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ARTICLE INFO ABSTRACT

Keywords: Air leak syndrome, including pneumomediastinum (PM), pneumopericardium, pneumothorax, or subcutaneous
Pneumomediastinum emphysema, is primarily caused by chest trauma, cardiothoracic surgery, esophageal perforation, and me-
COVID-19

chanical ventilation. Secondary pneumomediastinum (SP) is a rare complication, with a much lower incidence
reported in patients with coronavirus disease 2019 (COVID-19). Our patient was a 44-year-old nonsmoker male
with a previous history of obesity (Body Mass Index [BMI] 35 kg/m?), hyperthyroidism, hypokinetic cardiopathy
and atrial fibrillation in treatment with flecainide, who presented to the emergency department with 6 days of
fever, cough, dyspnea, and respiratory distress. The COVID-19 diagnosis was confirmed based on a polymerase
chain reaction (PCR) test for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). After initiation of
mechanical ventilation, a chest computed tomography (CT) on the first day revealed bilateral multifocal ground-
glass opacities, consolidation and an extensive SP and pneumoperitoneum. Our therapeutic strategy was initi-
ation of veno-venous extracorporeal membrane oxygenation (VV-ECMO) as a bridge to recovery after positioning
2 drains (mediastinal and pleural), for both oxygenation and carbon dioxide clearance, to allow protective and
ultra-protective ventilation to limit ventilator-induced lung injury (VILI) and the intensity of mechanical power
for lung recovery. After another chest CT scan which showed a clear reduction of the PM, 2 pronation and
neuromuscular relaxation cycles were also required, with improvement of gas exchange and respiratory me-
chanics. On the 15th day, lung function recovered and the patient was then weaned from VV-ECMO, and ulti-
mately made a good recovery and was discharged. In conclusion, SP may be a reflection of extensive alveolar
damage and should be considered as a potential predictive factor for adverse outcome in critically ill SARS-CoV2
patients.

Extracorporeal membrane oxygenation
ECMO Macklin effect

Air leak

Mechanical power

Introduction distributed ground-glass opacities. Pneumothorax and pneumo-

mediastinum (PM) are rare findings [3].

In December 2019, a novel respiratory virus that originated from
Wuhan (China), later named as severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), was found to be the cause of illness called
coronavirus disease 2019 (COVID-19). It was recognised as a global
public health emergency and SARS-CoV-2 was declared a pandemic on
March 11th, 2020 [1].

Hypoxaemic respiratory failure leading to acute respiratory distress
syndrome (ARDS) is the most frequent complication of COVID-19 [2].
The characteristic computed tomography (CT) scan findings of
COVID-19 pneumonia are mainly bilateral, lower lobe, and peripheral
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Invasive positive pressure ventilation (IPPV) and non invasive PPV
are life-saving rescue treatments for COVID-19 ARDS. On the other
hand, 1-2% of patients develop barotrauma while receiving PPV [4],
due to increased intra-alveolar pressure, high tidal volume or intrinsic
positive end-expiratory pressure (PEEPi), leading to dynamic hyperin-
flation [5].

Alveolar air leak, characterized by air passage into the mediastinum
or pleural space via bronchovascular sheaths following ruptured alveoli,
has been described in COVID-19 patients mostly after invasive ventila-
tion [6].
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We present a case of a patient with COVID-19 pneumonia, who
developed secondary pneumomediastinum (SP) and subcutaneous chest
wall emphysema, successfully managed with veno-venous extracorpo-
real membrane oxygenation (VV-ECMO). In particular, we emphasize
the importance of reducing mechanical power (MP) with initiation of
veno-venous extracorporeal membrane oxygenation (VV-ECMO) as a
bridge to recovery, for both oxygenation and carbon dioxide clearance,
to allow protective and ultra-protective ventilation to limit ventilator-
induced lung injury (VILI), as demonstrated by an International Multi-
center Prospective Cohort Trial of Schmidt et al. [7].

Case presentation

A 44-year-old nonsmoker male with a previous history of obesity
(body mass index [BMI] of 35 kg/m?), hyperthyroidism, hypokinetic
cardiopathy and atrial fibrillation which was treated with 2 electrical
cardioversion, in treatment with flecainide. He presented to the emer-
gency department with 6 days of fever, cough, dyspnea, and respiratory
distress, and subsequently was transferred to the Intensive Care Unit
(ICU) after 1 day on medical respiratory unit.

Laboratory parameters at admission to our unit were the following:
leukocytes 9/nl, C-reactive protein (CRP) 29.6 mg/dl, procalcitonin
(PCT) 0.97 ng/mlL, lactic dehydrogenase LDH 565 U/, and D-dimers
769 mg/1.

At the presentation, he was ill-appearing and suffering from respi-
ratory distress with oxygen saturation of 80% on a non-rebreather mask
at 12 L/min. His respiratory rate was 42 breaths/min, pulse rate was 110
beats/min, temperature 36.1 °C, and blood pressure 150/70 mmHg.
After a trial of non-invasive ventilation for 3 h, the patient’s respiratory
distress worsened requiring intubation with mechanical ventilation
(MV) settled in Pressure Regulated Volume Control (PRVC).

On examination, course bilateral respiratory sounds alongside chest
wall crepitation and subcutaneous emphysema were detected. The
initial chest X-ray revealed bilateral air space consolidation opacities
and PM. After 24 h management with amoxicillin/clavulanic acid was

CT afterchest drains clamping
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empirically started and intravenous methylprednisolone (40 mg every
12 h).

The patient underwent cervical, chest and abdominal angio-TC scan,
that demonstrated bilateral multifocal ground-glass opacities and
consolidation, extensive SP, free air in the abdomen and right-sided
subcutaneous emphysema extending from mid-chest up to cervical re-
gion (Fig. 1).

After multidisciplinary evaluation with general and cardiac sur-
geons, on the 3th day it was decided to place 2 chest drains in the
operative room (mediastinal and pleural) with aspiration treatment.

Due to refractory hypoxemia, he was deemed a candidate for VV-
ECMO as a bridge to recovery.

VV-ECMO cannulation was done on day 4 percutaneously under
echocardiography guidance by a cardiovascular surgeon wearing full
personal protective equipment. Blood drainage was achieved with a
large cannula (25 Fr multi-stage Maquet inflow) inserted into the com-
mon femoral vein, and returned through the right internal jugular vein
(22 Fr Euroset outflow cannula).

Pump speed was adjusted to obtain optimal blood-oxygen saturation.
Cannula positioning was verified by cardiac ultrasonography and chest
X-ray. Platelets, D-dimer, fibrinogen, prothrombin time (PT), activated
partial thromboplastin time (aPTT), international normalized ratio
(INR) and antithrombin were monitored daily. We titrated anti-
coagulation of VV-ECMO with unfractionated heparin on aPTT time and
thromboelastography R-time.

The hemoglobin threshold for red blood cell transfusion was < 8 g/
dL (or < 9 g/dL when hypoxaemia persisted); platelet transfusions were
discouraged except for severe thrombocytopenia (<50 x10° cells per L)
or thrombocytopenia of more than 100 x 10° cells per L with bleeding.

We also perform a bronchoscopy to exclude a possible undiagnosed
tracheal damage. To enhance protection against ventilator-induced lung
injury (VILI), protective and ultraprotective MV on VV-ECMO was used,
by targeting lower MP delivered to the lungs and lower tidal volume,
respiratory rate, and airway and driving pressures.

After another chest CT scan (Fig. 1) which showed a clear reduction

CT day after drains placement

Follow-up CT 3 months after discharge

Fig. 1. A. Chest CT with demonstration of PM. B. CT on the day after drains placement. C. CT after chest drains clamping. D. Follow-up CT 3 months after discharge.
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of the PM, 2 pronation and neuromuscular relaxation cycles were also
required, with improvement of gas exchange and respiratory mechanics.
Drains were clamped on the 11th and removed on the 13th day.

VV-ECMO weaning was started on the 11th day after ECMO initia-
tion because chest X-ray findings and the patient’s respiratory parame-
ters progressively improved. The extracorporeal blood flow (BF) was
reduced to 1.4 L/min, and the sweep gas flow (SGF) was reduced to 0 L/
min (Fraction of inspired oxygen [FiO2] 0.21), while the ventilator was
set at PRVC mode with FiO2 0.5, positive end-expiratory pressure
(PEEP) 12 cmH>0 and Respiratory Rate (RR) 12/min. We confirmed if
the patient could maintain oxygenation and ventilation for 5 h. Dec-
annulation was performed on the 12th day after VV-ECMO initiation.

Thereafter, the patient was successfully extubated on the 20th and
transferred to the medical respiratory unit on 22th day for respiratory
improvement.

Three months after discharge the CT’s follow-up showed an absent
consolidation and no PM/subcutaneous emphysema (Fig. 1).

Discussion

PM, a disease defined by the presence of air in the mediastinum, was
first reported in 1819 by Laennec and since 1939 when Hammaan
described different causes of spontaneous pneumomediastinum [8]
several classifications were created.

Kouritas et al., in 2015, classified PM in primary (spontaneous) and
secondary (iatrogenic, traumatic, non-traumatic) [9]. Primary PM is
common in young adults without a previous history of invasive pro-
cedures or trauma, but is a rare diagnosis; men represent 76% of the
cases [9,10]. SP counts barotrauma as one of the causes, in particular for
patients with severe acute respiratory syndrome and in those needing
MV [8].

In 1944 Macklin described a pathophysiological mechanism, known
as Macklin Effect: the rupture of the alveolar tree with increased intra
alveolar pressure (cough, vomiting, vigorous activity, shouting or
inhalation of an illicit drugs) leading to rupture of the alveoli and
releasing of air that dissects the peribronchovascular sheath into the
mediastinum [11], and finally pulmonary interstitial emphysema.

It has been estimated that only about 1% to 2% of COVID-19 patients
develop pneumothorax [4]. Although pneumothorax is a known
complication of COVID-19 patients necessitating MV, only a few cases of
spontaneous pneumothorax and PM have been described during the
coronavirus pandemic, as uncommon, life-threatening presentations of
the disease [12].

CT is the gold standard for the diagnostic algorithm of these condi-
tions, as it shows high sensitivity and a high negative predictive value
[13].

In literature there is another case of pneumothorax and PM managed
successfully with VV-ECMO implantation [14].

Our patient with COVID-19 ARDS complicated by SP, likely had
increased intrathoracic pressure generated from MV compounded with
fragile alveolar walls due to diffuse alveolar cell damage from SARS-
CoV-2 preference to infect alveolar type II cells [15,16].

Furthermore, it has also been speculated that the use of steroids in
the management of patients with COVID-19 ARDS, contributed to
weakening the pulmonary interstitial tissue leading to alveolar air
leakage [17].

Mediastinal and intrapleural chest drains were inserted for wors-
ening PM and respiratory compromise.

According with Extracorporeal Membrane Oxygenation for COVID-
19: Updated 2021 Guidelines from the Extracorporeal Life Support Or-
ganization (ELSO) [18], we evaluated indications and contraindications
to VV-ECMO (Table 1). Our patient was affected by COVID-19 ARDS
with a PaO2/FiO2 ratio < 150 complicated by PM (severe air leak
syndrome, indication to start extracorporeal life support [ECLS]) with a
Murray score of 11. There were no absolute contraindications to ECLS.

The significant treatment goals for patients with COVID-19

Table 1
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Indications/contraindications for adults VV-ECMO.

Indications

Contraindications (Relative)

Hypoxemic respiratory failure (PaO2/
Fi02 <80 mmHg), after optimal
medical management, including a
trial of prone positioning.

Hypercapnic respiratory failure (pH
<7.25), despite optimal conventional
mechanical ventilation (respiratory
rate 35 bpm and plateau pressure
[Pplat] < 30 cmH30).

Ventilatory support as a bridge to lung
transplantation or primary graft

dysfunction following lung transplant.

ARDS (viral/bacterial pneumonia,
aspiration)

Acute eosinophilic pneumonia

Pulmonary hemorrhage

Severe asthma

Central nervous system hemorrhage

Significant central nervous system injury

Irreversible central nervous system
pathology

Systemic bleeding
Contraindications to anticoagulation

Immunosuppression
Older age (increasing risk of death with

increasing age, no threshold is
established)

Mechanical ventilation for more than 7
days with Pplat > 30 cmH,0 and

Fi02 > 90%

Thoracic trauma

Severe inhalational injury

Large bronchopleural fistula or severe
air leak syndrome

Hypothermia < 28 °C

pneumonia-associated ARDS is to maintain blood oxygenation and
carbon dioxide (CO2) removal; this must be done maintaining low
airway plateau pressure to limit VILI.

Therefore, we immediately initiated VV-ECMO and switched to ultra
protective ventilation. Although the timing for initiation of V-V ECMO in
severe respiratory failure remains debatable, we decided to start
promptly because a previous study observed that increased pre-ECMO
ventilation duration is associated with worse outcomes [19].

Experimental and clinical data suggest that VILI may still occur
despite lung-protective ventilation strategy [20-22] including low Vt
(4-6 mL/kg) of predicted body weight (PBW), low plateau pressure
(Pplat) below 28 cm H,0 and moderate positive end-expiratory pressure
(PEEP). Prolonged and repeated prone position which is recommended
in moderate to severe ARDS before VV-ECMO [23,24] mitigates VILI by
promoting a more homogeneous distribution of total lung stress and
strain [25] and by reducing biotrauma [26].

Prospective randomized studies have suggested a possible interest to
target positive expiratory transpulmonary pressure (PL) by PEEP setting
[27] and using an ultra-protective ventilation with both reduced tidal
volume (Vt) and driving pressure [28,29]. Of note, retrospective data
suggest a potential benefit of continuation or initiation of prone position
in VV-ECMO patients [30,31].

More recently, the inspiratory flow and RR have also been recog-
nized as possible factors promoting VILI [32-36]. To combine all these
elements in a single physical variable, Gattinoni et al. proposed the
concept of MP to estimate the contribution of the various
ventilator-related causes of lung injury, defined as the amount of energy
delivered to the respiratory system over time, which is the product of the
absolute proximal airway pressure and related changes in volume and
RR [37].

A ventilation strategy used in the ECMO arm of the EOLIA trial
combined Pplat reduction < 24 cmH30, driving pressure < 14 cmH,0
while PEEP is maintained > 10 cmH»O [37]. Since this trial, physio-
logical studies have suggested that decreasing the MP of MV during
ECMO might be beneficial [21,30,38].

Our hypothesis was to perform an ultra-lung-protective ventilation
strategy including a very reduced Vt (1-2 mL/kg of predicted body
weight), a low RR (5-10 cycles/min) and the use of prone position to
reduce MP and biotrauma and therefore enhance VILI prevention.
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Table 2

PCV Pressure control ventilation, VCV Volume control ventilation, PRVC
Pressure-regulated volume control, FiO2 Fraction of inspired oxygen, PIP Peak
inspiratory pressure (cmH30), PEEP Positive end-expiratory pressure (cmH,0),
RR Respiratory rate (/min), TV Tidal volume (mL), PaO2 Partial pressure of
oxygen in arterial blood (mmHg), PaCO2 Partial pressure of carbon dioxide in
arterial blood (mmHg).

Day 2 Chest ECMO Drains ECMO
Drains start clamped stop
Mode VCv PCV PRVC PRVC PRVC
FiO2 0.75 0.9 0.5 0.5 0.5
(%)
PEEP 12 10 11 10 12
RR 20 20 16 16 12
TV 580 570 220 480 540
PIP/PS 30 28 24 26 27
pH 7.44 7.47 7.45 7.47 7.439
Pa0O2 68.8 68.5 91 110 131.1
PaCO2 42.4 43.4 45 30 39.4
Sa02 93.3 94.5 95.7 97.2 97.4
(%)
Table 2.

MP values were calculated as proposed by Chiumello et al.:
0.098-RR-Vt-[PIP — 0.5 (Pplat-PEEP)] for Volume Controlled Ventila-
tion and 0.098-RR-Vt-[PEEP + pressure above PEEP] for Pressure
Controlled Ventilation. In these equations, 0.098 is the conversion factor
for converting from units of cmH30-L/min to J/min, unit of Vt is liter,
and units of airway pressures and PEEP is cmH0 [37].

As depicted in Fig. 2, this strategy has allowed us to reduce MP
during the ICU stay, in order to prevent exacerbation of PM throughout
the VV-ECMO period.
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The energy required to move the lung from its functional residual
capacity (FRC) to the end-inspiratory volume, is the sum of the static
(due to PEEP) and the elastic component (due to Vt). In our patient with
ECMO, we reduce mainly the elastic component with the protective and
ultra-protective ventilation.

MP is a variable that can be included in any ventilator to guide the
safety of MV, and including the effects of respiratory rate, flow and
PEEP, gives a much more comprehensive view on the ventilator-related
causes of VILIL

Conclusion

To the best of our knowledge, this is the first case reported in liter-
ature of COVID-19 pneumonia with worst Murray Score in an obese
patient complicated with SP successfully managed with VV-ECMO, that
was an effective method to allow protective and ultra-protective venti-
lation and reduce barotrauma and MP, in a bridge to recovery strategy.

Further research will be needed for studying the bedside calculation
of MP, for a tailored approach to patients in severe respiratory failure.
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Fig. 2. Mechanical power calculated during ICU stay.
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