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Abstract

Background: Flow-controlled ventilation (FCV) is a novel ventilation method increasingly being used clinically,
particularly during the current COVID-19 pandemic. However, the continuous flow pattern in FCV during inspiration
and expiration has a significant impact on respiratory parameters and ventilatory settings compared to
conventional ventilation modes. In addition, the constant flow combined with direct intratracheal pressure
measurement allows determination of dynamic compliance and ventilation settings can be adjusted accordingly,
reflecting a personalized ventilation approach.

Case presentation: A 50-year old women with confirmed SARS-CoV-2 infection suffering from acute respiratory
distress syndrome (ARDS) was admitted to a tertiary medical center. Initial ventilation occurred with best standard
of care pressure-controlled ventilation (PCV) and was then switched to FCV, by adopting PCV ventilator settings.
This led to an increase in oxygenation by 30 %. Subsequently, to reduce invasiveness of mechanical ventilation, FCV
was individualized by dynamic compliance guided adjustment of both, positive end-expiratory pressure and peak
pressure; this intervention reduced driving pressure from 18 to 12 cm H,O. However, after several hours,
compliance further deteriorated which resulted in a tidal volume of only 4.7 ml/kg.

Conclusions: An individualized FCV approach increased oxygenation parameters in a patient suffering from severe
COVID-19 related ARDS. Direct intratracheal pressure measurements allow for determination of dynamic compliance
and thus optimization of ventilator settings, thereby reducing applied and dissipated energy. However, although
desirable, this personalized ventilation strategy may reach its limits when lung function is so severely impaired that
patient’s oxygenation has to be ensured at the expense of lung protective ventilation concepts.

Keywords: Respiratory Distress Syndrome, Adult, COVID-19, Case Report, Lung Compliance, Stress Mechanical

* Correspondence: patrick.spraider@i-med.ac.at

'Department of Anaesthesiology and Intensive Care Medicine, Medical
University Innsbruck, Innsbruck, Austria

Full list of author information is available at the end of the article

© The Author(s). 2021 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12871-021-01365-y&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:patrick.spraider@i-med.ac.at

Spraider et al. BMC Anesthesiology (2021) 21:145

Background

An inherent problem of artificial ventilation is the diffi-
culty to precisely assess individual lung mechanics from
ventilation parameters and displayed measurements,
knowing that setting the ventilator based on body weight
does not adequately address variations in lung mechan-
ics. This fact is especially critical in severely ill patients
such as patients suffering from SARS-CoV-2 associated
acute respiratory distress syndrome (ARDS) [1-3]. Flow-
controlled ventilation (FCV) is a novel ventilation mode
which, due to its constant flow and direct intratracheal
pressure measurement, enables accurate measurement
of dynamic compliance. In the following article we
would like to demonstrate by means of a case report
how individualized ventilation with compliance guided
pressure settings can be performed with FCV, thereby
reducing the risk of ventilator induced lung injury on
the one hand and improving ventilation efficiency on the
other.

Case Presentation
A 50-year-old woman with confirmed SARS-CoV-2 in-
fection was admitted to a peripheral hospital three weeks
prior to admission to our hospital. Because of deterior-
ation of respiratory function, the patient had to be intu-
bated and mechanically ventilated. A CT-scan was
performed at this stage revealing spacious areas of
ground glass opacities including consolidation and air
bronchogram (Fig. 1). As the patient’s situation wors-
ened, she was transferred to the University Hospital
Innsbruck, a tertiary medical center, for evaluation of
extracorporeal membrane oxygenation (ECMO) therapy.
Evaluation of the pulmonary state revealed a moderate,
SARS-CoV-2-associated ARDS (paO,/FiO, ratio of 124)
according to Berlin definition [4]. Initially, pressure-
controlled ventilation (PCV) was applied with an Evita®
Infinity” V500 respirator (Dréger, Liibeck, Germany)
with a peak inspiratory pressure (Ppeu) of 27 cm H,0, a
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positive end-expiratory pressure (PEEP) of 12 cm H,O,
an inspiration to expiration ratio (I:E-ratio) of 1:1, and a
respiratory rate of 21 /min, resulting in a tidal volume of
5.8 ml/kg predicted body weight (PBW) and a compli-
ance of 24 ml/cm H,O.

In accordance with ELSO guidelines [5], ECMO ther-
apy was declined. Prone position improved the paO,/
FiO, ratio to 130-150 and was performed for the next
16 h. After this period compliance worsened again in su-
pine position and invasiveness of ventilation had to be
increased (Ppeaic 28 cm H,O, PEEP 10 cm H,O, respira-
tory rate of 25 /min, calculated mechanical power (MP)
[6] of 16.9 J/min). Nevertheless, oxygenation was still
compromised with a paO, of 78.2 mmHg (10.4 kPa) at
an FiO, of 0.6 (paO,/FiO, ratio of 130).

In an attempt to reduce the invasiveness of ventilation
and its deleterious effects on lung tissue flow-controlled
ventilation (FCV) was initiated with the Evone® respir-
ator (Ventinova Medical B.V., Eindhoven, The
Netherlands). This mode of ventilation can be applied
via any conventional endotracheal tube and establishes a
continuous, constant flow during inspiration as well as
expiration, which is monitored and controlled by direct
intratracheal pressure measurement. First, identical PCV
pressure settings were adopted to FCV with a Pyeac of
28 cm H,O, a PEEP of 10 cm H,O, an L:E-ratio of 1:1
and the flow set to 12 1/min, otherwise deep sedation
(Richmond Agitation-Sedation Scale of -4) was contin-
ued with midazolam 0.4-0.5 mg/kg/h, morphine 0.4 mg/
kg/h and esketamine 2.1 mg/kg/h without the use of
neuromuscular blocking agents.

The continuous, constant flow in FCV creates a con-
tinuous, stable pressure drop throughout inspiration and
expiration from the set and measured tracheal pressure
to the alveolar space and vice versa, as there is no pause
during the ventilation cycle [7]. As a flow of gas only oc-
curs if a pressure gradient exists, this gradient can be
calculated if the flow and the resistance of the system
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Fig. 1 Computed tomography four days prior to admission showing spacious areas of ground glass opacities including consolidation and air
bronchogram (a, coronal plane; b, axial plane, with kind permission of the Department of Radiodiagnostics, Central Hospital Bolzano,
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are known. This relationship is based upon Ohm’s law,
where the pressure drop (AP) equals the flow () multipli-
cated by the resistance (R) of the system. Translated to
the described patient, a pressure drop of 2.3 cm H,O be-
tween the trachea and the alveolar space can be calcu-
lated (AP = x R; flow = 12 1/min = 0.2 1/s; resistance =
11.6 cm H,O/1/s). During inspiration when gas flow is
directed to the alveolar space this fact reduced alveolar
Ppeak by 2.3 cm H,O (from 28 to 25.7 cm H,0), whereas
during expiration when flow changes direction, PEEP
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was increased by 2.3 cm H,O (from 10 to 12.3 cm H,O).
Therefore, driving pressure was reduced by 4.6 cm H,O
compared to PCV (from 18 cm H,O to 13.4 cm H,O;
Fig. 2b). In PCV however, airway pressure is presumed
to be equal to alveolar pressure due to a zero flow phase
at the end of inspiration as well as expiration, which
should result in an equilibrium pressure phase.

After 30 min, blood gas analysis revealed an improve-
ment of oxygenation resulting in a paO, of 110 mmHg
(14.7 kPa) (paO,/FiO, ratio of 183; Fig. 2c). In order to
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Fig. 2 demonstrates the course of respiratory parameters during pressure-controlled ventilation (PCV; blue) and flow-controlled ventilation (FCV;
red) since hospital admission. The grey area indicates prone position of the patient, the white area supine position. For FCV the (effective) alveolar
pressures are calculated based on the measured resistance and the set flow according to Ohm's law. a, peak inspiratory pressure (Ppear) and
positive end-expiratory pressure (PEEP). b, driving pressure. ¢, ratio of arterial partial pressure of oxygen (paO,) to fraction of inspired

oxygen (FiO,)
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Fig. 3 Pressure-volume loops obtained from intratracheal pressure
measurement. a, represents the pressure-volume loop at the
beginning of FCV with a peak inspiratory pressure (Ppeq) set to

28 cm H,0 and a positive end-expiratory pressure (PEEP) of 10 cm
H,0. Considering the measured resistance of 11.7 cm H,0O/I/s and
the set flow of 12 I/min and applying Ohm'’s law, the alveolar Ppe.x
calculates to only 25.7 cm H,0 and the alveolar PEEP to 123 cm
H,0. b, after compliance-guided pressure settings Ppeax Was reduced
to 23 cm H,0 (alveolar 21 cm H,0) and PEEP 7 cm H,0 (alveolar

9 cm H,0) resulting in an almost linear relation of pressure and
volume during in- and expiration. The steeper course of the PV loop
in B compared to A indicates the increased compliance after
individualized pressure settings. ¢, two hours after first compliance-
guided pressure setting, re-evaluation showed a slight decline in
lung mechanics. Therefore, Py, was adjusted to 22 cm H,0
(alveolar 20 cm H,0) and PEEP to 5 cm H,0 (alveolar 7 cm H,0).
The initial kinking of the inspiratory pressure volume curve in C is an
indicator for intratidal recruitment

decrease invasiveness, ventilation settings were then ad-
justed to dynamic lung mechanics with compliance-
guided PEEP and peak pressure settings as follows:

First, PEEP level was determined by an incremental
(or decremental) PEEP titration, which represents the
point of the highest tidal volume or consecutive dynamic
compliance at a fixed driving pressure. Subsequently,
driving pressure was stepwise increased, as long as tidal
volume showed an overproportional increase based on
measured dynamic compliance. This strategy allows for
a precise determination of the (so-called) lower and
upper inflection point during ventilation and leads to an
almost linear relationship of pressure and volume during
the ventilation cycle within the individual limits of dy-
namic lung mechanics [8] (Fig. 3a + b). Finally, gas flow
was set to achieve a paCO, level < 60 mmHg (8.0 kPa).

Calculation of alveolar pressure according to Ohm’s
law revealed a Ppeac of 21 cm H,O and a PEEP of 9 cm
H,O, thus a driving pressure of 12 cm H,O, resulting in
a compliance of 27 ml/cm H,O and a calculated MP [9]
of 8.6 J/min with individualized ventilation settings.
Thirty minutes after compliance-guided adjustment
pa0,/FiO, ratio was 140 (Fig. 2b).

Re-evaluation of lung mechanics after two hours
allowed for a further reduction of Ppe, to 20 cm H,O
and a PEEP of 7 cm H,O (Fig. 2c) resulting in a MP of
7.7 J/min. However, during a period of four hours after
initial assessment of the patient’s lung mechanics, the
compliance worsened, and subsequently tidal volume de-
creased from 5.3 to 4.7 ml/kg PBW with a decline of
paO, to 67.6 mmHg (9.0 kPa) at an FiO, of 0.65 (paO,/
FiO, ratio of 104).

Ventilation of the patient was then continued with PCV
at significantly increased pressure settings (Ppeax 28 c¢cm
H,O, PEEP 10 cm H,O, respiratory rate 25 /min, MP
17.3 J/min) and the patient was put in prone position. In
the further course ongoing invasive ventilation led to
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ECMO therapy and unfortunately the patient died two
months later due to therapy refractory B-cell depletion
and no ability to form antibodies against SARS-CoV-2.

Discussion

ECV enables a continuous, constant flow not only during
inspiration, but also during expiration, which is a novelty
in artificial ventilation [10, 11]. Steady, slow changes in
pressure and volume minimize the mechanical impact of
ventilation (i.e. stress and strain) or — in terms of physics
— mechanical power and dissipated energy. Previous pre-
clinical [12, 13] as well as clinical trials [14—16] with FCV
already demonstrated improved lung recruitment and gas
distribution, which was hypothesized to be related to flow
control and a linearized airway pressure decline during ex-
piration. In our case, this may explain the initial increase
in paO,/FiO, ratio by 30 % (from 130 to 183) with identi-
cal ventilation settings as in preceding PCV.

Strictly speaking, due to physical reasons, pressure set-
tings were not the same in PCV and FCV. The continu-
ous, constant flow in FCV results in a pressure drop
from the trachea to the alveolar space during inspiration
and reversely during expiration. The pressure measured
in the trachea and shown on the monitor of the ventila-
tor therefore does not reflect the “true” (= effective) al-
veolar pressure, which according to Ohm’s law must be
lower during inspiration and higher during expiration,
given that gas flow and resistance of the system are kept
constant. This specific physical characteristic must be
kept in mind when assessing pressure settings during
ventilation with FCV and thus higher driving pressures
and lower PEEP levels than generally accepted in PCV
[17-20] may be applicable in FCV.

The only uncertainty is the amount of tissue resistance
(resulting from e.g. inertia, friction, viscoelasticity) not
contributing to the flow-related difference between tra-
cheal and alveolar pressures. In FCV constant in- and
expiratory flow allows for more precise resistance mea-
surements at P,e (representing airway as well as tissue
resistance) as well as PEEP (mainly representing airway
resistance) and a well-founded estimation of tissue re-
sistance (as the difference of both values). To keep it
simple, in our patient only the resistance measured at
Ppeai level was used for conversion of tracheal pressures
into (global) alveolar pressures.

Compliance-guided pressure settings aim to reduce
both the occurrence of atelectasis and overdistension of
lung tissue by adjusting the patient’s ventilation between
the (so-called) upper and lower inflection point of the
individual pressure-volume curve (Fig. 2a +b). Because
in FCV the degree of freedom is limited to settings of
Ppealc PEEP and gas flow, the administered tidal volume
and respiratory rate will automatically adjust depending
on the amount of functional lung tissue. This fact is of
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high importance especially in COVID-19 patients, as
they can show quick alterations in lung compliance.

An issue to be discussed is the low PEEP level deter-
mined during compliance-guided pressure adjustments,
which apparently did not fit the demands of our ARDS
patient. Initial rapid improvement of gas exchange after
switching from PCV to FCV was probably related to a
slight increase in PEEP (with the same PEEP set at the
ventilator as during PCV) due to the nature of FCV as
explained above. However, two hours later PEEP was de-
creased to 5 cm H,O (corresponding to a PEEP of ap-
proximately 7 cm H,O in the alveolar space) after re-
evaluation of the patient. Finally, the patient’s very poor
compliance (<20 ml/cm H,O) and significantly reduced
PEEP level (5 cm H,O) resulted in a tidal volume not
capable of maintaining sufficient oxygenation (4.7 ml/kg
PBW). This fact could have been anticipated by examin-
ation of the corresponding pressure-volume (PV) loops,
which upon detailed analysis indicated alveolar collapse
at the end of expiration and subsequent initial alveolar
recruitment during inspiration (initial kinking of the in-
spiratory pressure volume curve, Fig. 3c).

Unfortunately, the PV loop feature is not implemented
in the respirator’s software yet which undoubtedly would
be very helpful to monitor undesired changes in dy-
namic lung mechanics in critically ill patients.

Conclusions

In FCV due to constant flow, monitored tracheal pres-
sure does not reflect the pressure at the alveolar space
and thus higher driving pressures and lower PEEP levels
than generally accepted may be applicable. Additionally,
in FCV individualization of ventilation settings based on
dynamic compliance measurements is possible, even
though it needs constant reevaluation of the patient’s
lung mechanics and a prompt adjustment of ventilator
settings if it becomes clear that the severity of the pul-
monary disease impedes a lung-protective ventilation
strategy. Under these circumstances increased driving
pressures or PEEP levels above lung mechanic limits
and/or an increased fraction of inspired oxygen must be
accepted. This case may demonstrate the limits of a
lung-protective ventilation strategy in ARDS and high-
lights the complexity of this disease. However, FCV
might offer a clinical applicable approach to reduce ap-
plied and dissipated energy of artificial ventilation in
order to improve the outcome in COVID-19 patients re-
quiring prolonged ventilation.
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