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Abstract: COVID-19 induced acute respiratory distress syndrome (ARDS) could have two
different phenotypes, which was reported to have different response and outcome to the
typical ARDS positive end-expiration pressure (PEEP) treatment. The identification of the
different phenotypes in terms of the recruitability can help improve the patient outcome. In
this contribution we conducted alveolar overdistention and collapse analysis with the long term
electrical impedance tomography monitoring data on two severe COVID-19 pneumonia patients.
The result showed different patient reactions to the PEEP trial, revealed the progressive change
in the patient status, and indicted a possible phenotype transition in one patient. It might
suggest that EIT can be a practical tool to identify phenotypes and to provide progressive

information of COVID-19 pneumonia.
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1. INTRODUCTION

A large proportion of severe respiratory failure cases of
COVID-19 pneumonia fulfill the Berlin definition of acute
respiratory distress syndrome (ARDS)(Grasselli et al.,
2020; Arabi et al., 2020; Wu et al., 2020; The ARDS Defi-
nition Task Force*, 2012). Despite sharing the same etiol-
ogy, the COVID-19 patients were observed with different
characteristics. It is reported that more than 50% of the
patients were observed with severe hypoxemia, but with
a near normal respiratory system compliance(Gattinoni
et al., 2020a). These patients were lately categorized
as L-type patients characterized by low elastance, low
ventilation-to-perfusion (VA /Q) ratio, low lung weight and
low recruitability. In contrast, there exist H-type patients
who have high elastance, high ventilation-to-perfusion
(VA/Q) ratio, high lung weight and high recruitabil-
ity(Gattinoni et al., 2020a). The reaction of the L-type
patients to the positive end-expiratory pressure (PEEP)
trial, a traditional ARDS treatment, is not as good as that
of H-type patients. Sometimes the higher PEEP might

* This research was partly supported by the German Federal Min-
istry of Education and Research (MOVE, Grant 13FH628IX6) and
H2020 MCSA Rise (#872488 DCPM).

induce lung injuries which will eventually compromise
the outcome. Instead of following the treatment recom-
mendations for ARDS patients(Alhazzani et al., 2020),
concerns arisen that L-type COVID-19 pneumonia is of
pathophysiology and should be treated as a different dis-
ease(Gattinoni et al., 2020a,b,c). A common method to
identify the different COVID-19 pneumonia phenotype is
through CT scans(GECOVID (GEnoa COVID-19) group
et al., 2021). However, the course of the COVID-19 pneu-
monia has shown to develop very fast. It is reported that
some COVID-19 pneumonia patients had low recruitabil-
ity even though large amount of non-aerated tissue was
observed and the compliance was fairly low(Zhao et al.,
2020). The possible phenotype transitions from L-Type
to H-Type were reported by different authors(Gattinoni
et al., 2020b; Camporota et al., 2020; for the COVADIS
study group et al., 2021). Daily CT scans on a severe
COVID-19 patient is not practical. It is suggested that
physiological properties can be used as surrogates to iden-
tify L-type and H-type patients, for example the res-
piratory system compliance and the response to PEEP
(recruitability). Other available lung imaging techniques
should also be considered to assist clinicians better in as-
sessing the alterations in critically ill COVID-19 pneumo-

2405-8963 Copyright © 2021 The Authors. This is an open access article under the CC BY-NC-ND license.
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nia patients(GECOVID (GEnoa COVID-19) group et al.,
2021) .

Electrical impedance tomography (EIT) is a radiation-
free functional image modality which have been clinically
proven in terms of monitoring regional lung effects in me-
chanically ventilated patients with ARDS. EIT is capable
of identifying overdistention or collapse in the dependent
part during PEEP trial(Costa et al., 2009). The result
agreed well with that calculated from CT data. Zhao et
al. also suggested that the EIT bedside monitoring can
play an important role to detect the different phenotypes
of the COVID-19 pneumonia in addition to CT examina-
tion(Zhao et al., 2020).

The objective of this work is to show the insight of a
possible method to provide supplementary information for
the COVID-19 pneumonia diagnosis and its developing
course in terms of recruitable alveolar collapse and overdis-
tention ratio during the PEEP trial on two severe COVID-
19 patients admitted to intensive care unit (ICU). One
patient was monitored by EIT device for seven days, and
the other patient for even twelve days. Cumulative collapse
and overdistention ratio were calculated and compared at
each PEEP step.

2. METHOD
2.1 Patient data

The study was approved by the Human Investigation
Review Board of the University of Szeged with approval
number 67/2020-SZTE. The trial was registered on Clin-
icalTrials.gov under NCT04360837. Written informed was
obtained from the patients or their legal representatives.
To follow the pathological development over at least a
week, we included 2 patients both diagnosed with COVID-
19 pneumonia into this evaluation. The COVID-19 pneu-
monia patient A is female, 67 years old, with hypothyreosis
and hypertension in the past medical history; the COVID-
19 pneumonia patient B is female, 81 years old, with
hypertension in the past medical history. Further details
on the studied patients are shown in table 1. Both pa-
tients were deep sedated, intubated and ventilated. The
ventilator was operated in pressure-controlled mode with
a constant pressure increment of 15 cmH50 above PEEP
during inspiration. A PEEP trial maneuver with an in-
cremental and a decremental limb was conducted daily on
both patients. During the incremental part, a 3 cnHO
stepwise increase in airway pressure from 10 cmH>O to the
maximum pressure of 25 cmH0O were applied leading to
an overall peak pressure of 40 cmH>O. In the decremental
limb, in steps of 3 cmH;0O the PEEP was reduced from
the maximum of 25 cmH2O to the minimum pressure of
10 cmH50. On each PEEP level PEEP was kept constant
for two minutes with ongoing ventilation. The patient A
was monitored for seven days, while the patient B was
investigated for twelve days.

The EIT measurement was performed with a Drager Pul-
moVista 500 device (Drager Medical, Liibeck, Germany).
The device has 16 electrodes equidistantly placed on chest
circumference in a transverse plane between the 5th and
6th intercostal space. EIT monitoring data were mea-
sured with adjacent injection current and adjacent voltage
measurement with 50 frames per second. Time difference

EIT images were reconstructed using the Newton-Raphson
algorithm.

2.2 Pixel compliance

The calculation of the pixel compliance requires the knowl-
edge of the inhaled amount of air inside the corresponding
lung compartment (regional tidal volume) and the driving
pressure. In this contribution, as the patients were venti-
lated in a pressure control mode, the difference between
the plateau pressure and PEEP can be a substitute of
the driving pressure. This approximation was made under
the condition that both end-inspiration flow and end-
expiration flow were zero, for example, the alveolar and
proximal pressure are equal. The regional tidal volume
can be estimated by the related pixel value of an EIT
tidal image. It is reported that the regional tidal volume
correlates well with the pixel wise conductivity variation
(AZ) shown by the EIT tidal image(Victorino et al., 2004;
Frerichs et al., 2001, 2002; Leonhardt and Lachmann,
2012). Therefore, the pixel compliance can be calculated
as:
AZ

— PEEP (1)

Compliancepize; =
Pplateau

Considering the fact that the gravitational forces increase
perfusion in the dependent parts of lung, the correspond-
ing plateau pressure should be larger(Ochiai, 2015). Thus,
the driving pressure at the airway opening should not be
a constant in the entire lung area. The lung area can be
horizontally segmented to different layers with different
plateau pressures, for example in Fig. la the lung area
is divided to m layers. In this contribution, there were
eight layers of different plateau pressures. Both patients
were ventilated in supine position where the tracheal tube
is located in the same plane as the ventral lung. The
measured plateau pressure was considered equal to the
P)iatean at the layer 1. The P, .. (n < 8) at layer n
was set to be 2 cmH5O larger than the plateau pressure
at layer n-1.

2.8 Estimation of collapse and overdistention

In a decremental PEEP trial, a relief of the overdistention
area might be observed, while other recruited area might
undergo collapse. The relief of overdistention is observed
with an increase of pixel compliance, while the collapse a
decrease of pixel compliance. Thus, in a PEEP trial, the
pixel compliance can be observed with opposite behaviors,
e.g. the compliance curve in Fig. 1b. It is assumed that
the regional lung reaches the best compliance when the
corresponding pixel compliance is the largest as shown in
Fig. 1b. With this assumption, Costa et al. designed a
algorithm that can estimate the cumulative collapse and
overdistention ratio in a decremental PEEP trial:

(1) using 1 to calculate every pixel compliance at each
PEEP step;

(2) for each pixel at each PEEP level, the pixel collapse
ratio can be calculated as:

best comply,, — current compl,,

(2)

collapsey, =
PS€pe best comply,,,
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Table 1. Characteristics of investigated COVID-19 pneumonia patients

Patient Ref. Gender Age, yr BMI, kg/m? APACHE II RASS Scale Days of trial
A Female 67 29.7 17 -4 7
B Female 81 31.2 18 -5 12
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Fig. 1. (a) An example of a lung area segmented to m
layers with different plateau pressures, where pixel A
and pixel B are at different layers; (b) Respective pixel
compliance of pixel A and B during a decremental
PEEP trial, where the best pixel compliance are
reached at different PEEP steps

where the bestcompl,, is determined as the
largest compliance of the corresponding pixel,
current comply,, is the corresponding pixel compli-
ance at current PEEP, the collapse ratio is set to 0
when the best compliance has not been reached at
the current PEEP step;

(3) the cumulated collapse ratio for the entire lung area
at each PEEP step can be calculated by the weighted
average of the pixel collapse ratio. The weight is the
best pixel compliance:

> (collapsep, x best compl,y,)

Il cumu — 3
corapse > best compl,,,; 3)

where the Y (collapse,, X bestcompl,;) and
> best comply,, sum all the pixels within the lung
area;
(4) similarly, the pixel overdistention ratio at each PEEP
step can be calculated as:
overdist, — best comply,,, — current comply, )
best comply,,

where the bestcompl,, is determined as the
largest compliance of the corresponding pixel,

current comply,, is the corresponding pixel compli-
ance at current PEEP, the overdistention ratio is
set to 0 when the best compliance has already been
reached at the current PEEP step;

(5) the cumulated overdistention ratio for the entire lung
area at each PEEP step can be calculated by the
weighted average of the pixel overdistention ratio.
The weight is the best pixel compliance:

> - (overdisty, x best comply;)

overdist cymy = (5)
where the ) (overdist,, x bestcompl,,) and
> best comply,, sum all the pixels within the lung
area.

>~ best compl,,

3. RESULTS

An example of pixel collapse and overdistention ratio im-
ages of first day of the investigated COVID-19 pneumonia
patients estimated by the described algorithm are shown
in Fig. 2 respectively. The results of the Patient A were
shown in the first row, Patient B the second row. Red areas
indicated the corresponding lung area that was found to
be overdistended, while the collapse area was depicted in
blue. The results comply with the fact that collapse or
derecruitment were expected at dependent lung parts at a
lower PEEP step, while overdistention at the ventral lung
area at a higher PEEP step. The cumulative overdistention
ratio for both patients was similar at the first day, but the
cumulative collapse ratio was larger and increased faster
when PEEP was decreased for Patient A at the first day.

The cumulative overdistention ratio and the cumulative
collapse ratio for each patient at different PEEP steps on
each day are shown respectively in table 2 and table 3. The
overdistention ratio at the highest PEEP level (25 cmH50)
and the collapse ratio at the lowest PEEP (10 cmH30) of
each patient are depicted in Fig. 3 respectively.

In table 2, it was shown that the cumulative overdistention
ratio decreased in the decremental PEEP trial. Nearly no
overdistention was observed at the PEEP 13 cmH;O for
both patients. In Fig. 3, Patient A shows an increasing
trend of cumulative overdistention ratio at the PEEP 25
cmH»O during the seven-day monitoring, while for Patient
B the cumulative overdistention ratio at the PEEP 25
cmH,0 was fluctuating. For both patients, the cumulative
overdistention ratio at the PEEP 25 cnHsO was greater
than 0.2.

Table 3 indicates that the cumulative collapse ratio in-
creased in the decremental PEEP trial. For both patients,
the collapse was observed from PEEP 19 cmH>O, but very
minor at this PEEP setting. Patient A witnessed a steeper
increasing trend of the collapse ratio than Patient B at
PEEP 10 cmH,0, Patient A shows a larger collapse ratio
in Fig. 3. It is worth noting that the cumulative collapse
ratio at the PEEP 10 cmH5O of Patient A witnessed a
decreasing trend over time.
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PEEP 16 cmH,0

Collapse 0.17
Overdistention 0.04

PEEP 13 cmH,0

Collapse 0.36
Overdistention 0.01

PEEP 10 cmH,0

Collapse 0.50
Overdistention 0.00
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Overdistention 0.00

Collapse

Fig. 2. An example of pixel collapse and overdistention ratio images of the first day of the investigated COVID-19
pneumonia patients at different decremental PEEP steps. Upper row: Patient A; lower row: Patient B

Table 2. Estimation of cumulative overdisten-
tion ratio at each PEEP step

Patient Day PEEP(cmH->0)
Ref. 25 22 19 16 13 10
1 0.24 0.12 0.08 0.04 0.01 0.00
2 0.32 0.17 0.10 0.05 0.01 0.00
3 0.35 0.15 0.06 0.02 0.00 0.00
A 4 0.36 0.20 0.09 0.03 0.01 0.00
5 040 0.24 0.13 0.05 0.01 0.00
6 042 0.24 0.10 0.02 0.00 0.00
7 048 0.23 0.10 0.04 0.01 0.00
1 0.26 0.15 0.07 0.03 0.01 0.00
2 032 0.19 0.10 0.03 0.01 0.00
3 0.39 027 0.15 0.05 0.00 0.00
4 0.27 0.16 0.08 0.06 0.04 0.00
5 040 0.16 0.03 0.02 0.01 0.00
B 6 0.38 0.21 0.09 0.04 0.02 0.00
7 0.34 0.20 0.13 0.06 0.02 0.00
8 0.38 0.21 0.13 0.07 0.02 0.00
9 0.23 0.11 0.04 0.01 0.00 0.00
10 042 0.28 0.17 0.04 0.01 0.00
11 0.35 0.19 0.12 0.07 0.02 0.00
12 041 0.28 0.20 0.08 0.04 0.00

4. DISCUSSION

Two severe COVID-19 pneumonia patients were moni-
tored with EIT and analysed by the cumulative overdis-
tention or collapse ratio. The result might suggest that
Patient A is not as recruitable as Patient B. With addi-
tional medical information which states Patient A had high
respiratory system compliance while Patient B low respi-
ratory system compliance, Patient A is a L-type patient,
while Patient B is a H-type patient. A possible transition
from the L-type patient to the H-type could be observed
as the cumulative collapse ratio at the lowest PEEP step
decreased over time in addition to the respiratory system
compliance deterioration.

Transition of the patient from Type L to Type H might
be ascribed to the evolution of the COVID-19 pneumonia
on one hand and to the lung injury attributable to high-
stress ventilation on the other(Gattinoni et al., 2020a).
Thus, it is suggested that high PEEP level should be
avoiding in critically ill patients with severe COVID-19
pneumonia to reduce the possibility of worsened respi-

Table 3. Estimation of cumulative collapse
ratio at each PEEP step

Patient Day PEEP (cmH0)
Ref. 25 22 19 16 13 10
1 0.00 0.00 0.02 0.17 0.36 0.50
2 0.00 0.00 0.02 0.12 027 0.45
3 0.00 0.00 0.01 0.07 0.20 0.42
A 4 0.00 0.00 0.02 0.09 024 0.46
5 0.00 0.00 0.00 0.04 0.15 0.32
6 0.00 0.00 0.01 0.04 0.14 0.33
7 0.00 0.00 0.00 0.04 0.14 0.31
1 0.00 0.00 0.02 0.09 0.24 0.44
2 0.00 0.00 0.00 0.04 0.12 0.31
3 0.00 0.00 0.02 0.05 0.17 0.33
4 0.00 0.00 0.02 0.10 0.15 0.23
5 0.00 0.00 0.00 0.09 022 0.35
B 6 0.00 0.00 0.00 0.04 0.13 0.31
7 0.00 0.00 0.02 0.04 0.13 0.20
8 0.00 0.00 0.02 0.07 0.17 0.25
9 0.00 0.00 0.01 0.08 020 0.35
10 0.00 0.00 0.00 0.01 0.07 0.23
11 0.00 0.00 0.01 0.04 0.19 0.30
12 0.00 0.00 0.01 0.03 0.08 0.18

ratory mechanics(GECOVID (GEnoa COVID-19) group
et al., 2021). However, the H-type COVID-19 pneumo-
nia patients are still profiting from a high PEEP strat-
egy(Cammarota et al., 2021) . In addition, it is confirmed
that L-type patients react better in terms of the reversed
hypoxemia by an increase in FiOs when compared to
the PEEP approach. From the reported cases(Gattinoni
et al., 2020a). An accurate diagnosis of the COVID-19
pneumonia phenotype is crucial to determine the proper
treatment that benefits the patient reaction and outcome.
Our research suggests that EIT is capable of diagnosing
COVID-19 pneumonia phenotype.

There still exist other approaches capable of phenotype
diagnosis: COVID-19 pneumonia phenotypes could be di-
agnosed with a recruitment-to-inflation ratio (R/I ratio),
but this protocol only supports volume control ventila-
tion and requires extra single-breath experiments(Beloncle
et al., 2020). CT scans and corresponding Hounsfield unit
histograms are available for diagnosis(Gattinoni et al.,
2020a), but this cannot provide progressive information
as continuous CT scans are not ethical. The estimation
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Fig. 3. The overdistention ratio at the highest PEEP level
(25 cmH50) and the collapse ratio at the lowest PEEP
(10 cmH50) for each patient on each day. Red dia-
mond: overdistention ratio (PEEP 25 ¢cmH0); blue
triangle: collapse ratio (PEEP 10 ecmH;0). Upper
row: Patient A; lower row: Patient B

of cumulative overdistention and collapse ratio from the
EIT data can reveal the reaction of ARDS patients to
the PEEP trial and provide progressive patient status
information. EIT might develop into a useful and practical
tool to assist with the bedside monitoring of COVID-19
patients in addition to CT scans.

One of the limitations of this research is that we estimated
a completely aerated lung after the incremental PEEP
trial. With this estimation we calculated the relative ratio
of the recruitable alveolar collapse. This is a limitation of
the time difference EIT protocol as an absolute amount
of collapse cannot be obtained. Nevertheless, this protocol
still yields a collapse ratio related to the minimum possible
collapse, but can still provide information of the patient
status. The other limitation is that we have not obtained
all medical characteristics of both patients due to the pan-
demic severity, otherwise more comparison and validation
could be done.

The estimation of recruitable alveolar overdistention and
collapse calculated from EIT bedside monitoring data in-
deed provides progressive information, including the whole
lung status and regional lung behavior, and can be gen-
erated in real-time during the mechanical ventilation. In
addition to the CT golden standard, EIT could be an
assistive method providing clinicians with bedside con-
tinuous monitoring containing direct pathophysiological
information.

5. CONCLUSION

The course of the COVID-19 pneumonia is still poorly
understood and has shown to develop very fast. In this
contribution, an EIT-based estimation method in terms of
alveolar overdistention and collapse was presented and im-
plemented on two severe COVID-19 pneumonia patients.
The result shows different reactions of the patients to a
PEEP trial, and might suggest a transition of a patient
between different phenotypes. EIT might develop into a
useful and practical tool to assist with the classification
of the different phenotypes of the COVID-19 patients in
addition to the CT scans, and might provide additional
information of the disease facilitating the evaluation of the
respective treatments.
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