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Abstract

Background Prone position is used in acute respiratory distress syndrome and in coronavirus disease 2019 (Covid-
19) acute respiratory distress syndrome (ARDS). However, physiological mechanisms remain unclear. The aim of this
study was to determine whether improved oxygenation was related to pulmonary shunt fraction (Q's/Q't), alveolar
dead space (Vd/Vtalv) and ventilation/perfusion mismatch (V',/Q’).

Methods This was an international, prospective, observational, multicenter, cohort study, including six intensive care
units in Sweden and Poland and 71 mechanically ventilated adult patients.

Results Prone position increased PaO,:FiO, after 30 min, by 78% (83-148 mm Hg). The effect persisted 120 min

after return to supine (p <0.001). The oxygenation index decreased 30 min after prone positioning by 43% (21-12
units). Q's/Q't decreased already after 30 min in the prone position by 17% (0.41-0.34). The effect persisted 120 min
after return to supine (p <0.005). Q's/Q't and PaO,:FiO, were correlated both in prone (Beta-137) (p<0.001) and in the
supine position (Beta -270) (p <0.001).V',/Q'was unaffected and did not correlate to PaO,:FiO, (p=0.8). Vd/Vtalv
increased at 120 min by 11% (0.55-0.61) (p < 0.05) and did not correlate to PaO,:FiO, (p=0.3). The ventilatory ratio
increased after 30 min in the prone position by 58% (1.9-3.0) (p <0.001). PaO,:FO, at baseline predicted PaO,:FiO,

at 30 min after proning (Beta 1.3) (p <0.001).

Conclusions Improved oxygenation by prone positioning in COVID-19 ARDS patients was primarily associated
with a decrease in pulmonary shunt fraction. Dead space remained high and the global V',/Q measure could
not explain the differences in gas exchange.
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Introduction

About 20% of hospitalized patients [1, 2] and up to 70%
of critically ill patients [2] with coronavirus disease 2019
(COVID-19) develop acute respiratory distress syn-
drome (ARDS), increasing mortality [3]. The majority of
patients with COVID-19 ARDS require intubation and
mechanical ventilation [1-3]. Prone positioning is con-
sidered as one of the most effective treatment strategies
for patients with severe ARDS, it may improve oxygena-
tion due to perfusion redistribution and more homoge-
neous ventilation [4, 5]. Prone positioning is used in up
to 76% of mechanically ventilated COVID-19 patients
and improves oxygenation in~80%. This response is
associated with improved survival independently of
the oxygenation response [6—8]. However, the underly-
ing physiological mechanisms of improved oxygenation
remain unclear [9]. We aimed to investigate the lung
physiology of prone positioning in mechanically venti-
lated patients with COVID-19 ARDS, and to determine
whether improved oxygenation was related to three clini-
cally accessible measures of lung function: 1. ventilation/
perfusion mismatch (V’,/Q’), that represents the hetero-
geneity of ventilation and perfusion distribution in the
lungs and is defined as the rate of alveolar ventilation
to the rate of pulmonary blood flow. 2. The pulmonary
shunt fraction (Q’s/Q’t) that is a way to determine how
much perfused but poorly or not ventilated lung regions
contribute to hypoxemia in arterial blood. 3. The alveo-
lar dead space (Vd/Vtalv) that represents the volume of
air present in the respiratory zone of the lungs not tak-
ing part in gas exchange. In lung disease, alveolar dead
space corresponds to alveoli that are ventilated, but not
perfused by the pulmonary circulation. In a brief report,
hypoxemia in COVID-19 ARDS correlated to dead
space but was dissociated from lung mechanics [10]. A
report of 10 intubated Covid-19 patients monitored with
Electrical Impedance Tomography suggested that the
observed elevated ventilation-perfusion mismatch was
more due to lung units with dead space than shunt [11].
A report of 12 patients suggested that prone positioning
had little effect on dead space fraction [12]. In previous
studies, we reported that proning increased PaO,:FiO,
mainly in patients with PaO,:FiO, <120 mmHg [13] and
Q’s/Q’t and Vd/Vtalv increased in early mild to moderate
COVID-19, but their relative contributions were highly
variable (14). We hypothesized that prone positioning
would reduce V', /Q; Q’s/Q’t and Vd/Vtalv.

Materials and methods

All procedures performed in studies involving human
participants were in accordance with the ethical stand-
ards of the institutional and national research commit-
tees and with the 1964 Helsinki Declaration and its later
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amendments. The study was approved by the Swedish
Ethical Review Authority (2020-02593), the Bioethi-
cal Commission, Military Medical Chamber, Poland
(KB7/20/178/29), the Bioethical Council, Medical Uni-
versity of Warsaw, Poland (AKBE/219/2020) and the
Bioethical Commission, Wroctaw Medical University,
Poland (KB-764/2020). Patient informed consent was
granted as per the approvals. All data were de-identified
following collection.

From three centers in Sweden (Sodersjukhuset, Dan-
deryd Hospital, Karolinska University Hospital) and
three centers in Poland (4-th Military Clinical Hospi-
tal in Wroclaw, Medical University of Warsaw, Wroclaw
Medical University), we included 71 consecutive adult
(>18 yr) ARDS patients who, while mechanically ven-
tilated, received at least one session of prone position-
ing, lasting more than or equal to 12 h. All patients had
documented COVID-19-positive reverse transcriptase
polymerase chain reaction tests from either upper air-
way swab or bronchoalveolar lavage. All patients ful-
filled the Berlin definition of ARDS [15]. The decision
to initiate proning and the timing were based on the
American—European Consensus Conference criteria
for severe ARDS (PaO,:FiO, ratio of <150 mm Hg, with
a FiO, of >0.6) [16] and our experience with COVID-
19 ARDS [13]. PaO,FiO, ratio was used in the present
study to assess changes of pulmonary gas exchange in
response to the prone position. This ratio is commonly
used in ARDS severity assessment and as a marker of
disease progression or to compare patients with different
FiO2 (Feiner et al, PMID 27618274 [17]). Patients were
included between July 2020 and April 2021. Data were
collected before the proning session (baseline), at 30 and
120 min after initiation of proning, just before returning
the patient to supine, and 30 and 120 min after return-
ing to supine position. The high temporal resolution of
parameters was intended to enable investigation of the
pulmonary effects related to the proning intervention.
We hypothesized that the response to the first pron-
ing session would be the most important indicator of
the occurring physiological changes and allow for com-
parison of the entire patient cohort, based on our earlier
experience [13]. Data included respiratory mechanics,
ventilatory data, gas exchange and hemodynamic param-
eters, in addition to demographic and anthropometric
variables. Follow-up was conducted at 30 days from the
proning session. We intended to include all patients who
were mechanically ventilated and proned. However, due
to lack of availability of the equipment to measure car-
diac output in this intensive phase of the pandemic, we
could not include all eligible patients. The selection was
random and was not due to patient characteristics.
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Physiologic calculations
The Q’s/Q’t was calculated using the equation:

Q’s/Q’s = 100x[(Ozldeal — Ca0,)/(Oz1deal — PcvOsy)]
O,ldeal was calculated by:
Ozldeal = 1.39xHb + 0.0031x [(FiO; x 713) — PaCO»)]

The fraction of alveolar dead space ventilation (Vd/
Vtalv) was calculated using the modified Bohr-Enghoff
equation:

Vd/Vt = (PaCO2 — PECO,)/PaCO,

Where PaCO, was a partial pressure of carbon dioxide
in arterial blood and PECO, the tension of the expired
carbon dioxide (used as a surrogate of the mixed expired
carbon dioxide in the original Bohr-Enghoff formula) and
calculated from the equation PECO,=FECO, x (Py,.—
Pi0)- Phar @and Pppo—ambient conditions of the baro-
metric pressure and the partial pressure of water vapor,
stated at 760-47 =713 (mmHg). The fraction of expired
carbon dioxide (FECO,) was derived as a function of the
carbon dioxide production (VCO,) and minute ventila-
tion of the lungs (VE), from the equation:

FECO, = VCO,/VE

The VE was calculated by subtracting the appara-
tus dead space and the anatomical dead space from
the measured tidal volumes (milliliters), multiplied by
the respiratory rate (per minute). The anatomical dead
space was calculated according to the modified equa-
tion proposed by Nunn [20]:

VE = (2.2xPBWx0.5 + DSPappx0.001)xRR

The predicted body weight (PBW) was calculated
according to the ARDS-net and the apparatus dead
space (DSPapp) was study-site specific [18].

Due to the unavailability of volumetric capnometry
data, VCO, was computed from the oxygen consump-
tion (VO,) and respiratory quotient (RQ) (arbitrarily
set at 0.8). CO—measured cardiac output. CaO,—arte-
rial oxygen content. CcvO,—central venous oxygen
content used as a surrogate of the mixed venous oxygen
content.

VC02 = VO2XRQ, where VOZ = (Ca02 —CCVOz)XCO

The Vd/Vt and Q’s/Q't were calculated individu-
ally for all patients at protocol-derived measurement
points and PaO, and PaCO, values were corrected for
temperature, according to Bradley’s correction factor
[19]. We calculated ventilation/perfusion ratio V’',/Q’
by dividing the estimated alveolar ventilation by the
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cardiac output, measured with the pulse contour analy-
sis (FloTrac system, Edwards). The Ventilatory ratio was
calculated using the equation [20]:

VR = [minute ventilation (ml/min)
x Pacoz (mmHg) ]
/ (predicted body weight x 100
x 37.5)

The Oxygenation index was calculated using the
Eq. (20):

Ol = mean airway pressure MAP x FiO; x 100/PaO;

Statistical analyses

Statistical analyses were done using GraphPad Prism ver-
sion 9.4.0 (GraphPad Software) and R (v 3.5.1). The pri-
mary outcome was the Q’s/Q’t. All continuous data are
presented as medians with interquartile range (IQR).
All temporal data sets were analyzed with mixed effects
model (REML), fixed effects (type III) and Tukey’s mul-
tiple comparisons test. A GEE model with an autoregres-
sive structure (AR-1) was used for correlation analyses
under an assumption of linear function of regressors and
gaussian residuals. We inspected residual plots to exclude
large deviations from normality, under the assumption
that gaussian models are usually stable under minor such
deviations. Regression models used to predict PaO,:FiO,
included available baseline variables thought to have
possible causal effects of respiration and circulation.
a=0.05 was considered significant. *p<0.05, **p<0.01,
2 £0.005, ****p < 0.001.

Results

The characteristics of the participants at study inclu-
sion are presented in Table 1. All diseases reported were
already present at the time of admission. The observed
mortality of 63% was higher than the one estimated by
the average SAPS III of 64 points, which would predict a
mortality rate of 43%.

The ventilatory, metabolic and circulatory data from
the first prone positioning session are presented in
Table 2.

The percent changes in PaO,:FiO, were plotted as a
function of baseline PaO,:FiO,, at 30 min, 120 min, and
at the end of the proning period (just before returning
to supine), as well as the percent changes in PaO,:FiO,
from the end of proning (prone baseline) to 30 min and
120 min in supine position. Improvements from base-
line PaO,:FiO, were larger for low baseline PaO,:FiO,,
and more pronounced with time. When returning from
prone to supine position, patients with a relatively higher
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Table 1 Subject characteristics on inclusion

Characteristic N=71

“Female 14/71 (20%)
bAge (years) 66.0 (55.0, 73.0)
Pweight (kg) 83.0(75.5,91.0)
bPredicted body weight (kg) 706 (64.2,75.1)
bHeight (cm) 175.0 (168.5,180.0)
“Death 45/71 (63%)
BSAPS I 64.0 (60.0, 73.5)
aDiabetes mellitus Il 16/71 (23%)
“Hypertension 34/71 (48%)
2Hyperlipidemia 6/71 (8.5%)
aAsthma 5/71 (7.0%)
aCOPD 6/71 (8.5%)
J0SAS 3/71 (4.2%)
*Obesity 7/71 (9.9%)
2Cardiovascular 12/71 (17%)
aCancer 7/71 (9.9%)
Kidney failure 1/71 (1.4%)
“Transplant 6/71 (8.5%)
2n/N (%)

b Median (IQR)

PaO,:FiO, at prone baseline decreased as much as 100
units back to supine. Patients with lower improvement
of PaO,:FiO, did not drop as much in PaO,:FiO, when
returning to supine (Fig. 1A, B).

The pulmonary physiological response to proning is
shown in Fig. 2. Proning increased PaO,FiO,, start-
ing at 30 min from initiation, by a maximum of 78%
(83-148 mm Hg). The effect remained throughout the
period of study observation, up to 120 min after return to
supine (p<0.001) (Fig. 2A). Oxygenation index decreased
at 30 min after prone positioning by a maximum of
43% (21-12 units) and remained decreased through-
out the observation period (Fig. 2B). V'A/Q’ remained
unchanged (Fig. 2C). Q’s/Q’t decreased during proning
by a maximum of 17% (0.41-0.34). The effect was consist-
ent to the end of the observation and was still improved
120 min after return to supine (p<0.005) (Fig. 2D). Vd/
Vtalv remained unchanged in comparison to baseline
and differed at 120 min after initiation of proning in
comparison to 120 min after returning to supine by 13%
(0.71-0.63) (p<0.01) (Fig. 2E). Ventilatory ratio increased
at 30 min after initiation of proning (» <0.01) and contin-
ued to increase before returning to supine (p<0.001) to
a maximum of 58% of baseline (1.9-3.0) (Fig. 2F). Indi-
vidual responses are shown in Additional file 1: Figure S1.

Changes in Q’s/Q’t, Vd/Vtalv, and V’,/Q" were visual-
ized in scatter plots, showing individual patient values.
The higher the distance from the diagonal, the higher the
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decrease in Q’s/Q’t on proning (white area) or increase
in Q’s/Q’t (beige area), while returning to supine posi-
tion (Fig. 3). The highest level of scatter (variance) was
detected in Q’s/Q’t.

The correlation of time dependent variables with
PaO,:FiO, was then investigated for the intervention
supine to prone position. In prone position, a strong
negative correlation between Q’s/Q’t and PaO2:FiO2
was detected, with an increase in PaO,:FiO, of 137 units
per unit Q’s/Q’t decrease in the linear approximation
(Beta=137, p<0.001). Vd/Vtalv and V’,/Q’ did not cor-
relate to PaO,:FiO, (p=0.3 and p=0.8, respectively).
When returning from prone to supine position, an even
stronger correlation between Q’s/Q’t and PaO,:FiO, was
detected (Beta -270, p<0.001), meaning that for every
increase in Q’s/Q’t, PaO,:FiO, decreased 270 units. Nei-
ther Vd/Vtalv (p=0.6) nor V'A/Q’ (p=0.8) did correlate
to PaO,:FiO,. We identified PaO,:FiO, at baseline as the
only variable predictive of the PaO,FiO, at the differ-
ent time points after proning (Beta 1.3; p<0.001 and the
other tested variables in Table 3).

Discussion

In this study, we show that the oxygenation improve-
ment by prone positioning was primarily associated with
a decrease in pulmonary shunt fraction, in mechanically
ventilated patients with COVID-19 associated ARDS.

COVID-19 ARDS is a heterogeneous disease. The lung
morphology is characterized by coexisting signs of alveo-
lar damage and interstitial injury: ground-glass opacity
with or without consolidation and septal thickening are
common findings on CT images [22]. Progression of pul-
monary injury is characterized by alterations of the pul-
monary vasculature tree, with dynamic increase in the
size of vessels [23, 24]. Both alveolar and vascular pathol-
ogy exist in early, less severe COVID-19 and the late, fatal
cases [14, 25]. It is possible that the heterogenous nature
of the disease causes diverse physiological responses
in the lung, before and after the established method of
prone positioning.

We investigated the physiological effects of proning
as treatment intervention initiated by the caregiver, in a
cohort of mechanically ventilated COVID-19 patients
with moderate to severe ARDS, according to the Berlin
definition of ARDS [15]. Median PaO4FiO, at time of
intervention was 83 mmHg, a lower starting point than
in our previous report [13]. This may reflect that the
decision to prone was taken later, or that the cohort was
more severely ill. Also, the time in prone position was
longer than in our previous report, 19 h, compared to
14.5 h [13].

First, we evaluated the change in PaO,:FiO, as a func-
tion of baseline PaO,:FiO,. Changes were both higher and
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Table 2 Ventilatory, metabolic and circulatory data for the first proning session

Median (IQR) Baseline supine

Prone at 30 min Prone at 120 min Prone before turn Supine at 30 min Supine at 120 min p

Ventilatory parameters

PaO,:FiO, 83 (68-111) 113 (91-160) 114 (94-163)
(mmHg)

FiO, 0.85 (0.75-1) 0.8 (0.6-0.9) 0.7 (0.55-0.85)
PaO, (mmHg) 67 (59-78) 80 (69-97) 79 (67-91)
PaCO, (mmHg) 51 (45-56) 53 (45-64) 51 (45-60)
Tidal volume 500 (430-572) 530 (440-620) 560 (450-660)
(mL)

Tidal volume 7.1 (6.2-8.7) 7.8 (6.4-9.2) 8.2 (6.7-9.7)
(mlL/kg PBW)

Respiratory rate 21 (15-23) 22 (15-24) 20 (15-23)
(bpm)

Minute ventila- 10 (7.8-11.5) 10.8 (8.3-12.3) 11(9.5-12.2)
tion (L/min)

Alveolar ventila- 6.8 (5.8-8) 7.3(5.9-8.9) 7.7 (6.6-9.2)
tion (L/min)

PEEP (cmH,0) 12 (10-14) 12 (10-14) 12 (10-13)
Plateau pressure 24 (22-28) 26 (23-27) 26 (24-27)
(cmH,0)

Cdyn (mL/ 38 (30-48) 36 (31-54) 39 (32-54)
cmH,0)

Oxygenation 21 (15-28) 13 (11-20) 13(9-19)
index (units)

Ventilatory ratio 1.9 (1.6-2.4) 21(01.7-2.8) 2101.7-2.7)
(units)

Neuromuscular 25 18 18

blockers (n)
Metabolic parameters

Arterial pH 737(732-742) 7.35(7.29-740) 736 (7.30-7.40)

Base excess 2.9 (0-6) 3(-09to6) 3(-05t06.8)
Circulatory parameters

Cardiac output 6.1 (4.7-7.5) 6.6 (4.7-7.7) 59 4.7-7.4)

(L/min)

Mean arte- 80 (70-89) 82 (75-88) 81 (74-90)

rial pressure

(mmHg)

Norepinephrine  0.06 (0.02-0.14)  0.07 (0.03-0.14)  0.06 (0.02-0.12)

(pg/kg/min)
Time in prone
position (h)

19 (14.5-21)

148 (114-188) 106 (92-145) 129 (100-150) <0.001
0.6 (045-0.7) 0.65 (0.6-0.8) 0.6 (0.5-0.75) <0.001
76 (68-90) 72 (63-79) 76 (63-84) 0.002
50 (44-57) 51 (46-59) 53 (43-58) 0.14
540 (470-650) 530 (450-600) 530 (470-610) 0.06
8.2(6.9-92) 7.7 (7-84) 7.8 (6.8-9) 0.08
20 (16-24) 20 (17-23) 19 (16-23) 0.14
11.1(9-13) 10.7 (9-12.1) 1187-12) 0.01
7.8 (6.5-9.5) 8(6.3-9.1) 79 (6.5-9) 0.01
12 (10-13) 12 (10-14) 12(10-14) 0.90
25 (23-28) 25 (23-28) 26 (23-29) 0.59
40 (35-47) 41 (33-51) 39(31-51) 0.77
12 (9-16) 17 (12-20) 14 (10-19) 0.001
3.0(2.5-4.1) 22(1.8-25) 22(1.8-25) <0.001
16 15 14 0.14
7.39(7.33-7.45) 7.38(7.35-7.44) 740 (7.34-7.45) 0.08
4.3(1.7-9.5) 53(1.8-9.5) 58(29-10.8) 0.006
6.3 (5.4-7.4) 6.4 (5.3-7.5) 6.3 (4.9-7.8) 0.56
83 (72-95) 82 (74-89) 81 (71-95) 0.50
0.04 (0.01-0.1) 0.06 (0.01-0.11) 0.05(0.01-0.12) 0.19

more pronounced over time for patients with low base-
line PaO,:FiO,. Proning improved PaO,:FiO,, starting at
30 min, and the improvement was consistent through-
out the observation period. The 82% (47-148 mm Hg)
increase (Additional file 1: Table S1) was higher than the
55-60% previously reported [8, 13]. Hence, we detected
a heterogeneity in response and the patients with a more
severe ARDS responded better to prone positioning, in
line with previous investigations [8]. When returning
to supine, patients who had a higher improvement in
oxygenation in prone position lost up to 100 mmHg in

PaO,:FiO,. Most patients with a lower improvement in
PaO,:FiO, did not lose as much oxygenation when turned
back to supine. Thus, the reversibility of the response to
proning was higher in patients with a more severe ARDS.
Proning also caused a decrease in oxygenation index,
which describes the severity of hypoxic respiratory fail-
ure including the mean airway pressure, an important
determinant of oxygenation [21].

Next, we evaluated changes in pulmonary physiology
during and after proning. Primarily, we investigated three
established variables of pulmonary function: Q’s/Q’t,
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V’,/Q and Vd/Vtalv [26]. The rationale for selecting
these parameters was that they could be obtained in
clinical practice and did not require invasive procedures
or transfers, which could jeopardize patient safety, espe-
cially in a cohort with high mortality (63% in this cohort).
We primarily calculated Q’s/Q’t, which decreased by 7
percentage points (41% before proning to 34% before
returning to supine). Interestingly, the effect lasted
throughout the observation period, also when return-
ing to baseline. Q’s/Q’t is quantified as fraction of car-
diac output distributed to nonventilated units. ARDS of
other origins is characterized by severe hypoxemia due to
shunt that might exceed 50% [27]. Q’s/Q’t and PaO,:FiO,
were highly correlated for the intervention supine to
prone position, and for every unit decrease in Q’s/Q’t, the
PaO,:FiO, increased 137 units (»<0.001), which further
confirmed the pathophysiological mechanism behind the
improvement in oxygenation.

V’,/Q’ varied between 1.13 and 1.32, it did not change
significantly in prone position, and it did not correlate
to PaO,:FiO, for the intervention supine to prone posi-
tion or when returning to supine. The Riley three-com-
partment model is convenient [28], but assumes that
the effects of V’,/Q’ mismatch on PaO, and PaCO,
are entirely due to shunt and physiological dead space

ventilation [26] and ignores gas exchange in units with
other V’,/Q’ ratios, which may be assessed with multi-
ple inert gas elimination technique [29]. Also, the calcu-
lated shunt corresponds to the amount of shunt of mixed
venous blood that would result in the observed arterial
oxygenation in the absence of low V’,/Q’ regions. But
venous admixture may be increased even in the absence
of true shunt [26]. In our study cohort, alveolar ventila-
tion and cardiac output remained relatively unchanged.
Thus, the global V’,/Q’ measure was not sensitive enough
to explain the differences in gas exchange.

Vd/Vtalv varied between 0.69 and 0.75 and did not cor-
relate to PaO,:FiO, for the intervention supine to prone
position, thus confirming previous findings suggesting
that prone positioning had little effect on dead space
fraction, although dead space decreased at 120 min after
returning to supine, in comparison to 120 min after ini-
tiation of proning [12]. Despite its well-established role in
lung physiology, dead space is not routinely assessed in
critically ill patients [30]. In COVID-19 ARDS, increased
alveolar dead space may be related to obstruction of small
pulmonary arteries due to microthrombosis [25], and is
associated with high D-dimer levels and a lower likeli-
hood of being discharged alive [31]. Different methodo-
logical approaches have been used for the calculation of
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lung ventilation in terms of CO, elimination, it is strongly
correlated to dead space in ARDS, and it is associated
with increased risk of an adverse outcome [20]. The

the physiological dead space in ICU settings, where reli-
able VCO, measurements are challenging to obtain [32,
33]. The Ventilatory ratio is a useful estimate of impaired
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Ventilatory ratio increased 1.1 units during prone posi-
tioning (from 1.9 at baseline to 3 before return to supine).
Earlier studies reported a lower increase (of 0.03 units)
on proning [8].

Q’s/Q’t, Vd/Vtalv, and V’,/Q’ were then visualized in
scatter plots, showing changes in the individual patients.
The highest level of variance was detected in Q’s/Q't,
confirming that Q’s/Q’t was the physiologic parameters
mostly affected by proning. Possible predictors of the
oxygenation response were then evaluated. PaO,:FiO, at
baseline predicted PaO,:FiO, at 30 min and no further
variables proved to correlate to changes in PaO,FiO,,
confirming that baseline oxygenation may predict patient
response.

The assumed physiological mechanisms of the
improved oxygenation may be explained in part by pre-
viously published experimental studies. Using positron
emission tomography imaging of nitrogen in sheep, prone
position was shown to improve gas exchange by restor-
ing aeration while preserving perfusion in dorsal lung
regions, and by making the distribution of ventilation

more uniform [34]. While we could not assess the spe-
cific contribution of different mechanisms, we detected
a decrease in shunt, and it is possible that proning also
improved the distribution of ventilation, although the
global V’,/Q’ index was not sufficiently sensitive to detect
it. Prone positioning was previously shown to increase
transpulmonary pressures while improving oxygenation
and hemodynamics in patients with moderate to severe
ARDS [35], which may be a mechanism of improvement
also in COVID-19 ARDS.

There are some limitations to be discussed. First, there
was no prespecified sample size for the cohort enrolled
since, at the study time, no knowledge was available
regarding gas exchange response or physiological vari-
able changes to be expected in Covid-19 ARDS patients
during prone positioning. Second, a potential inclusion
bias may exist since the initiation of prone positioning
may ultimately reflect the practice of the treating clini-
cal team. Differences in patient selection among centers
may potentially reflect different resource availability at
the time of the pandemic. The issues of staffing, burden
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Table 3 Pulmonary physiological variables in proning response
(PaO,:Fi0,), using time dependent variables correlation, showing
a high correlation between Q's/Q't and PaO,:FiO, in both proning
and return to supine

Characteristic Beta 95% CI? p-value
From supine to prone (PaO,:FiO,)
Q's/Q't -137 =275 <0.001
Vd/Vtalv 25 -21,72 0.3
V/Q 14 -7.5,10 0.8
From prone to supine (PaO,:FiO,)
Q's/Q't =270 —540 <0.001
Vd/Vtalv =22 —108, 64 0.6
V/Q' -22 —25,21 08
Predictor of PaO,:FiO, at 30 min prone
PaO,:FiO, at baseline 13 083,17 <0.001
Vd/Vtalv at baseline =27 -113,60 0.55
Q's/Q't at baseline 69 28,166 0.17
Male =25 -60, 10 0.17
Cardiovascular/HT -2.8 -29,23 0.83
COPD/asthma/OSAS —42 —-39,31 0.81
Predictor of PaO,:FiO, at 120 min prone
PaO,:FiO, at baseline 0.04 —045,0.52 0.88
Vd/Vtalv at baseline -16 -117,84 0.75
Q’s/Q't at baseline -34 —147,78 0.55
Male —-0.86 —42,40 097
Cardiovascular/HT -89 -39,22 0.57
COPD/asthma/OSAS —6.6 —47,34 0.75
Predictor of PaO,:FO, before turn to supine
Pa0,:FiO, at baseline -0.18 -069,033 049
Vd/Vtalv at baseline -57 -162,47 0.29
Q’s/Q't at baseline =50 -172,71 042
Male 16 —27,58 048
Cardiovascular/HT 19 —15,52 0.28
COPD/asthma/OSAS 11 —-31,53 061

V',/Q’ and Vd/Vtalv did not correlate to PaO,:FiO,. Predictors of PaO,:FiO, at 30,
60 min after proning, and before turn to supine. For every increase in PaO,:FiO,
at baseline, PaO,:FiO, increased 1.3 units at 30 min after proning. Other
characteristics did not correlate to changes in PaO,:FiO,

2 Cl Confidence Interval

of patients, and ICU occupancy may have affected the
timeliness of delivery of proning and the use of the non-
invasive ventilatory support prior to intubation. Third,
this study was not powered to determine survival, so the
reported mortality data are not a predefined outcome
variable of interest in our study. Fourth, the assumptions
and populational data-based gas exchange modelling
are clinically applicable but may require further investi-
gations of validity. However, it should be noted that the
investigation was performed during a severe phase of the
pandemic, and the patients in need of prone positioning
were severely ill. Therefore, further investigations which
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would require a lung physiology laboratory were not
possible, and we believe that the results reflect impor-
tant insights of changes occurring in the lungs as a result
of proning. Fifth, although PaO,:FiO, is a surrogate of
venous admixture and thus correlates with improvements
in pulmonary shunt fraction, differences in FiO, and car-
diac output may substantially influence venous admix-
ture and thus the calculated pulmonary shunt fraction
[36]. At a given venous admixture, the PaO,:FiO, ratio
may differ, depending on oxygen consumption and car-
diac output. Conversely, for the same PaO,:FiO,, venous
admixture may vary with FiO2, while cardiac output did
not differ depending on proning in our cohort (p=0.56).
Selecting PEEP according to PaO,:FiO, ratio may also be
misleading if hemodynamics are not taken into account.
PEEP was not changed throughout the study neither in
relation to PaO,:FiO, nor to prone positioning (p=0.90).
Sixth, tidal volumes were higher (mean 7.1-8.2) than the
recommended <6 mL/kg PBW for lung protective ven-
tilation [37]. While a confounder of the PaO,:FiO, by
increased tidal volumes cannot be excluded, tidal vol-
umes were not affected by proning (p =0.8). Seventh, the
choice of the ventilator mode and use of neuromuscular
relaxants were decisions of the attending clinician. There-
fore, the ventilation strategy differed among patients but
was largely kept unchanged within patients throughout
the study period (Additional file 1: Table S3). For this
reason, no conclusion can be drawn regarding the effect
of mode of ventilation or neuromuscular blockers on the
study results.

Conclusions

Improved oxygenation by prone positioning in COVID-
19 ARDS patients was primarily associated with a
decrease in pulmonary shunt fraction. Dead space
remained high and the global V’,/Q’ measure could not
explain the differences in gas exchange.
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