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Purpose: Increased respiratory drive and respiratory effort are major features of acute hypoxemic respiratory fail-
ure (AHRF) andmight help to predict the need for intubation.We aimed to explore the feasibility of a non-invasive
respiratory drive evaluation and describe how these parameters may help to predict the need for intubation.COVID-19
Materials and methods:We conducted a prospective observational study. All consecutive patients with COVID-19-
related AHRF requiring high-flow nasal cannula (HFNC) were screened for inclusion. Physiologic data (including:
occlusion pressure (P0.1), tidal volume (Vt), inspiratory time (Ti), peak and mean inspiratory flow (Vt/Ti)) were
collected during a short continuous positive airway pressure (CPAP) session. Measurements were repeated
once, 12–24 h later.
Results:Measurements were completed in 31 patients after the screening of 45 patients (70%). P0.1 was high (4.4
[2.7–5.1]), but it was not significantly higher in patients who were intubated. The Vt (p= .006), Vt/Ti (p= .019),
minute ventilation (p = .006), and Ti/Ttot (p = .003) were higher among intubated patients compared to non-
intubated patients. Intubated patients had a significant increase in their diaphragm thickening fraction, Vt, and
Vt/Ti over time.
Conclusions: Non-invasive assessment of respiratory drive was feasible in patients with AHRF and showed an in-
creased P0.1, although it was not predictive of intubation.

© 2022 Elsevier Inc. All rights reserved.
Respiratory drive
P0.1
Continuous positive airway pressure
High flow nasal cannula
1. Introduction

High flow nasal cannula (HFNC) and non-invasive ventilation (NIV)
have been widely used as an alternative to invasive mechanical ventila-
tion (IMV) [1], especially during the COVID-19 (coronavirus disease
2019) pandemic [2]. With acute hypoxemic respiratory failure (AHRF),
the respiratory drive is commonly increased. When high inspiratory
drive results in higher inspiratory effort, the latter can be deleterious
due to large tidal volumes (Vt) and transpulmonary pressure swings,
which can in turn aggravate lung injury [3]. This concept has been one
tenet for advocating early IMV in COVID-19 patients [4]. In AHRF patients
treated with NIV, higher Vt has been associated with NIV failure [5].
ailure; COVID-19, coronavirus
re; FVC, forced vital capacity;
it; IMV, invasive mechanical
index calculated by dividing
, inspiratory time; Ttot, total re-
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Furthermore, a recent study showed that higher inspiratory effort could
predict NIV failure [6], suggesting that monitoring respiratory drive
could assist the decision of intubation. Respiratory drive and effort can
be investigated non-invasively by measuring diaphragm excursion and
thickening fraction using ultrasound [7], Vt and inspiratory flow [8], or
airway occlusion pressure after 100 ms after the initiation of inspiration
(P0.1) [9]. These have been extensively studied in intubated patients as
predictors of weaning outcome [10,11]. In contrast, data are scarce in
non-intubated AHRF patients with COVID-19. As ventilators set in NIV-
mode allow the collection of valid data [12], we reasoned that this could
constitute a way of evaluating these variables in this setting.

The aim of the present study was to explore the feasibility of a non-
invasive respiratory drive evaluation using ventilator-derived data and
diaphragm ultrasound, and describe how these parameters may help
to predict the need for IMV.

2. Materials and methods

A prospective observational study was conducted between Novem-
ber 2020 and February 2021 in our medical intensive care unit (ICU) in
Lyon, France. The studywas approved by our Institutional Reviewboard
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(Comité d'éthique des Hospices Civils de Lyon, registration number:
20–42). Informed consent was obtained from all included patients.
We screened all consecutive patients with COVID-19-related AHRF re-
quiring HFNC for inclusion. In our center, HFNCwas initiated in patients
requiringmore than 6 L/min of conventional oxygen therapy (adminis-
tered via a facemask). A large bore cannula devicewas used (Optiflow®,
Fisher Paykel Healthcare, Auckland, New Zealand) and set to a flow of
50 L/min.

First, while the patients were receiving HFNC, data regarding the in-
spired oxygen fraction (FiO2), peripheral oxygen saturation (SpO2),
respiratory rate (RR), the combined oxygenation index (ROX index)
[13], presence of respiratory distress signs, and respiratory comfort
scale were gathered. For the respiratory comfort scale an analogic
rating was asked from the patient from 0, worst possible breathing
comfort (choking), to 10, normal breathing comfort.

Then, a 20–30-minute continuous positive airway pressure (CPAP)
session was performed via a face mask using an ICU ventilator (Evita,
Table 1
Baseline clinical characteristics, physiologic measurements and outcomes in a cohort of COVID

Variables Coefficient of variation⁎ Total (n =

Demographics
Age (years) 64 [58, 66
Women 13 (42)
BMI (kg/m2) 28 [28, 31
COPD 3 (10)
SAPS II 29 [28, 34
SOFA 2 [2,3]

Data at inclusion (on HFNC)
Time since symptoms onset (days) 11 [10,12]
Time since ICU admission (hours) 13 [10,30]
PaO2/FiO2 ratio (mmHg) 97 [85, 11
PaCO2 (mmHg) 34 [32, 36
FiO2 (%) 80 [65, 80
Respiratory rate (breaths/min) 25 [24, 28
ROX index 5.2 [4.6, 7.
Respiratory comfort scale score 7 [6, 7]
Signs of respiratory distress† 11 (35%)

CPAP data
SpO2/FiO2 variation from HFNC (%) 40 [26, 53
Air leaks (L/min) 5.1 [4.5, 6.
Respiratory rate (breaths/min) 30 [22,33]
Minute ventilation (L/min) 12 [11, 14
Minute ventilation (L/min/kg of PBW) 0.21 [0.19
P0.1 (cmH2O) 19% 4.4 [3.4, 4.
Tidal volume (mL) 11% 418 [403,
Tidal volume (mL/kg PBW) 11% 7.6 [6.8, 8.
Inspiratory duty cycle (Ti/Ttot) 10% 0.37 [0.35
Peak insp. flow (L/min) 9% 61 [58, 68
Peak insp. flow (L/min/kg PBW) 1.0 [0.98, 1
Vt/Ti (L/min) 12% 32 [31, 37
Vt/Ti (L/min/kg PBW) 0.56 [0.53
FVC†† (% predicted value) 27 [24, 32

Ultrasound data (on CPAP)
Lung ultrasound score 23 [21,23]
Diaphragm excursion (mm) 18 [17, 21
Diaphragm thickening fraction (%) 20 [20, 41

Outcomes
Maximum HFNC FiO2 (%) 100 [86, 9
HFNC treatment duration (days) 3 [3, 5]
Rescue NIV use 2 (6)
ICU length of stay (days) 9 [9, 23]
Death during ICU stay 7 (23)

BMI: bodymass index; COPD: chronic obstructive pulmonary disease; CPAP: continuous positiv
care unit; NIV: non-invasive ventilation; PBW: predicted body weight; ROX index: index calcu
score II; SOFA: sequential organ failure assessment; Ti: inspiratory time; Ttot: total respiratory
Continuous variables are expressed as median with 95% confidence interval [lower limit, uppe
⁎ The coefficient of variation was calculated for averaged physiological variables as mean/st
⁎⁎ Intubated and non-intubated groups were compared using the Mann-Whitney test and Ch
† Presence of supraclavicular or intercostal retraction, and/or nasal flaring.
†† FVC was expressed as % of predicted value according to the Global Lung Initiative 2012 re
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Draeger, Germany), set to a pressure of 5 cmH2O. The mask was
adjusted on the patient's face until the leaks were stable and strictly
below 10 L/min. If this couldn't be achieved, the patient was excluded
and the measurements were not performed. FiO2 was set to match
HFNC SpO2 ± 2%.

Ultrasound evaluationwas performed during the CPAP session, with
measurement of lung ultrasound score, diaphragmatic excursion, and
thickening fraction. Diaphragm ultrasound was measured during tidal
ventilation, and values were averaged over a minimum of 5 respiratory
cycles. Measurements were taken on the right side, using a cutaneous
marker for repeated observations. Diaphragmatic thickness was mea-
sured at end-expiration and peak inspiration, as the distance between
the diaphragmatic pleura and the peritoneum using M-mode [7].
Diaphragm thickening fraction was defined as the percentage change
in diaphragm thickness during inspiration.

Values of Vt, inspiratory time (Ti), peak, and mean inspiratory flow
(Vt/Ti) were averaged over a 30 s period at the end of the CPAP session,
-19 patients treated with high-flow nasal cannula.

31) Intubated (n = 13) Non-Intubated (n = 18) p value⁎⁎

] 66 [62, 72] 58 [53, 65] 0.042
1 (8) 12 (67) 0.001

] 31 [28, 33] 28 [27, 31] 0.373
2 (15) 1 (6) 0.361

] 31 [30, 40] 28 [25, 32] 0.075
3 [3, 5] 2 [2, 3] 0.097

10 [9, 11] 11 [10, 12] 0.395
13 [8, 32] 12 [6, 36] 0.859

8] 79 [66, 95] 109 [91, 140] 0.05
] 35 [33, 38] 31 [30, 36] 0.231
] 90 [85, 96] 55 [52, 69] <0.001
] 26 [23,30] 25 [22, 28] 0.798
7] 4.6 [3.6, 5.1] 6.3 [5.1, 10] 0.006

5 [5, 7] 8 [7, 8] 0.004
4 (31%) 7 (39%) 0.641

] 40 [21, 50] 41 [22, 63] 0.921
3] 5.7 [4.2, 7.1] 5.0 [4.1, 6.4] 0.650

29 [27, 33] 30 [22,31] 0.828
] 15 [13, 18] 11 [10, 12] 0.006
, 0.23] 0.22 [0.19, 0.27] 0.20 [0.17, 0.22] 0.293
7] 3.5 [2.8, 5.4] 4.5 [3.3, 4.7] 0.916
532] 552 [464, 612] 383 [324, 507] 0.006
5] 8.2 [7.1, 8.9] 6.2 [6.1, 8.6] 0.196
, 0.40] 0.42 [0.39, 0.45] 0.36 [0.32, 0.37] 0.003
] 61 [59, 79] 58 [54, 63] 0.135
.1] 0.95 [0.89, 1.2] 1.0 [0.98, 1.2] 0.489
] 38 [33, 43] 31 [28, 35] 0.019
, 0.62] 0.55 [0.50, 0.64] 0.57 [0.51, 0.63] 0.662
] 30 [24, 36] 23 [21,33] 0.211

24 [20, 24] 23 [21, 23] 0.711
] 20 [17, 24] 17 [15, 21] 0.349
] 30 [17, 60] 20 [16, 36] 0.639

6] 100 [100,100] 90 [78, 92] 0.003
2 [2, 4] 4 [4, 6] 0.010
1 (8) 1 (6) 0.811
25 [19, 42] 5 [4, 7] <0.001
5 (38) 2 (11) 0.072

e airway pressure; FVC: forced vital capacity; HFNC: highflownasal cannula; ICU: intensive
lated by dividing SpO2/FiO2 ratio by respiratory rate; SAPS II: simplified acute physiology
cycle time; Vt: tidal volume.
r limit]. Discrete variables are expressed as count (percentage-point of group).
andard deviation.
i2 test.

ference equations.



Fig. 1. Relative variations of respiratory variables recorded during spontaneous breathing
in HFNC-treated COVID-19 patients.
Relative variations of respiratory variables are presented for the subset of patients in
which two sets of measures were performed (n = 18, 58%), at a median interval of 23 h
under continuous positive airway pressure by face mask. Relative variation is expressed
as median percentage of baseline (day 0) value, in intubated (n = 6) (pink bars and red
dots) and non-intubated patients (n = 12) (grey bars and white dots). Error bars repre-
sent interquartile range. A Mann-Whitney test was used to compare variations between
groups.
HFNC: high flow nasal cannula; P0.1: airway occlusion pressure after 0.1 s; ROX index:
index calculated by dividing SpO2/FiO2 ratio by respiratory rate.
* p < .05; ** p < .01 between intubated and non-intubated patients.
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after a stable and SpO2 and respiratory rate were obtained. P0.1 was
then averaged over 5 measurements. Finally, forced vital capacity
(FVC) was assessed from the volume given by the ventilator obtained
after a maximum inspiration followed by a forced expiration [14].
CPAP was then discontinued.

Measurements were repeated once, 12–24 h later, when possible.
The attending clinician was blinded to the results. The patients were
followed-up until ICU discharge or death. Criteria used for intubation
were: SpO2 < 90% with HFNC FiO2 100%, and/or agitation, and/or
altered consciousness.

The primary end-pointwas the study feasibility, assessed by the rate
of failure of the measurements at the first time-point. The secondary
end-point was the comparison of physiological variables between
intubated and non-intubated patients.

Continuous and categorical variables were expressed as median [in-
terquartile range], and count (percentage), respectively, and compared
using non-parametrical tests. Correlations were assessed using the
Spearman's coefficient test. The p-value for statistically significant
threshold was set as <0.05. The statistical analysis was performed
using Prism (GraphPad, USA).

3. Results

During the study period, 45 patients were screened, and 31 were in-
cluded. Reasons for non-inclusion were: immediate intubation (n=5),
excessive leaks (n= 3), CPAP intolerance (n= 3), patient refusal (n=
2), inadequate ventilator for themeasurements (n=1). Thus, feasibility
of the complete assessment amounted to 70% of the eligible patients.

The time from ICU admission to inclusion was 13 [5–25] hours. The
median P0.1 was 4.4 [2.7–5.1] cmH2O (Table 1), and was significantly
correlated with the RR (p = .001, r = 0.552). There was no significant
correlation between P0.1 and air leaks (p = .310, r = −0.190).

A total of 13 (42%) patients required intubation. The proportion of
males (p = .001), the FiO2 (p < .001), Vt (p = .006), Vt/Ti (p = .019),
minute ventilation (MV) (p = .006), and Ti/Ttot (p = .003) were
higher among intubated patients compared to non-intubated patients,
whereas the ROX index (p = .006) and the respiratory comfort score
(p = .004) were lower. However, when corrected for predicted body
weight (PBW), the above-mentioned differences in Vt, Vt/Ti and MV
where no longer significant. P0.1, diaphragm and lung ultrasound data
were not significantly different between groups (Table 1).

A second evaluation was performed in 18 patients after a median
time of 23 [17–25] hours. The second evaluationwas not performed be-
cause of: intubation (n=7, 54%), refusal (n=3, 23%), CPAP intolerance
(n = 2, 15%), pneumomediastinum (n = 1, 8%). Among the re-
evaluated patients, 6 (33%) were eventually intubated. Intubated pa-
tients had a significant increase in the diaphragm thickening fraction,
Vt, and Vt/Ti between the two assessments, whereas the ROX index,
P0.1, and respiratory comfort score were unchanged (Fig. 1).

4. Discussion

Our results demonstrated that non-invasive assessment of respira-
tory drive was feasible in most COVID-19 patients with AHRF. To our
knowledge, the present study is the first to describe P0.1 and breathing
pattern in spontaneously breathing, non-intubated AHRF patients. P0.1
values have been measured on CPAP in chronic obstructive pulmonary
disease patients with post-extubation respiratory distress [15], and
were quite similar as the present ones. P0.1 was high in the present
study, confirming that a high central respiratory drive is present. Never-
theless, it was not accurate at predicting the risk of intubation, in oppo-
sition with its performance to predict extubation failure [10].

Intubated patients had higher Vt, Vt/Ti, and minute ventilation
values compared to non-intubated patients, but it was no longer signif-
icant when corrected for PBW. This might be explained by the higher
proportion of men in intubated patients, as male gender was identified
3

as a major risk factor for intubation during COVID-19 [16]. This exces-
sive effort did even increase over time for intubated patients. This
could be the result of the progression of COVID-19 lesions, but also of
self-inflicted lung injury [5].

Finally, high peak and mean inspiratory flows were measured, ex-
ceeding the most commonly used flow rate of 50 L/min [1]. This chal-
lenges the common assumption that HFNC covers the inspiratory flow
during AHRF, and suggests that FiO2 is overestimated by the HFNC set-
ting in AHRF patients with high inspiratory flow. This could be one of
the reasons for the dramatic SpO2/FiO2 improvement when switching
from HFNC to CPAP. Of course, the improvement in oxygenation with
CPAP may also be the result of PEEP itself. However, the increase in
PEEP between HFNC and CPAP was probably modest, because HFNC is
supposed to deliver 2–3 cmH2O of PEEP and we used only 5 cmH2O
on our CPAP setting.

The present study has some limitations. First, even though it is ap-
propriate for a feasibility study, it is limited by its small sample size
and single-center design. With a higher number of patients, it might
have been possible to exploremore accurately the relationship between
respiratory drive and outcome. As it is indeed, we cannot conclude re-
garding the potential predictive value of these data, and the clinical
value of these physiologic parameters remain unclear. Second, the va-
lidity of P0.1 measurement using a non-invasive interface is question-
able in the presence of leaks. We tried to overcome this limitation by
minimizing leaks and excluding patients with excessive leaks. Although
the residual leaks (5 [4-7] l/min) could underestimate P0.1, we mea-
sured high P0.1 values, indicating that it was related to an increased re-
spiratory drive. Furthermore, there was no statistically significant
correlation between P0.1 and air leaks. Third,we cannot rule out that re-
spiratory drive during HFNC and during the CPAP session might be dif-
ferent. For this reason, we excluded patients with poor mask tolerance,
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and we took the measurements with a SpO2 close to pre-CPAP SpO2
(PaO2 being a major determinant of respiratory drive). Lastly, respira-
tory variables are subject to great variations over time in spontaneously
breathing subjects.More frequentmeasurementswould have been nec-
essary to overcome this variability, although it did not seem feasible due
to the large amount of collected data.

5. Conclusions

Non-invasive assessment of respiratory drive was feasible in most
COVID-19 patients with AHRF, and it confirmed that an increased respi-
ratory drive was present. However, our data does not allow to conclude
that a higher respiratory drive is associated with an increased risk of in-
vasive mechanical ventilation. Therefore, the clinical value of these data
remains unclear. Further studies are warranted to analyze the relation-
ship between respiratory drive and outcome in AHRF patients, with or
without COVID-19.
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