 64 (52.5)
Severe 52 (46.4) 53 (43.4)
PEEP 10 (7.5-15) 11.25 (8-16) 23
Driving pressure, cm H,O 14 (7-23)* 14 (9-22.6)F 52

Tidal volume, ml/kg/Body 5.05 (3.5-6.5) 4.8 (3.4-6.6) 34

weight
Proned, n (%) 12 (10) 16 (13) .56
ECMO consult 10 (8.9) 54.1) 13
APACHE III score 47 (26.3-92) 47 (25.3-84.6) .14
SOFA score 9 (5-14) 9.5 (4-14) .29
ICU length of stay, d 7.9 (3.7-20.7) 7.4 (2.9-21) 45

Hospital length of stay,d  15.6 (5.5-37.6) 15 (3.8-42) .39
ICU mortality, % 40 (35.7) 48 (39.4) .56
Hospital mortality, % 48 (42.8) 62 (50.8) 22
Data are presented as median (interquartile range) or n (%). Pre-protocol: n = 112 subjects;

Post-protocol: n = 122 subjects.

*n = 83 subjects.

Fn =103 subjects.

APACHE = Acute Physiology and Chronic Health Evaluation III
SOFA = Sequential Organ Failure Assessment

section of subjects’ charts, and end time was the last
such entry on the subjects’ charts.

Clinical data obtained from retrospective chart review
included age, gender, Acute Physiology and Chronic
Health Evaluation III (APACHE III) and Sequential Organ
Failure Assessment (SOFA) scores at admission to the
ICU; body mass index, tidal volume, PEEP, P,q,/Fio,, re-
spiratory system driving pressures, and ICU and hospital
mortality and length of stay at 2 h from identification of hy-
poxemia. For the subjects who were proned, the same base-
line characteristics were obtained, as well as time from
hypoxemia to the initiation and duration of each proning
session. Only patients receiving volume-control mode of
ventilation were included in the analysis.

Statistical Analysis

Data were collected and analyzed using JMP 10.0.0 (SAS
Institute, Cary, North Carolina). Normally distributed contin-
uous variables were summarized with means and standard
deviations. Non-normally distributed variables were sum-
marized with medians and interquartile range (IRQ).
Correlations between subjects who were proned before and
after the institution of the refractory hypoxemia protocol and
their outcomes were calculated using the nonparametric
Wilcoxon test. Categorical data were summarized with
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Table 2.
proned

Outcomes of subjects with refractory hypoxemia who were

Pre-protocol Post-protocol P

APACHE III score at
proning
Tidal volume, mL/kg 5(3-8) 5 (3-6) 42
PEEP at proning, cm H,O 12.5 (6.5-19.4) 18 (10-22) .04
Driving pressure at proning 16 (13-36.2) 12 (9-19.6) .031
Body mass index, kg/m* 24.25 (18.1-53.9) 29.5(17.2-44.3) .09
P,0,/Fio, at proning 65 (36-140.8) 78 (33-190) .45
P,0,/Fio, at 1 h after 104 (47-176) 115 (63-303)  .048
proning

64.5 (25-114) 44 (2393) 32

Mechanical ventilation 95.5 (1-547.9) 31(18.4-327) .51

hours after proning

Time from hypoxia to 42.2 (6.83-347.2) 16.3 (1-99.7) .007

proning, h
Duration of proning 3244 4 (2-15) 12
sessions, h
ICU length of stay, d 14.3 (2-35) 6 (1-16) .028
Hospital length of stay, d 21.9 (2.26-64.1) 7.48 (2.25-3.45) .08
ICU mortality 7 (58) 9 (56) .65
Hospital mortality 8 (66) 11 (68) .89

Data are presented as median (interquartile range) or n (%). Pre-protocol: n = 12 subjects; Post-
protocol: n = 16 subjects.
APACHE = Acute Physiology and Chronic Health Evaluation IIT

frequencies and percentages, with correlations made using a
2-tailed Fisher exact test. A P value of < .05 was considered
statistically significant for all calculations.

Results

Patients with a diagnosis of ARDS who required a Fo, >
60%, despite lung recruitment and PEEP titration per
protocol, for > 2 h were analyzed for the implementation
of prone positioning; their baseline characteristics are
described in Table 1. Of those, 28 subjects received prone
positioning, and they form our study cohort (Table 2).

Baseline demographics, ARDS severity, P,0,/Fio,, tidal
volume, PEEP, and driving pressure at the time of refractory
hypoxemia diagnosis, APACHE 3 and SOFA scores, ICU and
hospital LOS and mortality are presented in Table 1. The
groups were similar in their baseline characteristics and varia-
bles of interest at the time of diagnosis of refractory hypoxemia.

Table 2 demonstrates baseline characteristics and the
variables of interest of subjects who were proned before
and after the protocol implementation. Body mass index,
APACHE scores, tidal volumes, P,o,/Fio,, duration of
ventilation after proning, and mortality were similar in
both groups. PEEP at the time of proning was higher after
the protocol implementation (12.5 cm H,O vs 18 cm
H,0, P = .038). Driving pressure was lower at the time
of proning (16 cm H,0 vs 12 cm H,O, P = .031) after
protocol implementation. Time from hypoxemia to
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proning was shorter after protocol implementation (42.2
hvs 16.3 h, P = .007). Pyo,/Fio, at 1 h after proning was
higher after the implementation of the protocol (104 vs
115, P = .048). ICU length of stay (14.3dvs 6d, P =
.04) and hospital length of stay (21.9 d vs 7.5 d, P = .08)
were shorter after the protocol implementation. Before
protocol implementation, 17 subjects required respiratory
ECMO (1.0 respiratory ECMO case per month) com-
pared to 13 subjects after protocol implementation (0.76
respiratory ECMO cases per month) (P = .30).

Discussion

The implementation of a severe refractory hypoxemia
protocol significantly decreased the time to optimization of
conventional ventilation and led to earlier identification of
patients with severe or refractory hypoxemia resulting in
escalation to prone positioning. PEEP levels were higher
and airway driving pressures (ie, the difference between
plateau pressure and PEEP) were lower in subjects after
protocol implementation. Although ICU length of stay was
reduced, overall survival was not affected.

The prone position is an attractive intervention in patients
with ARDS? for several physiologic-based reasons, including
homogenization of V/Q, unloading of mediastinal contents,
improved airway drainage, and improved oxygenation com-
pared to the supine position.”'** Multiple randomized con-
trolled trials'>**** have tested the role of prone positioning in
survival of subjects with ARDS, with a consistent signal to-
ward mortality benefit in the sickest subjects with severe
(Pao,/Fio, < 100 mm Hg) or very severe (Py0,/Fio,< 50)
ARDS. To accomplish this, patients have traditionally been
manually proned and each prone session lasted 17 h'>* or 18
h.?* In contrast, at our institution the method of proning has
been inconsistent, with some ICUs utilizing a specialty rota-
tional bed, whereas others proned patients manually. This
could explain in part the discrepancy in duration of proning
sessions. With initial proning sessions lasting an average of 4
h, subjects were moved to the supine position for 0.5-4 h
between sessions for various reasons, including necessary
care, emergent procedures and tests, and treating intensivists’
preference. Even though the time to proning was reduced after
the protocol implementation, we didn’t observe the same mor-
tality benefits observed in the aforementioned trials. The lack
of mortality benefit could be due to our study being under-
powered to identify such a difference.

We defined refractory hypoxemia as a failure to increase
S0, by 5% or to decrease Fio, to below 60% (or both), de-
spite a PEEP of at least 15 cm H,O and dynamic optimiza-
tion of ventilator settings for 120 min following intubation.
The goal was to optimize ventilator settings and to address
asynchrony, compliance, and oxygen consumption with
sedation and paralytics, while treating underlying causes of
respiratory failure at 2 h post-intubation or upon arrival to
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our ICU (Fig. 1). The implementation of the refractory hy-
poxemia protocol significantly decreased the time to diag-
nosis of refractory hypoxemia, as well as the time from
diagnosis to proning. Although these benefits may be
explained simply by the stepwise, standardized approach to
mechanical ventilation primarily driven by respiratory
therapists, who are less susceptible to the plethora of dis-
tractions that a primary medical provider is exposed to
during an ICU shift, the extensive communication and
education surrounding the refractory hypoxemia protocol
rollout likely increased overall awareness of the multidis-
ciplinary ICU teams. We are encouraged to note that, after
protocol implementation, our institution achieved a me-
dian time to proning similar to the protocols of the
randomized controlled trials that have reported a mortality
improvement.'"'"*!> Our findings reveal, however, that
our practice diverges from those studies beyond the initial
move to proning, specifically with regard to duration of
proning before returning to a supine position and the over-
all practice variation in the approach to the prone position.
By addressing these issues, future protocol modification
may be able to further affect patient outcomes.

Our subjects’ P,o,/Fio, values at the time of proning was
significantly lower than those of the aforementioned trials.
At time of proning, our subjects’ median P,o,/Fio, values
were 70-72.2 mm Hg, compared to 147 mm Hg in the study
by Mancebo et al*®* and 150 mm Hg in the studies by
Taccone et al** and Guérin et al."> Admission SOFA scores
in our cohort suggest a similar overall severity of illness.

Respiratory system driving pressure can be calculated
for mechanically ventilated patients who are not making
inspiratory efforts as the difference between plateau pres-
sure and total PEEP.? Traditionally, a lung-protective ven-
tilation strategy includes scaling tidal volume to predicted
body weight to normalize tidal volume to lung size.
However, in patients with ARDS, the “baby lung,” which is
the proportion of lung available for ventilation (and likely
with normal lung compliance), is markedly decreased, as
reflected by lower respiratory-system compliance.’?%®
Normalizing tidal volume to respiratory-system compliance
(ie the driving pressure) has been shown to be a more accu-
rate predictor of safe ventilation targeting the “baby lung”
and resulting in improved outcomes compared to tidal vol-
ume selected by ideal body weight in patients with
ARDS.* Although this work was published after our study
began, our subjects’ driving pressures were significantly
lower after protocol implementation, which is likely a con-
sequence of specific checkpoints favoring lung recruitment
and increased PEEP based on bedside measurements of
lung mechanics within the protocol.

Improvement in P,0,/Fio, with proning was also signifi-
cant after the implementation of this protocol. This finding is
not surprising, considering the evidence supporting proning
as an advanced method of ventilation.'""'*** This finding
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corroborates the aforementioned evidence and indicates that
prone positioning is effective in improving oxygenation.
However, as the current evidence shows, duration of proning
sessions matters when analyzing outcomes.

We are unable to explain the decreased ICU and hospital
length of stay noted in our findings. We can say that they may
be related to the high mortality found in the ARDS population,
but our initial objectives didn’t include looking into causes of
death for the subjects who were included in this study.

Our study has several limitations. First, this is a single-
center, pre/post study without randomization and included
subjects admitted to medical, surgical, and medical-surgical
ICUs that adopted the refractory hypoxemia protocol. As
such, the population is heterogeneous. Second, our popula-
tion is very small, and speaks to the high standard of care
and the state of our practice at baseline. Few patients, when
optimized early and followed closely with appropriate
changes, qualify as refractory. Overall, our incidence of
ARDS and particularly patient self-inflicted/ventilator-
induced lung injury continue to decline.*® As such, our
study was likely underpowered to detect a change in mor-
tality. Conversely, the parameters associated with an
accepted evidence-based lung-protective ventilation strat-
egy improved, suggesting that a respiratory therapy—driven
protocolized approach to ventilation is both feasible and
achievable in the clinical setting. Third, the concept of driv-
ing pressure and the association of a mortality improve-
ment when limited to < 15-19 cm H,O was not established
at the time our protocol was developed. The work group is
currently in the process of revising our protocol based on
these data and several other studies since the 2012-2015
development period, and we will be deploying the modifi-
cations for study in the next 6—12 months. Fourth, we can-
not prove that the statistically significant results are
directly related to implementation of the protocol. The ret-
rospective nature of this study combined with practice var-
iations, including ultimate decision to use and how to
implement advanced modalities of mechanical ventilation
remains the purview of the ICU attending physician.

Conclusions

Our study indicates that an early protocolized approach
to personalized mechanical ventilation results in a more
rapid achievement of parameters currently identified as
key to a lung-protective ventilation strategy, including
increased PEEP and lower airway driving pressure. By
rapidly optimizing conventional ventilation, subjects with
severe and refractory hypoxemia are identified earlier,
which results in earlier proning and reduced need to esca-
late to extracorporeal support, potentially leading to
shorter ICU and hospital lengths of stay. A suboptimal
proning approach (eg, 3—4 actual vs 16—18 targeted h per
proning session) may explain the lack of mortality benefit
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