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careful considerationmust be given to protection of the elbow,

upper arm, and shoulder given the distribution of injuries re-

ported here (Fig 1b). Reduction in the mechanical loads on

peripheral nerves, specifically avoiding positions of prolonged

focal compression, stretching of nerves, or both should be an

immediate focus. There are undoubtedly lessons to be learned

from perioperative medicine10 to optimise positioning, fre-

quency of repositioning, unloading, and cushioning of sus-

ceptible nerve compression sites. Ultrasound elastography

may prove to be a useful quantitative measurement tool for

assessment of nerve tension and stiffness.11 Limitations of

this study include missing clinical data for some patients, lack

of a control group, and the retrospective design, which pre-

cludes establishment of a causal relationship between prone

positioning and peripheral nerve injury. Additionally, many of

these patients spent significant time in the supine position on

neuromuscular blocking agents which could also increase

susceptibility to tissue injury.

In conclusion, peripheral nerve injury after prone positioning

for management of severe COVID-19-related ARDS patients is

surprisingly common. Physiciansmust be aware of an increased

susceptibility to peripheral nerve injury in severe COVID-19 and

refine standard protocols in order to reduce the risk.
Authors’ contributions

Conception and design: GRM, ARW, RS, LR, LFW, SD, JHK, JMW,

PJ, CKF

Acquisition of data: GRM, ARW, RS, LR, SD, RPN, SDD, CKF

Analysis and interpretation of data: GRM, ARW, JMW, CKF

Manuscript proof reading and editing: all authors
Declarations of interest

The authors declare that they have no conflicts of interest.
Funding

None.

Appendix A. Supplementary data

Supplementary data to this article can be found online at

https://doi.org/10.1016/j.bja.2020.08.045.
References

1. Alhazzani W, Møller MH, Arabi YM, et al. Surviving sepsis

campaign: guidelines on the management of critically ill

adults with coronavirus disease 2019 (COVID-19). Intensive

Care Med 2020; 46: 854e87. https://doi.org/10.1007/s00134-

020-06022-5

2. McNicholas B, Cosgrave D, Giacomini C, Brennan A,

Laffey JG. Prone positioning in COVID-19 acute respira-

tory failure: just do it? Br J Anaesth Adv 2020. https://

doi.org/10.1016/j.bja.2020.06.003. Accessed published on

June 08

3. Iannaccone S, Castellazzi P, Tettamanti A, et al. Role of

rehabilitation department for adult individuals with

COVID-19: the experience of the San Raffaele Hospital of

Milan. Arch Phys Med Rehabil 2020; 101: 1656e61

4. Parks BJ. Postoperative peripheral neuropathies. Surgery

1973; 74: 348e57

5. Gu�erin C, Reignier J, Richard JC, et al. Prone positioning in

severe acute respiratory distress syndrome. N Engl J Med

2013; 368: 2159e68

6. Goyal P, Choi JJ, Pinheiro LC, et al. Clinical characteristics

of covid-19 in New York city. N Engl J Med 2020; 382:

2372e4

7. Cohen SL, Mason KP, Saxen MA. Literature review for

office-based anesthesia. Anesth Prog 2018; 65: 66e8

8. Koralnik IJ, Tyler KL. COVID-19: a global threat to the

nervous system. Ann Neurol 2020; 88: 1e11

9. Sasaki H, Kawamura N, Dyck PJ, Dyck PJB, Kihara M,

Low PA. Spectrum of diabetic neuropathies. Diabetol Int

2020; 11: 87e96

10. Practice advisory for the prevention of perioperative pe-

ripheral neuropathies 2018: an updated report by the

American Society of Anesthesiologists Task Force on

prevention of perioperative peripheral neuropathies.

Anesthesiology 2018; 128: 11e26

11. Rugel CL, Franz CK, Lee SSM. Influence of limb position on

assessment of nerve mechanical properties by using

shear wave ultrasound elastography. Muscle Nerve 2020;

61: 616e22
doi: 10.1016/j.bja.2020.08.045

Advance Access Publication Date: 4 September 2020

© 2020 British Journal of Anaesthesia. Published by Elsevier Ltd. All rights reserved.
Outcomes in mechanically ventilated patients with hypoxaemic
respiratory failure caused by COVID-19

Luigi Camporota1,2,*, Barnaby Sanderson1, Alison Dixon1, Francesco Vasques1,
Andrew Jones1 and Manu Shankar-Hari1,3

1Guy’s and St Thomas’ NHS Foundation Trust, St Thomas’ Hospital, London, UK, 2Centre of Human Applied Physiological

Sciences, King’s College London, London, UK and 3School of Immunology & Microbial Sciences, King’s College London,

London, UK

https://doi.org/10.1016/j.bja.2020.08.045
https://doi.org/10.1007/s00134-020-06022-5
https://doi.org/10.1007/s00134-020-06022-5
https://doi.org/10.1016/j.bja.2020.06.003
https://doi.org/10.1016/j.bja.2020.06.003
http://refhub.elsevier.com/S0007-0912(20)30729-7/sref3
http://refhub.elsevier.com/S0007-0912(20)30729-7/sref3
http://refhub.elsevier.com/S0007-0912(20)30729-7/sref3
http://refhub.elsevier.com/S0007-0912(20)30729-7/sref3
http://refhub.elsevier.com/S0007-0912(20)30729-7/sref3
http://refhub.elsevier.com/S0007-0912(20)30729-7/sref4
http://refhub.elsevier.com/S0007-0912(20)30729-7/sref4
http://refhub.elsevier.com/S0007-0912(20)30729-7/sref4
http://refhub.elsevier.com/S0007-0912(20)30729-7/sref5
http://refhub.elsevier.com/S0007-0912(20)30729-7/sref5
http://refhub.elsevier.com/S0007-0912(20)30729-7/sref5
http://refhub.elsevier.com/S0007-0912(20)30729-7/sref5
http://refhub.elsevier.com/S0007-0912(20)30729-7/sref5
http://refhub.elsevier.com/S0007-0912(20)30729-7/sref6
http://refhub.elsevier.com/S0007-0912(20)30729-7/sref6
http://refhub.elsevier.com/S0007-0912(20)30729-7/sref6
http://refhub.elsevier.com/S0007-0912(20)30729-7/sref6
http://refhub.elsevier.com/S0007-0912(20)30729-7/sref7
http://refhub.elsevier.com/S0007-0912(20)30729-7/sref7
http://refhub.elsevier.com/S0007-0912(20)30729-7/sref7
http://refhub.elsevier.com/S0007-0912(20)30729-7/sref8
http://refhub.elsevier.com/S0007-0912(20)30729-7/sref8
http://refhub.elsevier.com/S0007-0912(20)30729-7/sref8
http://refhub.elsevier.com/S0007-0912(20)30729-7/sref9
http://refhub.elsevier.com/S0007-0912(20)30729-7/sref9
http://refhub.elsevier.com/S0007-0912(20)30729-7/sref9
http://refhub.elsevier.com/S0007-0912(20)30729-7/sref9
http://refhub.elsevier.com/S0007-0912(20)30729-7/sref10
http://refhub.elsevier.com/S0007-0912(20)30729-7/sref10
http://refhub.elsevier.com/S0007-0912(20)30729-7/sref10
http://refhub.elsevier.com/S0007-0912(20)30729-7/sref10
http://refhub.elsevier.com/S0007-0912(20)30729-7/sref10
http://refhub.elsevier.com/S0007-0912(20)30729-7/sref10
http://refhub.elsevier.com/S0007-0912(20)30729-7/sref11
http://refhub.elsevier.com/S0007-0912(20)30729-7/sref11
http://refhub.elsevier.com/S0007-0912(20)30729-7/sref11
http://refhub.elsevier.com/S0007-0912(20)30729-7/sref11
http://refhub.elsevier.com/S0007-0912(20)30729-7/sref11
https://doi.org/10.1016/j.bja.2020.08.045


Correspondence - e481
*Corresponding author. E-mail: luigi.camporota@gstt.nhs.uk

Keywords: ARDS; COVID-10; critical care; mechanical ventilation; outcomes; respiratory failure; SARS-CoV-2
EditordAcute hypoxaemic respiratory failure (AHRF) is a key

manifestation of acute coronavirus disease 2019 (COVID-19),

caused by severe acute respiratory distress syndrome due to

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-

2) infection. COVID-19-related AHRF ranges from a mild self-

limiting condition to severe progressive hypoxaemia

requiring mechanical ventilation, with or without

radiological evidence of bilateral consolidation and diffuse

ground-glass lesions,1 fulfilling the Berlin acute respiratory

distress syndrome (ARDS)2 criteria. The severity of

hypoxaemia in COVID-19 is often disproportionate to the

reduction in lung volumes,3 which may be a consequence of

the effects of SARS-CoV-2 on pulmonary vascular tone,

inflammation, and thrombosis.4e6

The aim of this study was to compare respiratory param-

eters and outcomes for COVID-19 patients with ARDS from

other causes of similar severity of hypoxaemia using aggregate

data from the LUNG-SAFE (Large Observational Study to Un-

derstand the Global Impact of Severe Acute Respiratory Fail-

ure) study.7 We present the clinical characteristics, lung

mechanics, gas exchange, and outcomes of a cohort of criti-

cally ill COVID-19 patients with AHRF receiving invasive me-

chanical ventilation with partial pressure of oxygen/inspired

oxygen concentration ratio (PaO2/FiO2 ratio) <300mmHg during

their first critical care admission in a format similar to that of

the LUNG-SAFE study.7 We grouped (COVID-19 vs LUNG-SAFE)

patients based on the severity of oxygenation alone based on

the Berlin definition of ARDS.2 Chest radiogram characteristics

were not considered in the inclusion criteria.

The study was a single-centre, retrospective, observational

cohort study of adult patients admitted with confirmed

COVID-19 AHRF to the Critical Care Department at Guy’s and

St Thomas’ Hospital (GSTT) in London, UK, between March 3

and May 22, 2020. The study had institutional approval and

with waiver of individual informed consent (reference number

10796).

Baseline patient data, clinical characteristics, lung me-

chanics, gas exchange, and outcomes were obtained from

clinical information systems (CareVue Rev.F.01, Philips, Eind-

hoven, The Netherlands; and other electronic patient records)

using Microsoft SQL Server Management Studio v18.4 (Micro-

soft, Redmond, WA, USA). Actual or temperature-corrected

partial pressure of carbon dioxide (PaCO2), PaO2, and pH were

merged with contemporaneous ventilation parameters and

measurements. We used the worst PaO2/FiO2 ratio on critical

care admission day to categorise hypoxaemia into mild (PaO2/

FiO2 ratio 200e300 mm Hg), moderate (PaO2/FiO2 ratio 100e200

mm Hg) and severe (PaO2/FiO2 ratio �100 mm Hg) as per the

Berlin ARDS definition.2 There were no missing data. All ana-

lyses were conducted in R version 3.6.1 (http://www.R-project.

org).

Amongst the 317 critical care admissions over the study

period attributable to COVID-19, 213 patients met our
inclusion criteria of AHRF receiving invasive mandatory me-

chanical ventilation with PaO2/FiO2 ratio <300 mm Hg, during

their first critical care admission. We excluded patients

receiving noninvasive respiratory support (n¼48) or extracor-

poreal membrane oxygenation (ECMO; n¼51), or readmissions

(n¼9). The mean (95% confidence interval [CI]) age of the

cohort was 56 (54e57) yr, 72.8% (n¼155) were male, 40.4%

(n¼86) had hypertension, and 33.8% (n¼72) had diabetes mel-

litus as comorbidities.

There were 23 (10.8%) patients with mild, 122 (57.3%) with

moderate, and 68 (31.9%) with severe ARDS, based on PaO2/FiO2
ratio categories. Mean tidal volumes were ~7 ml kg�1 of pre-

dicted body weight (PBW) for all three severity categories, with

similar total minute ventilation. Mean PEEP was 10 (95% CI,

9.6e10.4) cm H2O, which increased from 8 (95% CI, 7.4e9.1) cm

H2O in mild disease to 11 (95% CI, 10.5e11.9) cm H2O in severe

disease. Values of peak inspiratory pressure and driving

pressure increased with disease severity, with peak inspira-

tory pressures of 21 (95% CI, 19.4e22.6) cmH2O inmild, 24 (95%

CI, 23.6e25.1) cm H2O in moderate, and 28 (95% CI, 26.4e28.7)

cm H2O in severe disease. Delta pressure was 13 (95% CI,

11.3e14.4) cm H2O in mild, 14.7 (95% CI, 14.2e15.3) cm H2O in

moderate, and 15.4 (95% CI, 14.6e16.3) cm H2O in severe

disease.

The majority of patients in all categories of severity had a

peak airway pressure <30 cm H2O and received tidal volumes

<8ml kg�1 PBW (Fig. 1a). Compliance of the respiratory system

decreased from 41.2 (95% CI, 34.7e47.8) ml cm H2O
�1 in the

mild group to 31.9 (95% CI, 28.4e35.4) ml cm H2O
�1 in the se-

vere group, and 24% of patients in the moderate or severe

AHRF groups had compliance >40 ml cm H2O
�1 (Fig. 1b).

Overall, the mean (95% CI) duration of mechanical ventilation

was 15 (13.5e16.5) days, with longer duration of mechanical

ventilation associated with more severe disease (Fig. 1c). The

critical care length of stay was longer in the moderate and

severe categories compared with the mild category, but

similar in the moderate and severe categories owing to higher

and earlier mortality in the severe category. ICUmortality was

9% in mild disease, 27.5% in moderate disease, and 55.7% in

severe disease, with significant differences among the three

severity categories (P<0.01 log-rank; Fig. 1d).

Overall ICU mortality of 34.2% in our cohort was similar to

the overall mortality reported in the LUNG-SAFE (35.3%)7

cohort and in the COVID-19 cohort receiving mechanical

ventilation (35%).8 Similar to the LUNG-SAFE cohort and the

Berlin ARDS predictive validity analyses, there was a

doseeresponse relationship betweenmortality and severity of

hypoxaemia, albeit with lower mortality in the mild category.

These results illustrate that although the characteristics of

the COVID-19 AHRF population largely overlap with the LUNG-

SAFE cohort, the COVID-19 cohort had a greater predominance

of moderate (57% vs 47%) and severe (31% vs 23%), and a lower

proportion of patients with mild hypoxaemia (10.8% vs 30%)
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Fig 1. Distribution of ventilation parameters on day 1 by acute respiratory distress syndrome (ARDS) severity and outcome. (a) Distribution

of tidal volume vs peak airway pressure. (b) Distribution of tidal volume and driving pressure. The black diagonal line represents a

compliance cut-off of 40 ml cm H2O
�1. The upper-left triangle represents the distribution of patients with compliance <40 ml cm H2O

�1.

The lower-right triangle represents the distribution of patients with compliance >40 ml cm H2O
�1. (c) Mortality (right Y-axis) and duration

of mechanical ventilation (MV) or ICU length of stay (LOS) by disease severity. Data are shown as mean (95% confidence interval [CI]). (d)

Probability of ICU survival by disease severity.
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compared with the LUNG-SAFE cohort.7 Despite the greater

severity of hypoxaemia compared with LUNG-SAFE, a greater

proportion of patients with COVID-19 were ventilated within

protective boundaries.

In conclusion, despite initial data showing highmortality in

mechanically ventilated COVID-19 patients, our data show
that with comparable degrees of hypoxaemia and lung me-

chanics to ARDS from other causes, the mortality is similar to

ARDS as survival is high in mild disease. More detailed char-

acterisations of patient phenotypes may help us understand

the factors associated with severity of hypoxaemia and lung

parenchymal involvement.
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EditordGuidance on using noninvasive ventilation produced by

NHS England,1 and the Association for Respiratory Technology

and Physiology (ARTP) COVID Group2 suggests that oxygen can

be entrained into the breathing system at the patient end,

directly into the heat and moisture exchange (HME) filter or

through an oxygen entrainer. This is contrary to manufacturer

guidance (for the Breas Vivo 2, the system in use at the

Nightingale Hospital), which recommends entraining the

oxygen into the dedicated port at the back of the machine.

The aim of this study was to determine whether entraining

oxygen at the patient end or machine end of the breathing

system caused a difference in delivered fractional oxygen

(FiO2) or pressure to the patient. This was done using contin-

uous positive airway pressure (CPAP) and bi-level positive

airway pressure (BiPAP) modes to also assess if this was

dependent on ventilation mode.

The following experiments took place in the Nightingale

Hospital (London, UK) in an unused ward adjacent to the patient

ward. The named experimenters were assisting clinical staff in a

technical support role. Experiments were conducted largely at
night when the ward activity was at its quietest. Consequently,

the experimenters wore full personal protective equipment

(PPE). They had limited access to measurement instrumentation

that they may have used in a more standard setting.

TheVivo 2 (Breas, Sweden) Noninvasive Ventilatorwas set up

as if it were being used on a patient, including a heat and

moisture exchange (HME) filter. In addition, a second filter (high-

efficiency particulate air [HEPA] filter) was placed in series with

the usual filter. The extra filter was added so that FiO2 could be

measured via a sampling line using a Penlon 465 anaesthetic

machine (Penlon Ltd, Oxfordshire, UK). A test lung (Drager Ltd,

Lubeck, Germany) was attached in place of a patient.

Initially, oxygen was entrained through the dedicated port

on the Vivo 2. Using the CPAP mode, pressure was set

sequentially to 5, 10, and 15 cm H2O. For each CPAP pressure

setting, oxygen flow rate was incrementally increased from

0 to 15 L min�1 (via a flow regulator attached to the piped ox-

ygen supply), and FiO2 was recorded. The whole process was

then repeated with oxygen entrained directly into the HME

filter. The experiment was then repeated with one
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