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ABSTRACT
Optimal mechanical ventilation management in patients with the acute respiratory distress syndrome (ARDS) involves the use of low tidal
volumes and limited plateau pressure. Refractory hypoxemia may not respond to this strategy, requiring other interventions. The use of
prone positioning in severe ARDS resulted in improvement in 28-day survival. To determine whether mechanical ventilation strategies or
other parameters affected survival in patients undergoing prone positioning, a retrospective analysis was conducted of a consecutive
series of patients with severe ARDS treated with prone positioning. Demographic and clinical information involving mechanical ventilation
strategies, as well as other variables associated with prone positioning, was collected. The rate of in-hospital mortality was obtained, and
previously described parameters were compared between survivors and nonsurvivors. Forty-three patients with severe ARDS were treated
with prone positioning, and 27 (63%) died in the intensive care unit. Only three parameters were significant predictors of survival:
APACHE II score (P D 0.03), plateau pressure (P D 0.02), and driving pressure (P D 0.04). The ability of each of these parameters to
predict mortality was assessed with receiver operating characteristic curves. The area under the curve values for APACHE II, plateau
pressure, and driving pressure were 0.74, 0.69, and 0.67, respectively. In conclusion, in a group of patients with severe ARDS treated
with prone positioning, only APACHE II, plateau pressure, and driving pressure were associated with mortality in the intensive care unit.
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T
herapeutic strategies for the management of the acute
respiratory distress syndrome (ARDS) have evolved over
time. A landmark study demonstrated survival benefits
with the utilization of low tidal volumes and limited pla-

teau pressures.1 On occasion, the aforementioned strategy may
not improve the presence of severe hypoxemia. Hence, “rescue
treatments” have been investigated. Mechanical ventilation
strategies, such as airway pressure release ventilation2,3 and
high-frequency oscillatory ventilation,4,5 have presented incon-
sistent results. Inhaled vasodilators, such as nitric oxide6,7 or
epoprostenol,8 led to an improvement in oxygenation for a
limited period of time. Perhaps the two most important discov-
eries since the publication of the ARMA trial (“Ventilation
with Lower Tidal Volumes as Compared with Traditional
Tidal Volumes for Acute Lung Injury and the Acute Respira-
tory Distress Syndrome”)1 have been the utilization of neuro-
muscular blocking agents9 and prone positioning.10 Prone
positioning has been advocated for >40 years as a method to
improve aeration in dorsal areas of the lung.11 After some

negative outcome trials,12–15 the PROSEVA study (“Prone
Positioning in Severe Acute Respiratory Distress Syndrome”)10

showed a 16% reduction in 28-day mortality. The aforemen-
tioned trial prompted new interest in this old therapeutic strat-
egy. The present study investigated whether mechanical
ventilation parameters were associated with survival in ARDS
patients treated with prone positioning.

METHODS
This study involved a retrospective analysis of a consecutive

series of adult patients with severe ARDS treated with prone
positioning between November 2013 and December 2016. All
included patients were treated with a kinetic bed (Rotoprone).
Data collection included demographic information, such as
gender, age, Acute Physiology and Chronic Health Evaluation
(APACHE) II score, body mass index, and height. Clinical
information included reason for ARDS, the ratio of arterial
oxygen partial pressure to fractional inspired oxygen (PaO2/
FiO2) upon prone positioning, time from ARDS diagnosis to
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prone positioning, total time on prone positioning, and
mechanical ventilation data such as mode of ventilation, tidal
volumes (expressed as tidal volume per ideal body weight), pla-
teau pressures, positive-end expiratory pressures (PEEP), and
driving pressures (DP), calculated as tidal volume divided by
the static compliance of the respiratory system (DP D TV/
Crs). Information on the utilization of neuromuscular blocking
agents, vasopressors for at least 12 hours, high-dose corticoste-
roids (defined as 0.5 mg/kg every 6 hours), and inhaled vasodi-
lators (i.e., inhaled nitric oxide or epoprostenol) during prone
positioning was also collected. Of note, in order to collect
mechanical ventilation data, documentation from ventilator
checks routinely performed by respiratory therapists was exam-
ined. Average daily values of tidal volumes, plateau pressures,
and PEEP were obtained throughout the entire stay on prone
positioning. The timing of ARDS diagnosis was considered the
time of endotracheal intubation or the time of arrival in the
intensive care unit (ICU) if the patient arrived in the hospital
already intubated. The primary outcome of the study was ICU
mortality.

Data were summarized by the patient’s survival status
and overall using frequencies and percentages for categorical
variables. Means, standard deviations, medians, and ranges
were used to describe continuous variables. Pearson chi-
square and Fisher exact test were used to evaluate the asso-
ciation between a patient’s survival status and the categori-
cal measurements. Logistic regression was utilized to
evaluate the association between a patient’s survival status
and continuous variables. Receiver operating characteristic
curve (ROC) analysis was used to estimate the optimal cut
point for the predictors.

RESULTS
Over 38 months, 43 severe ARDS patients were treated

with prone positioning. The mean patient age (§ SD) was 54
§ 15 years, and 29 (67%) were men. Average body mass index
and APACHE II scores were 32§ 12 and 27§ 5, respectively.
Upon prone positioning, the average PaO2/FiO2 ratio was 98
§ 50. The mean tidal volume for the entire group of patients
was 7 § 2 cc/kg, while mean plateau and PEEP pressures were
32 § 7 cm H2O and 12 § 4 cm H2O, respectively. The
elapsed time from ARDS diagnosis to prone positioning was
84 § 97 hours, and the average total time of prone positioning
per patient was 50 § 44 hours.

Among the 43 patients, 41 (95%) were treated with neuro-
muscular blocking agents, 19 (44%) received high-dose corti-
costeroids, and 6 (14%) were treated with inhaled vasodilators
concomitantly with prone positioning. Patients were ventilated
with either of two ventilators (Puritan Bennett 840, Med-
tronic, Minneapolis, MN; or Carescape R860, General Elec-
tric, Boston, MA). Twenty-eight (65%) patients were
ventilated with assist/control volume-limited time-cycled
mode, and 12 (28%) were ventilated with assist/control, pres-
sure-limited time-cycled mode. Two (5%) were ventilated
with airway pressure release ventilation, and 1 (2%) was venti-
lated with high-frequency oscillatory ventilation.

Twenty-seven (63%) patients died during the course of the
ICU admission. Two of these patients transitioned from prone
positioning to extracorporeal membrane oxygenation (ECMO)
therapy prior to expiration. No ICU survivor from prone posi-
tioning required ECMO treatment. Survivors and nonsurvi-
vors are compared in terms of demographic and clinical
information (Table 1) and in terms of mechanical ventilation
parameters during the first 4 days of prone positioning
(Table 2). As APACHE II, plateau, and DP were significant
predictors of ICU survival in the univariate analysis, ROC
curves were constructed to assess their ability to predict ICU
mortality (Figure 1). Furthermore, cut-off points in each ROC
curve representing values with the higher possible combination
of sensitivity and specificity for prediction of ICU mortality
were evaluated (Table 3).

DISCUSSION
The present study reveals that, in patients with severe

ARDS treated with prone positioning, only APACHE II
score, plateau pressure, and DP were associated with ICU
mortality. Notably, tidal volumes had no association with
this clinical outcome. These findings are consistent with a
prior landmark study, which showed that among multiple
ventilator variables, DP was the most strongly associated
with hospital survival at 60 days.16 Interestingly, in the
previously described study, individual changes in tidal vol-
ume and PEEP were not independently associated with this
outcome. As DP D TV/Crs D TV/ [TV/(Plateau –
PEEP)], it is likely that plateau pressure drives the afore-
mentioned survival benefit. Notably, as shown in Table 3,
a plateau pressure of 30 cm H2O was identified as the best
cutoff point to predict mortality, with a sensitivity of 77%
and specificity of 69%. This cutoff point is concordant
with the strategy suggested by the ARMA study.1 Driving
pressure may be used as a surrogate of the amount of cyclic
parenchymal deformation imposed over preserved lung
units, causing ventilator-induced lung injury. Hence, as
increased plateau pressure affects compliance of the respira-
tory system, it may consequently result in more cyclic
deformation, more ventilator-induced lung injury, and
lower survival.

Interestingly, prior studies12,14 exploring prone positioning
in ARDS patients reported ICU mortalities for prone patients
ranging from 43% to 51%, whereas the landmark PROSEVA
trial reported a 28-day mortality of 16%.10 The ICU mortality
in our prone patients was 63%. Several factors may have been
involved in this higher mortality. First, as the APACHE II
score for the entire ARDS population was 27, the expected
ICU mortality ranged from 55% to 65%,17 concordant with
the observed outcome. Second, with the exception of the
PROSEVA trial, which included ARDS subjects with a PaO2/
FiO2 <150 mm Hg, other studies were performed including
previously denominated acute lung injury patients, defined as
PaO2/FiO2 < 300 mm Hg.13,14 Therefore, the lower level of
ARDS severity in prior studies may have been associated with
lower mortality rates compared with our cohort. Third, the
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time elapsed from ARDS diagnosis to prone positioning in our
population was 84 hours (3.5 days). The aforementioned
elapsed time in the PROSEVA trial10 was <1.5 days, whereas
it was <2 days and <3 days in the studies of Mancebo et al12

and Taccone et al,15 respectively. This delay in the implemen-
tation of an effective therapy may have also caused higher ICU
mortality in our group compared with prior studies.

Table 1. Comparison of demographic and clinical data between
intensive care unit nonsurvivors versus survivors

Nonsurvivors
(n D 27)

Survivors
(n D 16) P value

Age (years): median (IQR) 57 (45–67) 55 (34–63) 0.22

Male 20 (69%) 9 (31%) 0.31

Body mass index (kg/m2):
Median (IQR)

27 (24–30) 31 (26–42) 0.12

Height (cm): Median (IQR) 170 (162–175) 173 (163–182) 0.71

APACHE II: Median (IQR) 30 (24–33) 26 (23–26) 0.03

Reason for ARDS 0.46

Aspiration 4 (15%) 3 (19%)

H1N1 2 (7%) 1 (6%)

Pancreatitis 1 (4%) 2 (12%)

Pneumonia 16 (59%) 10 (62%)

Sepsis 4 (15%) 0 (0%)

Mechanical ventilation mode

Volume control 15 (56%) 13 (81%) 0.11

Pressure control 9 (33%) 3 (19%) 0.48

Airway pressure release
ventilation

2 (7%) 0 (0%) 0.52

High-frequency oscillatory
ventilation

1 (4%) 0 (0%) 0.99

Tidal volume (mL/kg) during
prone: Median (IQR)

8 (6–8) 7 (6–8) 0.55

PEEP during prone (cm H2O):
Median (IQR)

13 (10–15) 13 (11–15) 0.87

Plateau during prone (cm H2O)
(median/IQR)

34 (31–40) 30 (26–35) 0.02

Driving pressure during prone
(cm H2O): Median (IQR)

22 (14–29) 17 (15–20) 0.04

Neuromuscular blocking agents 26 (96%) 15 (94%) 0.99

Corticosteroids 13 (48%) 6 (38%) 0.54

Vasopressors 17 (63%) 10 (63%) 0.99

Inhaled vasodilators 5 (19%) 1 (6%) 0.38

PaO2/FiO2 upon prone: Median
(IQR)

87 (65–132) 72 (63–115) 0.17

Time from ARDS diagnosis to
prone (h): Median (IQR)

48 (27–112) 84 (6–120) 0.38

Time of first prone (h): Median
(IQR)

25 (9–44) 40 (20–51) 0.15

Total time on prone (h): Median
(IQR)

31 (9–62) 45 (20–87) 0.39

IQR indicates interquartile range (25%–75%); APACHE, Acute Physiology and Chronic Health
Evaluation; ARDS, acute respiratory distress syndrome; PEEP, positive end-expiratory pressure;
PaO2/FiO2, ratio of arterial pressure of oxygen divided by fraction of inspired oxygen.

Figure 1. Receiving operating curve in predicting hospital mortality: (a) Acute
Physiology and Chronic Health Evaluation (APACHE) II score (area under the
curve D 0.74); (b) plateau pressure (area under the curve D 0.69); (c) driving
pressure (area under the curve D 0.67).
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Our study presents several strengths. It explores the
impact of several ventilator parameters (i.e., TV, PEEP,
plateau, and DP) in ICU mortality. Per our knowledge,
this is the first study in the English literature that addresses
that question. Our study included ARDS patients treated
with prone positioning based on current standards (PaO2/
FiO2 < 150 mm Hg) and had similar rates of use of neu-
romuscular blocking agents (87% in PROSEVA [10] vs.
95% in this study). Hence, the findings from our study in
terms of mechanical ventilation strategies may be applicable
to other ICUs that follow similar prone positioning proto-
cols. Despite the previously described strengths, our study
presents multiple limitations. First, the retrospective nature
of the study creates the possibility of informational bias, as
many points of data may have been missing or not
accounted for. Secondly, as few patients (N D 43) were
treated with prone positioning over the course of
38 months, it is likely that the study was not powered to
detect significant differences in other important variables. A
larger number of patients may have resulted in different
findings. Last, information on important clinical variables,
such as heart disease, immunocompromised status, kidney
or liver disease, and neurologic impairment was not col-
lected in our database. Hence, it is possible that mortality
rates may have been associated with an unbalanced pres-
ence of any of these conditions rather than factors exclu-
sively related to prone positioning or mechanical
ventilation strategies. In summary, this study reveals that,
in severe ARDS patients treated with prone positioning,

there is an association between APACHE II score, plateau
pressure, and DP and ICU mortality.
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In memoriam
ADRIAN E. FLATT, MD
Department of Orthopedic Surgery, Baylor University Medical
Center at Dallas

Adrian Flatt, one of the original editorial board members of
Baylor University Medical Center Proceedings, died on October
14, 2017, at the age of 96. Born in Frinton, England, on
August 26, 1921, he received his medical education at Cam-
bridge University and the London Hospital and completed his
residency in orthopedic surgery under Sir Reginald Watson-
Jones and Sir H. Osmond-Clarke at the London Hospital. He
also completed a year of plastic surgery training under Profes-
sor Pomfret Kilner at Stoke-Mandeville Hospital. After a tour
of military service with the Royal Air Force in Sri Lanka, Dr.
Flatt returned to England. He was a founding member of the
British Second Hand Club (British Society for Surgery of the
Hand). In 1956, Dr. Flatt joined the faculty of the University
of Iowa to begin the first academic hand surgery unit in the
United States. At Iowa City he directed major research pro-
grams in congenital anomalies and biomechanics of the hand
and did extensive clinical research in rheumatoid arthritis. He

also gained US patents for prostheses for the wrist and finger
joints based on his research. One of his innovations was fea-
tured in a 1961 issue of Time magazine. In 1979, Dr. Flatt
moved to Connecticut to be chief of surgery at the Norwalk
Hospital and clinical professor at Yale University. In 1982, he
became chief of the Department of Orthopaedic Surgery at
Baylor University Medical Center, a position he held until his
retirement from active clinical practice in 1992. Dr. Flatt pub-
lished nearly 200 articles in peer-reviewed medical journals
and wrote three books about conditions and medical treatment
of the hand. He was the editor of The Journal of Hand Surgery
from 1980 until 1991. Dr. Flatt was a visiting professor at
numerous institutions, president of the American Society for
Surgery of the Hand, and president of the Midwest Association
of Plastic Surgeons. He trained 50 fellows from 14 countries in
hand surgery. For his many accomplishments, Dr. Flatt received
numerous honors and awards, among which was election as an
“International Pioneer of Hand Surgery.” He is considered one
of the most consequential orthopedic surgeons in history for his
work furthering the practice and science of hand surgery.
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