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1. Einleitung

Seit der Erstbeschreibung des akuten Lungenversagens oder Adult Respiratory
Distress Syndrome (ARDS) im Jahre 1967 " hat sich das Verstandnis fiir die Ursachen
und die Pathogenese dieses Symptomkomplexes enorm weiterentwickelt. Dennoch
bleibt sowohl die Pravalenz als auch die Mortalitat des akuten Lungenversagens

unverandert hoch 2

Es scheint ausgepragte Gemeinsamkeiten in der Pathophysiologie dieses
Symptomkomplexes zu geben, beispielhaft seien die zentrale Bedeutung der
inflammatorischen Kaskaden und den entsprechenden Mediatoren genannt und die
Bedeutung die dem Zusammenbruch der alveolo-kapillaren Barrieren zukommt 3.
Dennoch ist in den letzten Jahren auch immer klarer geworden, dass die
Pathophysiologie im Detail ebenso vielfaltig ist wie die Ursachen, die zu einem akuten
Lungenversagen flihren kénnen. Diese Tatsache kann auch zur Erklarung der
Schwierigkeiten angefuhrt werden, trotz teilweise groRRer, randomisierter
multizentrischer Studien die zu diesem Thema durchgeflhrt wurden, effektive
therapeutische Strategien zu entwickeln, um die Prognose der betroffenen Patienten

nachhaltig zu verbessern.

Lediglich fur die lungenschonende Beatmung, die restriktive Flissigkeitsbilanzierung
und die Bauchlagerung konnte in groRen Studien ein nachhaltiger Effekt auf die
Prognose eines heterogenen Kollektivs von ARDS-Patienten gezeigt werden*.56 Fiir
andere vielversprechende therapeutische Ansatze wie den Einsatz von
Muskelrelaxantien und die extrakorporale Lungenersatztherapie ist die Datenlage

weiterhin nicht eindeutig. 7 8 °



Die Ursachen eines akuten Lungenversagens sind vielfaltig.

Neben Pneumonien und Pneumonitiden durch unterschiedlichste Erreger und Noxen,
zahlen Sepsis, Pankreatitiden, Traumata und Verbrennungen zu den haufigeren
Auslosern.

Naturlich steht die Behandlung der auslésenden Grunderkrankung immer im
Vordergrund der therapeutischen Bemihungen.

Dennoch muss bei diesen schweren Erkrankungen nicht selten das gesamte Spektrum
der therapeutischen Moglichkeiten der modernen Intensivmedizin zum Einsatz
kommen, um eine ausreichend lange Stabilisierung der Vitalfunktionen zu
ermdglichen, die eine kausale Therapie des Grundleidens Uberhaupt erst ermoglicht.
Traditionell steht hierbei die Beatmungstherapie und deren Feinjustierung weit im
Vordergrund des Interesses. Stérungen der Bellftung, der Ventilation, der Lungen
scheinen therapeutischen Interventionen vergleichsweise leicht zuganglich.
Sauerstoffapplikation, nicht-invasive Beatmungsstrategien und die endotracheale
Intubation und gegebenenfalls auch Tracheotomie sind Standardinterventionen der
Intensivmedizin und die radiologisch in schweren Fallen des Lungenversagens nahezu
immer nachweisbaren teilweise ausgedehnten Bellftungsstérungen der Lungen
unterstreichen die Bedeutung einer Sicherstellung der Lungenventilation oftmals
eindrucksvoll.

Entsprechend ist in den vergangenen Jahren und Jahrzehnten ein Grofteil des
wissenschaftlichen Fokus auf diesen Aspekt des akuten Lungenversagens und seiner
Therapie gerichtet worden.

Viele Fragestellungen aus diesem Bereich sind entsprechend mit randomisierten,
teilweise multizentrischen Fragestellungen untersucht worden.

Das ,Open-Lung“-Konzept sei hier beispielhaft genannt und eine Vielzahl von

wissenschaftlichen Untersuchungen widmete sich seither der Frage, durch welche



Feineinstellung der Uberduckbeatmung eine ausreichende Eroffnung und Offenhalten
der kollabierten Lungenareale und damit einer Verbesserung des Gasaustausches
erreicht werden konne.

Insbesondere der Einstellung des optimalen positiven endexspiratorischen Druckes
(PEEP) kam hierbei ein hoher Grad an Aufmerksamkeit zu.

Dass letztlich ein adaquates Verhaltnis zwischen Ventilation und Perfusion fur den
Erfolg der Malnahmen, gemessen an der Sauerstoffversorgung und der
Kohlendioxidentfernung des Patienten entscheidend ist, wird nicht immer im gleichen
Male bedacht.

Weder der klinischen Untersuchung am Patientenbett, noch den gangigen
radiologischen Verfahren wie dem bettseitigen Rontgenbild der Thoraxorgane oder der
Computertomographie ist die Lungenperfusion in gleichem Ausmale zuganglich. Die
Lungenperfusion ist deutlich schwerer mit diesen Verfahren beurteilbar als das
Lungenparenchym und Faktoren wie der Gerinnungssituation der Patienten wird

haufig deutlich weniger Beachtung geschenkt als dem Ausmal} der Beluftung.

Seit Dezember 2019 fuhrte die Verbreitung eines neuartigen Coronavirus, SARS-
CoV-2, das erstmals in der chinesischen Provinz Wuhan nachgewiesen wurde zu einer
weltweiten Pandemie. Die durch dieses Virus ausgeloste Erkrankung wird als COVID-
19 bezeichnet und ist in ihrem Verlauf unter anderem durch eine hohe Rate von
schweren akuten Formen des Lungenversagens charakterisiert (C-ARDS).
Mittlerweile hat sie sich Uber alle Kontinente verbreitet und bislang und tber 4 219 000

Todesopfer gefordert. '°.

Bereits friih im Verlauf der Pandemie wurde tiber Besonderheiten im Verlauf des C-

ARDS berichtet, was die mechanischen Eigenschaften der Lungen der betroffenen



Patienten betrifft und postuliert, dass diese sich substantiell von denen anderer

Patienten im akuten Lungenversagen unterscheiden .

Gleichermallen wurde bereits frih eine besondere prothrombotische Disposition von

Patienten die an COVID-19 erkrankten postuliert'?

In der Folge wurde immer wieder Uber deutlich erhdhte Inzidenzen
thromboembolischer Ereignissen und Uber deutliche Erhéhung der Marker des
Gerinnungssystems wie des Fibrinogens und von Fibrinogenspaltprodukten

berichtet’3.

Welche Rolle die Lungenperfusion in der Pathogenese des akuten Lungenversagens
im Allgemeinen und des C-ARDS im Besonderen spielt ist Gegenstand dieser

Untersuchung.



2. Wissenschaftliche Fragestellungen

Die Tatsache, dass das Verhaltnis von Ventilation zu Perfusion der Lungen eine der
entscheidenden Determinanten fur den pulmonalen Gasaustausch darstellt ist seit
langem weitgehend unumstritten 4

Im Allgemeinen scheint jedoch einer Verbesserung der Ventilation in diesem Kontext
traditionell ein hoherer Grad an Aufmerksamkeit geschenkt zu werden, wenn es um
eine Verbesserung dieses Missverhaltnisses geht. Beispielhaft seien die
internationalen grof3en und haufig multizentrisch angelegten Studien genannt, die sich
Uber Jahrzehnte mit der Frage des optimalen Niveaus des positiven
endexspiratorischen Druckes (PEEP) und sogenannten Rekrutierungsmandvern
befasst haben um die Situation des Patienten mit ARDS auf der Intensivstation zu
verbessern. 1518

Vergleichsweise wenig beachtet ist demgegenuber die Frage, welchen Einfluss
Alterationen des vaskularen und des Gerinnungssystems auf Pathogenese und
Verlauf des akuten Lungenversagens ausuben. Die vaskulare Hyperpermeabilitat im
Sinne eins schweren Kapillarlecks ist ein bekannter Faktor, die adaquate Diagnostik
zur Einschatzung des Schweregrades ist jedoch weiterhin Gegenstand der Forschung.
3,19_

Betrachtet man das COVID-ARDS (C-ARDS) im Besonderen, so konnen sowohl die
Beobachtung gehaufter thromboembolischer Ereignisse als auch die Darstellung zum
Teil ausgedehnter In-Situ-Thrombosen in der pulmonalen Strombahn in
Obduktionsserien als Hinweis auf eine herausragende Bedeutung der

Lungenperfusion in der Pathogenese dieser Erkrankung gewertet werden. 292

Es ergeben sich folgende wissenschaftliche Fragestellungen:



. Wie stark ist die vaskulare Komponente an Veranderungen des

Gasaustausches.

. Lasst sich das pulmonalvaskulare Kapillarleck im ARDS quantifizieren

. Welche Rolle spielt die Gerinnungskaskade im ARDS und C-ARDS

. Wie beeinflussen Perfusionsstérungen die Morphologie und Pathogenese des

C-ARDS
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3. Eigene Arbeiten

3.1. Welche Rolle spielt die Perfusion fur den Gasaustausch der Lunge? Einfluss
von inhalativem Stickstoffmonoxid in niedrigen Konzentrationen

Inhalatives Stickstoffmonoxid (NO) wird seit 1991 in der klinischen Behandlung von
Patienten mit akutem Lungenversagen eingesetzt ?2. Das Molekl wirkt vasodilatierend
und aufgrund seiner kurzen Halbwertszeit und hohen Reagibilitat bewirkt es bei
inhalativer Aufnahme eine selektive Vasodilatation in den ventilierten Lungenarealen
mit der Folge einer homogeneren Verteilung von Ventilation und Perfusion und einer
Verringerung des Missverhaltnisses dieser beiden essentiellen Komponenten des
Gasaustausches. 23

Eine Metaanalyse aus dem Jahr 2017 kann zu dem Schluss, das inhalatives
Stickstoffmonoxid zwar den pulmonalen Gasaustausch zumindest vorribergehend in
vielen Fallen verbessern kann, dass es aber keinen Beweis fur einen positiven Effekt
auf klinisch relevante Endpunkte gibt wahrend sich Hinweise fur eine Haufung akuter
Nierenschadigungen fanden 24.

Dennoch findet Stickstoffmonoxid weiterhin breite Verwendung als Therapie in
schweren Fallen des akuten Lungenversagens.

In einer Untersuchung konnten wir an Patienten, die sich einem elektiven
kardiochirurgischen Eingriff unterzogen, dass bereits NO-Konzentrationen im Bereich
von wenigen parts per billion (ppb) einen signifikanten Effekt auf den Gasaustausch
der Patienten hatten und die Oxygenierung signifikant verbesserten.

Hierfar wurden die Patienten, die sich einem elektiven kardio-chirurgischen operativen
Eingriff unterzogen nach Einleitung der Narkose und Implementierung eines

erweiterten hamodynamischen Monitorings einschlieBlich pulmonalarteriellem
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Einschwemmkatheter nacheinander mit komprimierter Luft, synthetischer Luft und
einem Gemisch aus Lachgas (N20) und synthetischer Luft beatmet.

Gleichzeitig  wurde  die Stickstoffmonoxidkonzentration im In- und
Exspirationsschenkel des Beatmungssystems gemessen.

Wahrend die Stickstoffmonoxidkonzentration in der komprimierten Luft, die aus der
Umgebung des Krankenhauses in einer urbanen Gegend angesogen wurde, abhangig
von Witterung und Verkehrsaufkommen, Konzentrationen im einstelligen bis niedrig-
zweistelligen ppb Bereich enthielt, war die synthetische Luft erwartungsgemafl NO-
frei. FUr Lachgas ist eine Kontamination mit Stickstoffmonoxid, bedingt durch den
Herstellungsprozess bekannt. Entsprechend bewegte sich die gemessene
Stickstoffmonoxidkonzentration im Inspirationsschenkel im gleichen Bereich, wie in der
komprimierten Luft.

Nach einer Einwaschphase nach Wechsel des Beatmungsgemisches waren die
registrierten arteriellen Sauerstoffpartialdricke (paO2) unter Beatmung mit
synthetischer Luft signifikant niedriger als unter Beatmung mit komprimierter Luft oder
besagtem Lachgasgemisch. Diese Beobachtungen lassen den Schluss zu, dass sich
die beobachteten Effekte auf den Gasaustausch auf die im Gasgemisch enthaltenen
niedrigen Stickstoffmonoxidkonzentrationen und den mit ihrer Zufuhr verbundenen
selektiven vasodilatatorischen Effekte zurlckzufuhren ist.

Hier zeigt sich eindrucksvoll, wie ausgepragt die vaskulare Komponente die Effektivitat
des pulmonalen Gasaustauschs ist und lasst darauf schlieBen dass Veranderungen
im pulmonalvaskularen System, in Perfusion und Gerinnungssystem auch in der
Situation eines akuten Lungenversagens eine substantielle Bedeutung flr den

Gasaustausch der Patienten zukommt. 2°
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W.Hess, J. Kannmacher, J. Kruse: Contamination of anaesthetic gases with
nitric oxide and its influence on oxygenation: study in patients undergoing

open heart surgery; Br J Anaesth 2004; 93: 629-33
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CLINICAL INVESTIGATIONS

open heart surgery’

W. Hess*, J. Kannmacher and J. Kruse
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Background. Nitric oxide is important in vasomotor regulation. Contamination of anaesthetic
gases with nitric oxide could affect gas exchange.

Methods. We measured oxygenation and nitric oxide concentrations in the inspiratory and
expiratory limb of the ventilator circuit in patients about to have cardiac surgery. Measurements
were made before surgery when the circulation and respiratory conditions were stable. Fio, was
set at 0.35. The breathing circuit was supplied with a fresh gas flow greater than the minute
volume so that exhaled gas was not re-used. Three gas mixtures were given in sequence to each
patient: oxygen and compressed air (AIRc), oxygen and nitrous oxide, and oxygen and synthetic
air (AlRs) that was free from nitric oxide. All patients were given AlIRs as the second gas and the
other two gas mixtures (AIRc and nitrous oxide) were given randomly as the first and third gases.

Results. During ventilation with oxygen—AIRc, the median nitric oxide concentration was 5.6 ppb,
during ventilation with oxygen—nitrous oxide it was 5.0 ppb and using oxygen—AlIRs it was |.5 ppb.
When AlRc and nitrous oxide were used, Pao, was greater and venous admixture was less than
when AIRs was used. The different gas mixtures did not affect pulmonary vascular pressures or
cardiac ouput.

Conclusions. Compressed air and nitrous oxide contain very low concentrations of nitric oxide

Contamination of anaesthetic gases with nitric oxide and its
influence on oxygenation: study in patients undergoing

(<10 ppb). This can affect pulmonary oxygen transfer during anaesthesia.

Br | Anaesth 2004; 93: 629-33

Keywords: anaesthetics gases; complications, nitric oxide contamination; oxygen, inspired

concentration, partial pressure

Accepted for publication: June 22, 2004

Nitric oxide is an important substance involved in many bio-
logical processes, including neurotransmission, cellular host
defence and gastrointestinal motility, and is a key substance
in vasomotor regulation.'?

Inhaled nitric oxide has been used to treat infants with
pulmonary artery hypertension (PAH) and adults with acute
lung injury (ALI).* Nitric oxide concentrations of 100-2000
ppb can improve arterial oxygenation in patients with
ALL* and concentrations of 5-40 ppm are used for
treating PAH.

Compressed air (AIRc) is used in generic anaesthetic
machines or ventilators. This AIRc contains variable
amounts of nitric oxide as a result of air pollution,””’ and
this may affect lung function. In addition, ventilation with a
mixture of nitrous oxide and oxygen is common in general

anaesthesia. Little is known about the effects of contamina-
tion of nitrous oxide by nitric oxide.

We investigated pulmonary artery pressure and oxygen
exchange in patients before cardiac surgery. We used a con-
stant Flo, of 0.35 and mixtures of oxygen with compressed
air, nitrous oxide and synthetic air which contains less
nitric oxide.

Methods

After approval from the ethics committee (Ethik-
Kommission der Arztekammer Hamburg) and with written

This article is accompanied by Editorial 1.

© The Board of Management and Trustees of the British Journal of Anaesthesia 2004
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consent we studied 37 patients (NYHA II-IITI) who were
about to have elective cardiac surgery. We excluded patients
with known lung disease or poor left ventricular function
(ejection fraction <0.3).

The patients were premedicated with flunitrazepam
1-2 mg orally. An ECG lead II and a pulse oximeter probe
were attached. A pulmonary artery catheter (Baxter, Irvine,
CA, USA) and arterial and venous cannulae were placed
before induction of anaesthesia. Anaesthesia was induced
with etomidate 0.2 mg kg ', fentanyl 5 pg kg~ ' and pan-
curonium 0.1 mg kg~ '. Anaesthesia was maintained with
propofol 0.5 mg kg ™' h™' i.v.

After tracheal intubation, the lungs were ventilated with a
set volume (Cicero Machine, Driger, Liibeck, Germany).
The fresh gas flow was set to be greater than the respiratory
minute volume to avoid rebreathing of alveolar gas. In a
correctly functioning system without leaks, the fresh gas
flow can be reduced to the alveolar minute volume so
that only fresh and dead-space gas are present in the system
at the start of the next inspiration. The respiratory minute
volume was first adjusted to obtain an end-tidal carbon
dioxide fraction of 3.5-4.0 vol %. Later, ventilation was
adjusted to obtain an arterial pressure between 4.4 and
5.4 kPa (see Table 3 below). The inspiratory and expiratory
concentrations of oxygen, nitrous oxide and end-tidal carbon
dioxide were measured with an anaesthetic gas analyzer
(Cardiocap, Datex, Finland).

When the circulation and respiratory state were stable,
three different gas mixtures were used successively for
ventilation:

(i) oxygen plus compressed air (AIRc) with F1,,=0.35;
(i1) oxygen plus synthetic air (AIRs) with F1,,=0.35;
(iii) oxygen plus nitrous oxide with FI,,=0.35.

During the use of each gas mixture we measured the
inspiratory (NOinsp) and expiratory (NOexp) concentra-
tions of nitric oxide 20 cm away from the Y-piece in the
inspiratory and expiratory limbs of the breathing circuit. We
used a chemiluminescent analyzer (TE24C-Chemilumi-
nescens-NO-NO,-NOx-Analysator, Thermo Instruments
GmbH, Dortmund, Germany). This device measures nitric
oxide concentrations down to 0.4 ppb and is linear to within
1% over the range 0.4 ppb to 100 ppm. We calibrated the
analyzer periodically using three calibrating gases: pure
nitrogen, nitrogen containing 180 ppb nitric oxide and nitro-
gen containing 320 ppb nitric oxide.

During ventilation with each gas mixture, we measured
the following: inspiratory and expiratory oxygen concentra-
tion, inspiratory and expiratory nitrous oxide concentration,
end-tidal carbon dioxide concentration, heart rate, mean
arterial pressure, mean central venous pressure, mean pul-
monary arterial pressure, mean pulmonary artery wedge
pressure, cardiac output (thermodilution method), and arter-
ial and mixed venous blood gases.

The pulmonary vascular resistance and the total peri-
pheral resistance were calculated using standard formulae.

The alveolar—arterial oxygen partial pressure difference
P(A-a), was calculated using the alveolar air equation:

Pao, = Flo, (Poar—PH:0)—PAco, / R+ ([PAco, /R]X[Flo,1 — R])

where R is the respiratory quotient. Values of Py,=101.08
kPa, PH,0=6.25 kPa and R=0.8 were assumed. The shunt
fraction Q4/Qr was calculated using the equation:

0s/Q1=(Cv0r—Ca,, ) /(Cc02—Cv, )

Arterial, venous and capillary oxygen saturation were
obtained from line charts representing the oxyhaemoglobin
dissociation curve (Kelman and Nunn) after correction of
saturation for pH using the nomogram given by Kelman and
Nunn.®

The oxygen content Co, was calculated using the
formula:

Co,=Hbx1.37S0,+Posa

where « is the solubility coefficient (Bunsen) and has a
value of 0.0228 ml dl~' kPa~" for oxygen, and each gram
of haemoglobin can bind 1.37 ml of oxygen. The oxygen
content of end-capillary blood was calculated from the
ideal alveolar PoO,.

After the study was completed, anaesthesia appropriate
for the subsequent surgery was started.

Statistical analysis

Data are expressed as the median with the (25, 75) quartile or
as the mean and standard deviation (sp). The data distribu-
tions are displayed using box and whisker plots of the
inspiratory and expiratory nitric oxide concentrations. His-
tograms of the AIRc and nitrous oxide—nitric oxide values
were used to determine whether the distribution of the meas-
ured concentrations was normal.

Comparisons of values obtained during AIRs—oxygen
ventilation with those obtained in the other two periods
were made using the Wilcoxon test.

Results

We studied 37 patients (13 male, 24 female) with a mean age
of 66 yr (range 41-80), a mean height of 169 (SD 9) cm and
a mean weight of 78 (13) kg. Coronary bypass grafts were
planned in 29 patients, aortic valve replacements in three
patients, mitral valve replacements in three patients, and
aortic and mitral valve replacements in two patients.

The nitric oxide concentrations of the inspired and
exhaled gases in the three measurement periods are given
in Table 1 as median and quartile values and are shown
graphically as box and whisker plots in Figure 1. Differences
between oxygen—AlIRs and the other gas mixtures are all
significant (P<0.0001). Figure 2 shows the distribution of
nitric oxide values in the oxygen—AIRc and oxygen—nitrous
oxide mixtures. In the oxygen—AIRc mixture the nitric
oxide values are nearly normally distributed, but in the
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Table 1 Median and quartile values (25, 75) of the nitric oxide concentrations in
the three gas mixtures (AIRc/oxygen, AIRs/oxygen and nitrous oxide (N,O)/
oxygen) during inspiration and expiration. *Significantly different from AIRs
(P<0.01). **Significantly different from AIRs (P<0.001)

Nitric oxide (ppb)

0O,/AIRc 0,/AIRs 0,/N,O
Inspired
Median 5.6%* 1.5 5.0%*
Quartile (25, 75) (3.8, 8.2) (1.0, 1.7) (3.6, 6.4)
Expired
Median 4.0 2.8 33"
Quartile (25, 75) (2.9, 5.6) (2.1, 3.5) (2.8, 3.8)
A 30
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o *
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Fig 1 Box and whisker plots (median, quartile, range) for (A) inspired and
(B) expired nitric oxide concentrations during ventilation with the three gas
mixtures. O Adjacent values; *outlier.

oxygen—nitrous oxide mixture the values for two patients fall
outside the normal distribution curve.

Figure 3 shows the individual values of the arterial Po,
during ventilation with compressed air, synthetic air and the

A 14+

Number of patients

»

7

2 6 10 14 18 22
NO (ppb)

Number of patients

1 5 9 13 17 21
NO (ppb)

Fig 2 Histograms of the nitric oxide values showing the distribution
during ventilation with (A) nitrous oxide—oxygen and (B) AIRc—oxygen
mixtures.

nitrous oxide mixture. Lines link values for the same patient.
The dotted line indicates that the gas mixture was given first
(AIR,, n=20; nitrous oxide, n=17); the solid line indicates
that the gas mixture was given last.

Table 2 presents the oxygenation data as medians and
quartile values. Measures of oxygenation were significantly
different during ventilation with AIRc and nitrous oxide
mixtures: Pa,, was greater and P(a-a),, and Qs/QOr were
less with the nitrous oxide mixture than with AIRs. The
mixed venous oxygen partial pressure was significantly
greater during ventilation with AIRc than with AIRs, but
the difference was not significant during ventilation with
nitrous oxide.

The haemodynamic values obtained during the study are
listed in Table 3. The heart rate, the cardiac output and the
arterial, atrial and pulmonary pressures did not differ sig-
nificantly in the three study periods.

The arterial carbon dioxide pressure was 4.7 (0.4) during
ventilation with AlRc, 4.6 (0.5) during ventilation with
AIRs and 4.6 (0.5) during ventilation with nitrous oxide. The
pulmonary vascular resistance and total peripheral resistance
did not change substantially with any of the different gas
mixtures.
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Pag,
(median)

AlRc
0 T

AIRs N,O

Fig 3 Individual Pa,, values for patients during the three study periods.
Lines link values for the same patient. The dotted line indicates that the gas
mixture was given first (AIRc, n=20; nitrous oxide, n=17); the solid line
indicates that it was given last. The AIRs—oxygen mixture was always given
second.

Table 2 Arterial oxygen partial pressure (Pao,),alveolar-arterial oxygen partial
pressure difference (P(A-a)o,), mixed venous oxygen tension (Pvo,) and calcu-
lated values of venous admixture (in %). The data are presented as median
and quartile values (25, 75). *Significantly different from AIRs (P<0.01).
**Significantly different from AIRs (P<0.001). NS, not significant; N,O,
nitrous oxide

AlRc AIRs N,O

Pa,, (kPa)

Median 14.9* 14.4 16.6%*

Quartile (25, 75) (12.9, 19.3) (11.8, 16.9) (12.5, 23.1)
P(A-a),, (kPa)

Median 12.2% 13.0 10.3%*

Quartile (25, 75) (8.4, 14.5) (10.2, 15.9) (4.9, 15.3)
Pv,, (kPa)

Median 4.9% 4.7 4.8 (NS)

Quartile (25, 75) (4.6, 5.5) (4.5,5.1) (4.4,5.3)
Q0 (%)

Median 9.7 12.7 8.4

Quartile (25, 75) (5.8, 12.1) (8.1, 18.6) (5.5, 14.0)

Discussion

Compressed air and nitrous oxide are used commonly
in combination with oxygen to ventilate patients during
general anaesthesia. We found that both gases contained
low concentrations of nitric oxide. The contamination
of compressed air with nitric oxide is well known. Low
concentrations of nitric oxide in compressed air can improve

Table 3 Haemodynamic values during the three study periods (mean, (sp)). HR,
heart rate; mAP, mean arterial pressure; mPAP, mean pulmonary artery pressure;
mPCWP, mean pulmonary capillary wedge pressure; mRAP, mean right atrial
pressure; CO, cardiac output; SVR, systemic vascular resistance; PVR, pulmon-
ary vascular resistance; N,O, nitrous oxide. Arterial partial pressure of carbon
dioxide (Pa,,) is indicated as mean (SD)

AIRc AIRs N,O

HR (beats min ") 63 (14) 63 (15) 63 (15)
mAP (mm Hg) 70 (9) 69 (10) 68 (10)
mPAP (mm Hg) 212 (7.9) 21.2 (7.5) 217 (7.2)
mPCWP (mm Hg) 12.7 (6.0) 12.9 (6.1) 13.3 (5.6)
mRAP (mm Hg) 8.6 (3.2) 8.6 (3.2) 9.2 (3.4)
CO (1 min™ Y 4.1 (1.0) 4.0 (1.1) 37(1.2)
SVR (dyn s cm ™) 1296 (474) 1319 (539) 1369 (544)
PVR (dyn s cm ) 189 (137) 189 (129) 207 (146)
Pag,, (kPa) 4.7 (0.4) 4.6 (0.5) 4.7 (0.5)

arterial oxygenation in adult and paediatric ICU patients.®”?
The mean nitric oxide concentrations used in those studies
(70-140 ppb) were greater than in the present study (median
5.6 ppb). We checked our measurement device by measuring
nitric oxide concentrations at a control point for air pollution
near the hospital on the same day (median 4.0 (3.2-7.8)
ppb). The lower level of air pollution is due to the location
of Hamburg near the North Sea.

We found that the concentration of nitric oxide in nitrous
oxide was similar to that in compressed air. Nitrous oxide is
produced by heating ammonium nitrate to 240°C. After
cleaning, it is liquefied under pressure. Overheating can
result in contamination with nitric oxide and nitrogen
dioxide. German standards require that nitric oxide con-
tamination of nitrous oxide must not exceed 1 ppm. The
concentrations we found were much less than this value
(the highest concentration was 22.3 ppb).

The inspiratory nitric oxide values in nitrous oxide were
not normally distributed. In our hospital nitrous oxide is
stored in large tanks. When a tank is empty, nitrous oxide
is taken from the next tank. The tanks do not contain supplies
from the same batch. In contrast, synthetic air is
obtained from small tanks, and this gas is highly purified
for analytical use.

Surprisingly, these very low concentrations of nitric oxide
in AIRc and nitrous oxide had significant effects on oxy-
genation in intubated and ventilated patients. Physiologi-
cally, nitric oxide is produced in the respiratory tract,
with the largest contribution coming from the upper air-
ways.'%"'? Intubation deprives the inspired gas of its natural
source of nitric oxide. Ventilation with nitric oxide free
AlRs significantly affected oxygenation. We did not find
a correlation between concentrations of nitric oxide in the
inspiratory gas mixture and the effects on oxygenation. This
supports previous findings.®”

The increase in arterial Po, and the decrease in P(a-a),,
and the venous admixture during ventilation with nitrous
oxide, relative to the values obtained during ventilation
with AIRs, were obviously more pronounced than
those during ventilation with AIRc. Nitrous oxide can
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cause vasoconstriction.">"®> In combination with nitric
oxide this effect of nitrous oxide could reduce shunt, as
has been shown with the vasoconstrictor almitrine. We
should also consider the second-gas effect.'® At the onset
of ventilation with nitrous oxide, this gas is absorbed from
the alveoli into the blood more rapidly than nitrogen diffuses
from blood to the alveoli. This increases the alveolar partial
pressures of oxygen and nitric oxide. When nitrogen is
washed out and the body is saturated with nitrous oxide
the second-gas effect ceases. This process takes about 10
min. We did not start our measurements until the expiratory
nitrous oxide concentration had reached the inspiratory
value. Thus it is unlikely that the second-gas effect was
important. Further study would be needed to determine
whether nitrous oxide has an additional effect on oxygena-
tion and matching of ventilation and perfusion.

We measured the nitric oxide concentration in both the
inspiratory and the expiratory limbs of the ventilation cir-
cuit. The concentration of exhaled nitric oxide should cor-
respond to the production of nitric oxide in the lower airways
when ventilated with AIRs. It was between 1.5 and 2.8 ppb.
Some of the nitric oxide inspired with AIRc and nitrous
oxide was taken up. Assuming an endogenous production
of 2.8 ppb, the share of exhaled nitric oxide was calculated as
26% during ventilation with AIRc. Therminarias and col-
leagues'’ found that about a third of the inspired nitric oxide
was re-exhaled. During ventilation with nitrous oxide the
calculated uptake of nitric oxide was greater and the per-
centage of exhaled nitric oxide was only 7%. This could be
caused by the second-gas effect.

In summary, our data demonstrate the following. Intuba-
tion deprives the patient, at least partially, of the natural
source of nitric oxide during inspiration. Nitric oxide free
synthetic air impairs pulmonary oxygen exchange. Com-
pressed air and nitrous oxide often contain very low con-
centrations of nitric oxide (<10 ppb). However, these
concentrations can increase oxygenation. There is no corre-
lation between the concentration of nitric oxide and the
decrease in P(a-a), . An individual value between 3 and
5 ppb nitric oxide is probably necessary to obtain physio-
logical matching of ventilation with perfusion.

In our study we found that the nitric oxide concen-
trations in nitrous oxide were similar to those found in
compressed air.
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3.2. Lasst sich das pulmonalvaskulare Kapillarleck im ARDS Quantifizieren? Die
Rolle der Sonographie.

Neben den Effekten, die pulmonalvaskulare Dilatation bzw. — Konstriktion auf den
Gasaustausch hat, Ubt das vaskulare System auch Uber sein Endothel und dessen
Barrierefunktion entscheidende Einflisse auf die Pathogenese und den klinsichen
Verlauf des ARDS aus. 26

Jede Veranderung, die zu einer Verlangerung der Diffusionsstrecke zwischen
Alveolarraum und Blutkompartiment in der pulmonalkapillaren Strombahn fuhrt, muss
zwangslaufig zu einer deutlichen Einschrankung des pulmonalen Gasaustausches
fuhren, der nur aufgrund der kurzen Distanz der Gasaustauschstrecke effektiv moglich
ist 7. So missen sich durch ein Kapillarleck bedingte Fliissigkeitseinlagerungen mit
einer Verschlechterung der Gasaustasuchsituation manifestieren.

Kommt es durch Aktivierung der inflammatorischen Kaskaden zu einer Storung der
endothelialen Barrierefunktion, kann zwar die interstitielle Flussigkeitsakkumulation
noch fur eine gewisse Zeit durch das lymphatische System und Rucktransport in den
vaskularen Raum kompensiert werden, fuhrt jedoch bei Fortschreiten des Prozesses
unweigerlich zu vermehrter Flussigkeitsansammlung im Alveolarraum und zum
Lungenddem 28

Die Ultraschalluntersuchung der Lungen hat in den letzten Jahrzehnten eine
zunehmende Bedeutung in der Intensivmedizin erfahren, da sie bettseitig einsetzbar
und damit nicht mit dem Risiko eines Transportes des kritisch kranken Patienten
behaftet ist. 2°

Kommt es durch interstitielle und alveolare Flussigkeitsansammlung zu einer
Verdickung der interlobaren Septen lassen sich sonographisch vermehrte B-Linien als

diagnostisch wertvolle Artefakte darstellen. 2.
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Wir stellten uns die Frage, ob die Menge der sonographisch darstellbaren B-Linien im
Vergleich zur Referenzmethode des mittels transpulmonaler Thermodilution
gemessenen extravaskularen Lungenwasserindex (EVLWI) verlasslich das Ausmal
der pulmonalen Uberwéasserung darstellen kann um damit die Schwere des
Kapillarlecks zu quantifizieren und wie die Korrelation des Ultraschalls im Vergleich
zur rontgenologischen Untersuchung der Thoraxorgane am liegenden Patienten mit
der Thermodilution als Standardmethode ist .

Wir konnten eine starke Korrelation unseres B-Line-Scores in einem vereinfachten
Viersektorenprotokoll des Thorax mit dem extravaskularen Lungenwasserindex in der
transthorakalen Thermodilution zeigen. Der Spearmankoeffizient erreichte einen Wert
von 0,9 mit statistischer Signifikanz (p<0,001).

Demgegenuber zeigte die Befundung der Rontgenuntersuchung der Thoraxorgane am
liegenden Patienten durch eine erfahrene Facharztin fur Radiologie eine deutlich
schwachere Korrelation mit dem EVLWI, die auch keine statistische Signifikanz
erreichte.

Um die Interobservervariabilitat zu Uberprifen, wurden die Ultraschallbilder und
Videosequenzen durch zwei geblindete Untersucher nachbefundet mit einer ebenfalls

statistisch signifikanten und guten Korrelation Grad an Ubereinstimmung mit einem

(Spearman Koeffizient von 0,72; p-Wert <0.0001).

Unsere Untersuchung fuhrte damit zu der Schlussfolgerung, dass die bettseitige
Sonographie der Lunge ein nutzliches Instrument zur Einschatzung des
schweregrades der pulmonalen Uberwéasserung bei Patienten mit ARDS darstellt und
Aufschllisse Uber den Schweregrad der Schadigung der endothelialen Funktion und
damit einer der wesentlichen vaskularen Komponenten in der Pathogenese des

Lungenversagens zulasst 3'.
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Abstract

Introduction: Ultrasound of the lung and quantification of B lines was recently introduced as a novel tool to
detect overhydration. In the present study, we aimed to evaluate a four-region protocol of lung ultrasound to
determine the pulmonary fluid status in ventilated patients in the intensive care unit.

Methods: Fifty patients underwent both lung ultrasound and transpulmonary thermodilution measurement with
the PiCCO system. An ultrasound score based on number of single and confluent B lines per intercostal space was
used to quantify pulmonary overhydration. To check for reproducibility, two different intensivists who were blinded
as to the ultrasound pictures reassessed and classified them using the same scoring system. The results were
compared with those obtained using other methods of evaluating hydration status, including extravascular lung
water index (EVLWI) and intrathoracic blood volume index calculated with data from transpulmonary
thermodilution measurements. Moreover, chest radiographs were assessed regarding signs of pulmonary
overhydration and categorized based on a numeric rating scale.

Results: Lung water assessment by ultrasound using a simplified protocol showed excellent correlation with EVLWI
over a broad range of lung hydration grades and ventilator settings. Correlation of chest radiography and EVLWI
was less accurate. No correlation whatsoever was found with central venous pressure measurement.

Conclusion: Lung ultrasound is a useful, non-invasive tool in predicting hydration status in mechanically ventilated
patients. The four-region protocol that we used is time-saving, correlates well with transpulmonary thermodilution
measurements and performs markedly better than chest radiography.

Introduction

Ultrasound is readily available at the bedside and is
non-invasive, making it an ideal diagnostic tool in the
hand of the intensivist. The detection of B lines by
ultrasound of the lung to diagnose pulmonary edema
in the setting of emergency medicine has previously
been reported [1]. Changes in pulmonary hydration
status before and after hemodialysis were detectable using
ultrasound [2]. B lines can be described as vertical,
narrow-based artefacts spreading up to the edge of the
screen. In previous studies, researchers found B lines to be
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( BiolMed Central

a surrogate of acute interstitial syndrome and confluent B
lines to correspond to alveolar edema [3]. In animal
studies, a good correlation between lung ultrasound and
lung water assessment using gravimetry was found
[4]. A steep learning curve has been reported for lung
ultrasound, making it a promising tool for the intensivist
[5]. Various protocols have been used to assess extravascular
lung water (EVLW) in patients in the intensive care unit
(ICU) and in outpatients, but to date no agreement has
been reached about the best protocol to use in the ICU
setting [5]. In a consensus conference, a 28-zone protocol
was suggested following studies in which a 28-sector
approach was applied in a cardiology setting and in patients
undergoing hemodialysis [2,6]. In the ICU setting, simplified
models with an eight-sector protocol, and even a two-sector
protocol, have been evaluated in comparison with pulmonary

© 2015 Enghard et al, licensee BioMed Central. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain
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capillary wedge pressure (PCWP) and EVLW [2,7,8].
In the critical care population, a good prediction of
EVLW through ultrasound using an eight-zone protocol
has been reported. Additionally, in a study in which a
four-zone approach was evaluated in comparison with
PCWP, researchers reported promising results [7,9].

Currently, various methods are used to diagnose
pulmonary overhydration and guide fluid therapy in the
critically ill patient. Transpulmonary thermodilution as a
method to measure extravascular lung water index
(EVLWI) has become a standard tool in many ICUs, and
it has been shown to have a significant correlation to lung
gravimetry as the standard ex vivo method to assess EVLW
[10]. EVLWI was demonstrated to be an independent
marker of outcome in acute respiratory distress syndrome
(ARDS) and in a population of mixed ICU patients [11,12].
Chest radiography, computed tomography, and measure-
ment of central venous pressure (CVP) or PCWP are also
commonly used to gain information about pulmonary
water content. Nevertheless, all these methods have their
own drawbacks and pitfalls. Exposure to radiation is
unavoidable when serial chest radiography is conducted,
and ordering chest radiography and waiting for it to be
conducted and processed leads to significant delay in
decision-making. Transfer to the computed tomography
scanner adds the risk of transport of the critically ill
patient. Pulmonary artery catheterization and introduction
of central venous and arterial lines are invasive procedures
that carry their own risks.

At present, little information is available regarding the use
of lung ultrasound for EVLW assessment in mechanically
ventilated patients in the ICU. In the critical care setting, it
is of key importance to receive the necessary information
about pulmonary hydration status on the spot to
guide further therapy. Lung ultrasound at the bedside
is a promising tool to use to achieve this goal, and a
simplified approach may be of great value. Here we report
the results of 50 ventilated patients who underwent
four-sector lung ultrasound and transpulmonary dilution
measurements, chest radiography and CVP measurements
for comparison of the utility of the different methods for
lung water assessment in the ICU.

Material and methods

Patients

We enrolled all patients 18 years of age or older who were
admitted to our medical ICUs for various diagnoses and
underwent lung ultrasound and transpulmonary thermo-
dilution measurements with the PiCCO device (PULSION
Medical Systems, Munich, Germany) (Table 1).

The study was approved by the local ethics committee
of Charité Universititsmedizin Berlin (EA4/005/14). No
formal consent from the patients was needed according
to the ethics committee decision. The study was

Table 1 Clinical features®

Demographics Data
Age, yr 62 (21 to 88)
Sex, M/F 29/21
APACHE Il score 27 (11 to 47)

Duration of ventilation, hr 343 (23 to 1,836)

EVLWI score 10.0 (5.0 to 31.0)
[TBVI score 941.5 (535.0 to 1,600.0)
PaO,/FiO, 205.5 (70.0 to 373.0)
Sepsis 17

Pneumonia 6

Acute respiratory distress syndrome 6

Cardiopulmonary resuscitation 6

Acute myocardial infarction 5

Pancreatitis 2

Liver failure 2

Other 6

2APACHE I, Acute Physiology and Chronic Health Evaluation II; EVLWI,
Extravascular lung water index; ITBVI, Intrathoracic blood volume index;
Pa0,/FiO,, Index of arterial partial pressure of oxygen and inspiratory oxygen
concentration. Values are reported as medians (minimum to maximum)

or counts.

conducted according to the principles of the Declaration
of Helsinki [13].

Ultrasound measurements

A Vivid S6 ultrasound machine and a 3.5-MHz curved
array probe (GE Healthcare, Chalfont St Giles, UK) were
used for all examinations. A single measurement was
recorded for each patient. Patients were scanned while in
supine position, and four intercostal spaces (ICSs) were
examined: the ICS between the third and fourth ribs and
the ICS between the sixth and seventh ribs to the left
and right of the sternum and between the parasternal and
midclavicular line (Figure 1). The number of single and
confluent B lines was recorded, and a score ranging from 0
to 32 was calculated to summarize the B lines of the four
ICSs (Table 2). Screenshots of every ICS examined were
recorded, and two intensivists who were blinded to the
details of the images analyzed them using the same scoring
system. The averaged result is presented in Figure 2.

Transpulmonary thermodilution measurements
All measurements were performed using the PiCCO
device. The PiCCO device was applied only for clinical
reasons and independently from the study protocol.
Examinations were performed by application a 20-ml
bolus of 0.9% saline at 4°C. At least three single measure-
ments were performed with the patient in supine position.
If there was a significant variability in the results, further
measurements were performed until three conclusive
results were obtained.
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the sixth and seventh ribs used to calculate the ultrasound score.

b

Figure 1 Scheme of the four parasternal views corresponding to the intercostal spaces between the third and fourth ribs and between

¢

Radiography

Anteroposterior chest radiographs with the patient in
supine position were obtained within a 24-hour period
before or after the ultrasound measurements were recorded.
A senior radiology consultant who was blinded as to their
details evaluated them for pulmonary fluid burden using a
numeric rating scale ranging from 0 to 32 (low=0 to
10, moderate=11 to 20 and high=21+). Kerley A
and B lines, grade and distribution of vascular dilatation
and opacities, effusions and cardiac enlargement were
assessed.

Table 2 Ultrasound scoring system

Ultrasound finding Score
No B line/ICS? 0
One B line/ICS*
Two B lines/ICS?
Three B lines/ICS?
Four B lines/ICS?
Five B lines/ICS*

Confluent B lines >50% ICS®

Confluent B lines >75% ICS®
Confluent B lines 100% ICS®

0 N O L MAWwWwN

2ICS, Intercostal space.

Central venous pressure

The central venous catheter had to be placed in either
the internal jugular or subclavian vein, and correct
position had to be confirmed by chest radiography.
Measurements were taken with the patient in supine
position after controlling for the correct positioning of the
pressure transducer and zeroing of the transducer. Values
were taken retrospectively from the patient’s electronic
medical record.

Statistical analysis

The Spearman coefficient was used to determine correla-
tions, and a Bland-Altman plot was generated to check for
possible bias. Analysis was performed and graphs were
generated using GraphPad Prism 6.0 (GraphPad Software,
La Jolla, CA, USA) and SPSS (IBM SPSS, Chicago, IL,
USA) software.

Results

Presence and extent of B lines intimately correlate with
pulmonary water status as assessed by extravascular lung
water index

The EVLWI was measured using the PICCO technology
and compared with the lung ultrasound findings. The
median duration of the lung ultrasound examination
was 2 minutes, with a range from 1.5 to 7 minutes.
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Figure 2 Chest radiographs (left) and corresponding ultrasound screenshots (right) of two study patients. (A) Dry lung with a normal
extravascular lung water index (EVLWI) and predominant A lines. (B) Severe, non-cardiac pulmonary edema with a high EVLWI and confluent B lines.

Scanning time was recorded for 40 of 50 patients.
All included patients were successfully examined, and
no dropouts caused by poor examination conditions
occurred.

The ultrasound score (US score) calculated directly by
the examiner performing the examination closely corre-
lated with the EVLWI (Spearman’s r=0.91, P <0.0001)
(Figure 3A). To further validate B lines as a tool for
assessing the lung water status, the recorded ultra-
sound pictures were reanalyzed in a blinded fashion
by two independent examiners, and the results were
averaged. Retrospective blinded assessment slightly
reduced the strength of the association with EVLWI;
nevertheless, the correlation remained tight and
highly significant (Spearman’s r=0.72, P <0.0001)
(Figure 3B).

A Bland-Altman plot was calculated to assess for any
potential bias by comparing the EVLWI and the US
score. A bias of 2.52 (mean difference of EVLWI - US
score) was observed. Additionally, the difference and
average were not independent, suggesting that in patients
with low fluid status, the EVLWI was relatively higher
than the US score, and the converse was true with increas-
ing lung fluid. A linear regression was calculated accord-
ing to the method of Bland and Altman [14]. The

linear function- and linear regression-based 95% limits of
agreement are shown in Figure 3C.

A receiver operating characteristic curve was calculated
to further specify the diagnostic potential of B lines. A US
score >1.5 had a sensitivity and specificity of 92.1%
and 91.7%, respectively, for diagnosing an EVLWI
above the normal value of 7 ml/kg (area under the
curve (AUC) =0.9419). To identify patients with a se-
verely increased EVLWI >15, a US score of >18.5
had a sensitivity of 92.3% and specificity of 94.6%
(AUC =0.9636) (Figure 3D).

Correlation of ultrasound score and PaO,/FiO,, central
venous pressure and intrathoracic blood volume index
The data indicated a significant but weak correlation
between the US score and the index of arterial partial
pressure of oxygen and inspiratory oxygen concentration
(PaO,/FiO,) (Spearman’s r=-0.34, P =0.02). The correl-
ation between the EVLWI and the PaO,/FiO, was also
weak, but it was significant (Spearman’s r = -0.37, P 0.01)
(data not shown). Neither CVP (Spearman’s r=-0.011,
P =0.4924) nor intrathoracic blood volume index (ITBVI)
(Spearman’s »=0.16, P=0.2873) was significantly corre-
lated with the presence and extent of pulmonary B lines
(data not shown).
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Figure 3 Correlation of the extravascular lung water index with the ultrasound score. (A) We found a close correlation of the ultrasound
(US) score with the extravascular lung water index (EVLWI) (Spearman’s r=0.91, P < 0.0001). (B) Correlation of the blinded US score as a mean
of two independent examiners is shown (Spearman’s r=0.72, P < 0.0001). (C) Bland-Altman plot comparing the difference (EVLWI — US score)
with the average (of EVLWI and US score). Additionally, a linear regression (difference = 7.62 — 046 x average) and the 95% confident intervals
(linear regression + 1.96 x 3.6) are plotted. (D) Receiver operating characteristic curves of the US score obtained to identify patients with EVLWIs
>7 and >15 show excellent diagnostic performance, as indicated by the areas under the curve of 0.9419 and 0.9636.

Comparison of chest radiography and central venous

pressure with EVLWI and ITBVI and PaO,/FiO, (Figure 4).

was found between chest radiography and ITBVI, CVP

Chest radiography and EVLWI showed a significant, but
rather weak, correlation, with a Spearman coefficient of
0.33 and a P-value of 0.03. No significant correlation

Likewise, no significant correlation was found between
CVP and the EVLWI) (Spearman’s r=-0.24, P=0.11.
Interestingly, there was also no correlation between CVP
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Figure 4 Comparison of pulmonary fluid status evaluated by chest radiography and ultrasound. US, Ultrasound.
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and ITBVI (Spearman’s r=0.06, P =0.73) (Figure 5 and
data not shown).

Discussion

Our data suggest that lung ultrasound may be a valuable
tool in assessing EVLW in patients in the ICU. Our
four-sector protocol showed a tight and significant
correlation with EVLWTI values derived from transpul-
monary thermodilution measurements. It had good
sensitivity and specificity to exclude clinically relevant
accumulation of EVLW and for diagnosis of severe
pulmonary edema. Retrospective analysis of the screenshots
by different investigators revealed a good correlation with
the EVLWI. Simplified lung ultrasound performed
markedly better than chest radiography for prediction
of EVLWI. The ultrasound examination was easy,
noninvasive and fast, making it an attractive approach
for assessing pulmonary fluid status.

EVLW accumulation is a common problem in the
critical ill patient in general and especially in patients
with sepsis and ARDS. It is still debated which diagnostic
tool is the best to use for guiding fluid therapy in regard
to EVLW in the ICU. To this end, transpulmonary
thermodilution or double-indicator measurement, analysis
of chest radiography, CVP and pulmonary artery occlusion
pressure measurement are used in different institutions
[15,16]. Chest radiography is frequently used to assess
EVLW, but usually its interpretation is subjective; in
addition, the sensitivity and specificity of scoring systems
are largely uncertain [16,17]. Measurement of CVP or the
use of pulmonary artery catheters is still common, although
their utility and value in guiding fluid therapy have been
questioned in recent years [18,19]. The measurement of the
EVLWI by transpulmonary thermodilution or a transpul-
monary double-indicator (thermo-dye dilution) technique
was proved to predict outcome in a general ICU population

and patients with severe ARDS [11,12]. This measurement
method showed significant correlation with lung gravimetry
as the standard ex vivo parameter for EVLW [10]. It has
been shown that even small changes in EVLW can be
detected by using transpulmonary thermodilution [20]. For
these reasons, it has become the standard method for
assessment of EVLW in many institutions and was used as
the reference method in our study. However, placement of
a central line and a special arterial catheter is required,
generating costs and making it an invasive procedure.
Possible pitfalls lie in assessment of patients with focal lung
injury and vascular obstruction [21].

Using lung ultrasound to detect so-called B lines
proved to be a useful diagnostic tool in diagnosing
pulmonary edema in the emergency medicine setting and
in animal studies, where the detection and quantification
of so-called B lines showed correlation with clinical assess-
ment, radiologic findings, natriuretic peptides and pulmon-
ary artery occlusion pressure [1,4,9,22-26]. Other conditions
that cause an acute interstitial syndrome such as pulmonary
fibrosis and interstitial pneumonitis should be ruled out
clinically and by assessment of the sonographic appearance
of the pleural line [5,27]. Various protocols have been pro-
posed, but, although a 28-sector approach is recommended
in a cardiology outpatient setting, no consensus has been
reached about the ideal lung ultrasound protocol in the
ICU [5]. In our present study, we were able to demonstrate
that a four-sector approach provides similar accuracy in
predicting EVLW compared with more complex protocols
and might be of value because rapid decision-making is key
in the emergency and ICU setting.

Because blinding of the ultrasound examiner to the
appearance and clinical volume status of the patient was
hardly possible, we recorded screenshots of the ultrasound
examination and asked two independent examiners to
reassess the US score in a blinded manner. Correlation
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Figure 5 Correlation of extravascular lung water index to chest radiography (Spearman’s r=0.33, and P =0.03) and central venous
pressure (Spearman’s r=0.24, P=0.11). CVP, Central venous pressure; EVLWI, Extravascular lung water index; Rx, Chest radiography.



krusejm
Rechteck


27
Enghard et al. Critical Care (2015) 19:36

with EVLWI remained significant as a surrogate for good
reproducibility. We believe that the correlation coefficient
was slightly lower in the blinded analysis because static
screenshots were analyzed, whereas the dynamic real-time
examination would be more sensitive in detecting B lines
that move with pleural sliding images. Nevertheless, only
an examination by two independent operators within a
narrow time window would prove good reproducibility.
This is clearly a limitation of our study.

Correlation of US score and EVLWI with the PaO,/FiO,
was significant but rather weak. This is in agreement with
earlier findings [11] and is not unexpected, given the fact
that fluid overload is only one of many factors influencing
the pulmonary gas exchange. Assessment of the chest
radiographs using a numeric scale revealed a significant
but weak correlation with the EVLWI. Given the fact that
the correlation of the chest radiographs to the EVLWI was
worse than that of the US score, and keeping in mind the
risks to the patient associated with radiation exposure due
to repeated radiologic examinations and the fact that chest
radiographs are not always readily available at the bedside,
we conclude that the ultrasound examination might be a
better way to conduct an EVLW assessment in the ICU.
Researchers in previous studies also reported conflicting
results regarding the performance of chest radiographs in
predicting pulmonary hyperhydration, interstitial syn-
drome or high cardiac filling pressures [28-30]. Our data
suggest that lung ultrasound is a valuable method to
use for assessing EVLW at the bedside of the ventilated
ICU patient.

One of the major limitations of our study is the fact
that it was done at a single center. We did not compare
different protocols using, for example, an 8- or even a
28-zone approach, so no final conclusions can be drawn
regarding the superiority of either protocol. We defined
transpulmonary thermodilution as our standard method.
No consensus has been reached so far regarding the
threshold for a pathologic EVLW level. The cutoff values
of 7 and 15 ml/kg used in our study were chosen on the
basis of different reported mortality rates in critically ill
patients associated with these values, but they remain
arbitrary [12]. Nevertheless, the results of using lung
ultrasound as a bedside tool in the ICU are promising
and should prompt further studies to evaluate its utility
for making diagnoses and guiding therapy.

Conclusions

Assessment of EVLW by lung ultrasound using a sim-
plified four-sector protocol shows excellent correlation
with the results of transpulmonary thermodilution.
The performance of lung ultrasound appears to be
superior to chest radiography. The measurement of
CVP does not reliably predict pulmonary hydration status
in this setting.

Key messages

e Ultrasound assessment of pulmonary fluid status can
be performed by following a simplified protocol that
allows rapid decision-making in the critical ill patient.

e A simplified lung ultrasound protocol shows
significant correlation to EVLW measured by using
a transpulmonary thermodilution technique and
performs markedly better than chest radiography.

e Ventilator settings do not significantly influence the
accuracy of lung ultrasound assessment of EVLW in
the critical ill patient.
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3.3. Welche Rolle spielt die Gerinnungskaskade im COVID-ARDS?

3.3.1 Hypofibrinolyse bei Patienten mit schwerer COVID-19-Erkrankung

Neben Ventilations-Perfusionsfehlverteilungen und kapillarer Leckage als Ausdruck
der endothelialen Dysfunktion wird die Perfusion der Lungen und damit auch der
pulmonale Gasaustausch vor allem auch durch die Interaktion des vaskularen
Endothels und der Gerinnungskaskaden beeinflusst. Hierbei spielt eine komplexe
Interaktion von Inflammationsmediatoren, Endothel und Gerinnungssystem die
entscheidende Rolle 32, Letztlich kommt es im ARDS zu unterschiedlichen
Schweregraden einer disseminiserten intravasalen Gerinnung (DIC) und
Mikrothrombenbildung in der pulmonalen Strombahn. 33

Mit Ausbruch der Pandemie durch SARS-CoV2 und der sich rasch entwickelnden
Evidenz fur eine Alteration des Gerinnungssystems von Patienten, die schwer an
COVID-19 erkrankten mit einer deutlichen Haufung thromboembolischer Ereignisse,
ruckten diese pathophysiologischen Zusammenhange wieder starker in den Fokus.
Wir untersuchten die Kohorte der Patienten die auf unseren internistischen
Intensivstationen wahrend der ersten Welle der SARS-CoV-2 Pandemie im Jahre 2020
aufgrund eines C-ARDS behandelt wurden in Hinblick auf eine mdgliche Haufung
thrombembolischer Ereignisse und versuchten mittels viskoelastischer Testung unter
Nutzung des ROTEM®-Systems die Veranderungen in der Gerinnungskaskade naher
zu charakterisieren.

Wir fanden thrombembolische Komplikationen bei 23 von 40 Patienten (58%).

Die systematische Analyse der Ergebnisse der viskoelastischen Testung ergab neben

einer deutlich erhdhten Gerinnselfestigkeit eine deutlich  eingeschrankte
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Fibrinolyseaktivitat der kritisch kranken COVID-19 Patienten als mdgliche Erklarung
der Thromboseneigung in diesem Patientenkollektiv.

In der Subgruppe der Patienten die thrombembolische Komplikationen entwickelte,
war die Maximum lysis (ML) als Parameter der Fibirinolyseaktivitat in der ROTEM-
Untersuchung noch einmal deutlich niedriger als im Gesamtkollektiv, was einen
kausalen Zusammenhang moglich erscheinen lasst.

Analog zu anderen Gruppen fanden wir ein signifikant héheres Niveau der D-Dimere
in der Gruppe der Patienten mit thrombembolischen Komplikationen. Wahrend die ML
des ROTEM in der ROC-Kurvenanalyse eine eine area under the curve (AUC) von 0,8
zur Vorhersage thrombemboilischer Ereignisse zeigte, lag die AUC fur die D-Dimere
mit 0,71 deutlich darunter.

Eine Kombination beider Parameter erbrachte eine AUC >0,9, ein Wert der diese
Parameterkombination als einen aussichtsreichen Kandidaten flur eine prognostische
Einschatzung hinsichtlich des Risikos einer Entwicklung thrombembolischer
Komplikationen bei COVID-19 erscheinen lasst.

Die klinischen Empfehlungen hinsichtlich eines Antikoagulationszieles fur Patienten
mit schwerem Verlauf einer COVID-19-Erkrankung sind weiterhin uneinheitlich und
auch Abhangig von der Schwere des klinischen Verlaufes.

Gerade fur die schwer Erkrankten ist auch eine Haufung von Blutungskomplikationen
dokumentiert. Ein Parameter oder eine Parameterkombination, die eine ausreichende
Sensitivitat und Spezifitat zur Vorhersage thromboembolischer Komplikationen bietet
wurde bislang nicht gefunden. Ein Solcher kdénnte aber an dieser Stelle die
Behandlung von Patienten mit schwerer COVID-19-Erkrankung auf der Intensivstation
erheblich vereinfachen und helfen Komplikation sowohl durch Thrombosen oder
Embolien als auch durch schwere Blutungsereignisse infolge einer unndtig starken

Antikoagulations-behandlung zu vermeiden.
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Grollere Studien mit deutlich hdéheren Patientenzahlen mussen jedoch unsere
Befunde bestatigen, bevor sie Eingang in die klinische Routine oder gar eine generelle

Empfehlung finden kénnen 34.
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Abstract

Background: There is emerging evidence for enhanced blood coagulation in coronavirus 2019 (COVID-19) patients,
with thromboembolic complications contributing to morbidity and mortality. The mechanisms underlying this pro-
thrombotic state remain enigmatic. Further data to guide anticoagulation strategies are urgently required.

Methods: We used viscoelastic rotational thromboelastometry (ROTEM) in a single-center cohort of 40 critically ill
COVID-19 patients.

Results: Clear signs of a hypercoagulable state due to severe hypofibrinolysis were found. Maximum lysis, especially
following stimulation of the extrinsic coagulation system, was inversely associated with an enhanced risk of thrombo-
embolic complications. Combining values for maximum lysis with D-dimer concentrations revealed high sensitivity
and specificity of thromboembolic risk prediction.

Conclusions: The study identifies a reduction in fibrinolysis as an important mechanism in COVID-19-associated
coagulopathy. The combination of ROTEM and D-dimer concentrations may prove valuable in identifying patients
requiring higher intensity anticoagulation.

Keywords: COVID-19, Coagulopathy, Hypofibrinolysis, ROTEM, D-dimers

Background

The novel severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2) causing coronavirus disease 2019
(COVID-19) has led to a global pandemic posing a major
threat to humans [1]. More than 500 000 deaths related
to COVID-19 have been so far reported [2].
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SARS-CoV-2 primarily affects the respiratory sys-
tem with a widely heterogeneous clinical presentation,
ranging from none or minimal symptoms to significant
hypoxia with viral pneumonia, potentially leading to
severe acute respiratory distress syndrome (ARDS) and
cytokine storm [3]. ARDS with related lung injury is con-
sidered one of the main causes of death in COVID-19
patients [4].

However, there is emerging evidence that involvement
of other pathomechanisms contributes to morbidity and
mortality. Both clinical and autopsy studies have revealed
a high incidence of venous and arterial thromboembolic
events, including pulmonary embolism, even in patients
receiving therapeutic anticoagulation [5-7]. These
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findings have led to recommendations for higher anti-
coagulation targets; however, it remains unclear which
patients are at increased risk and require anticoagulation
[8]. While fibrinogen and D-dimer levels are frequently
elevated, neither parameter reliably identifies patients at
an increased risk of thromboembolic complications [8].
Although different markers of hypercoagulation have
been reported among COVID-19 patients [6, 9], the
exact mechanisms underlying the prothrombotic state
in these patients remain unclear so far [10, 11]. In par-
ticular, it has not been clarified to which extent increased
procoagulation and/or impaired fibrinolysis is involved.
In addition to conventional laboratory parameters,
rotational thromboelastometry (ROTEM) provides evi-
dence for net coagulation capacity and insight into clot
formation time, clot firmness and fibrinolysis in the criti-
cally ill patients [12]. Here we report ROTEM data in 40
consecutive, severely ill COVID-19 patients treated in
two tertiary intensive care units (ICUs) and assessed the
association with thromboembolic complications.

Methods

Coagulation tests

After admission to our ICUs, blood samples were drawn
and viscoelastic tests were performed once with citrated
blood using a ROTEM sigma point-of-care device (Tem
International, Munich, Germany) [13]. In each patient,
intrinsically (contact activation, INTEM) and extrinsi-
cally (tissue factor activation, EXTEM) activated test
assays were performed to analyze the clot dynamics in
both coagulation pathways. Furthermore, FIBTEM and
HEPTEM were performed. In the FIBTEM, platelets are
inactivated with cytochalasin D to enable isolated evalu-
ation of fibrinogen in clot firmness. The heparin effect
was determined by comparing the clotting time of the
INTEM with the clotting time of the HEPTEM, where
heparinase is added.

The following ROTEM variables were analyzed: clotting
time defined as the time until initiation of clotting; clot for-
mation time (seconds until a clot strength reaches 20 mm),
reflecting the kinetics of clot formation; maximum clot
firmness (MCF) defined as the maximum amplitude of
clot firmness; maximum lysis (ML; %) defined as the dif-
ference between MCF and the lowest clot amplitude after
MCE, reflecting fibrinolytic activity (Fig. 1).

Additional routine laboratory tests performed accord-
ing to standardized protocols comprised hemoglobin
concentration, white blood cell count, platelet count,
prothrombin time (PT), international normalized ratio
(INR), activated partial thromboplastin time (aPTT)
and inflammatory parameters (see Table 2). The levels
of tissue-type plasminogen activator (t-PA), plasmino-
gen activator inhibitor-1 (PAI-1) and plasminogen were

determined using commercial ELISA Kits (t-PA Antigen
ELISA Kit, PAI-1 Antigen ELISA Kit, Glu-Plasminogen,
TECHNOZYM®/Technoclone).

To combine the parameters maximum D-dimers (mg/1)
and ML (%), the difference (maximum D-dimers—ML
EXTEM) was calculated and analyzed.

Anticoagulation therapy

In our Intensive care units, all patients included in this
trial were treated with either low molecular weight hep-
arin or in the case of ECMO therapy with argatroban.
We aimed for a PTT of 50-55 s (normal 26—40 s), and
in patients with thromboembolic events we aimed for a
PTT of 60-80 s.

Ultrasound

We performed ultrasound examinations in all patients
(GE Vivid S70 ultrasound machine with a 9L-D probe)
to screen for venous thrombosis, focusing on the jugu-
lar, subclavian, brachial, femoral and popliteal veins upon
admission to our ICU and subsequently at least once
weekly.

Ethics
The study was approved by the ethics committees of
Charité — Universitiatsmedizin Berlin (EA4/115/20).

Statistics

Statistical analyses were performed using IBM® SPSS®
Statistics version 26 (New York, USA). The descriptives
are provided as median with limits of the interquartile
range (IQR) for continuous variables or as absolute and
relative frequencies for categorical variables.

Continuous data were primarily right skewed. There-
fore, the Mann—Whitney U test was used to compare
differences between patient groups in continuous vari-
ables, while Chi-square test was used for categorical
data. A two-sided significance level of 0.05 was applied
without adjustment for multiple comparison. All p val-
ues constitute exploratory data analyses and do not allow
for confirmatory generalization of results. To evaluate
the strength of different ROTEM variables to distinguish
between patients with and without thromboembolic
events, receiver operating characteristic (ROC) analysis
was carried out including area under the curve measures
(AUC) with 95% confidence intervals (CI). Sensitivity,
specificity and accuracy (percentage of correctly classi-
fied patients) are reported.

Results

Characteristics of the cohort

Forty consecutive patients with COVID-19 confirmed by
polymerase chain reaction in throat swabs were admitted
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to two ICUs within our department between March 25th
and May 11th. All patients received viscoelastic testing
using the ROTEM system and were included in the anal-
ysis, which was censored on May 11th.

Table 1 shows baseline characteristics of the study
cohort. As most patients were referred from community
hospitals within a regional network, patients were mostly
severely ill with a median sequential organ failure assess-
ment (SOFA) score of 9 and a mean acute physiology
and chronic health evaluation (APACHE) II of 28 points.
Mechanical ventilation via either endotracheal tube
or tracheostomy was administered to 78% of patients,
whereas extracorporeal membrane oxygenation was
required for 25% and kidney replacement therapy for 53%
of patients. Evidence for macrothromboembolic events
was found in 23 of 40 patients (58%). In five patients, we
identified thromboembolic events upon admission to our

ICUs (N=3 prediagnosed pulmonary emboli, N=2 deep
venous thrombosis). Nineteen patients developed throm-
boembolic complications during the ICU stay, compris-
ing deep vein thrombosis (N=14), pulmonary embolism
(N=4), ischemic stroke (N=3), complete thrombosis of
the ECMO-circuit requiring emergency circuit-change
(N=1) and a clotted ECMO cannula (N=1).

Laboratory parameters

Table 2 shows laboratory parameters for the study
cohort and in patients with and without thromboem-
bolic events. Hematological parameters were similar
in both patient groups. Patients with thromboembolic
events had a significantly higher maximum C-reactive
protein (CRP) value, with a median value of 341 mg/l
[IQR 261.1-370.7] versus 261.1 mg/l [IQR 175.3-312.9],
respectively (p=0.002). Other markers of inflammation
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such as procalcitonin (PCT), ferritin and interleukin-6
did not differ significantly between groups.

Analyses of the coagulation parameters revealed no
significant differences between the groups with the
exception of a prolonged PTT in the group with throm-
boembolic events. Patients had significantly elevated lev-
els of fibrinogen without significant differences between
groups.

Moreover, the median initial D-dimer levels were
4.84 mg/1 [IQR 3.5-7.2] in the group with thromboem-
bolic complications in comparison with 3.06 mg/l [IQR
2.3-3.9] in the group without thromboembolic complica-
tions (p=0.003).

ROTEM parameters

Substantial abnormalities in the ROTEM analysis were
found in the overall cohort. Maximum clot firmness in
INTEM, EXTEM, FIBTEM and HEPTEM was markedly
elevated in the entire cohort compared to reference val-
ues with median values of 74 mm [IQR 69-77], 75 mm
[IQR 70.3-78], 34.5 mm [IQR 27.3-39.5] and 73 mm
[IQR 67.5-75.3], respectively. Of note, there was no sig-
nificant difference in these parameters between the sub-
groups with and without thromboembolic complications.
However, the median clotting time detected in INTEM
was significantly longer in the group of patients with
thromboembolic complications: 215 s [IQR 197-251]
versus 189 s [IQR 171.5-212]; p=0.005. Clotting times in
FIBTEM, EXTEM and HEPTEM showed no significant
differences between groups.

Figure 2 depicts ML in INTEM and EXTEM. Under
both conditions, ML was reduced and significantly lower
in the group with thromboembolic complications INTEM
median 2% [IQR 0-3.0] versus 6% [IQR 2.5-6]; p=0.001;
EXTEM median 3% [IQR 0-5] versus 5% [IQR 3.5-8],
p=0.001), indicating substantially impaired fibrinolysis in
both groups. This was observed to be more pronounced in
patients with thromboembolic complications.

ROC analysis to distinguish patients with and without
thromboembolic complications

Based on the above findings, we evaluated the potential
of different ROTEM variables to distinguish between
patients with and without thromboembolic events using
ROC analysis (Fig. 3). Maximum lysis in EXTEM resulted
in an area under the curve (AUC) of 0.8 [95% CI 0.7-0.9]
for thromboembolic events (p=0.001), while the ML
in INTEM resulted in an AUC of 0.79 [95% CI 0.6-0.9]
(p=0.002). D-dimers showed an AUC of 0.78 [95% CI
0.6-0.9], and maximum D-dimers had an AUC of 0.82
[95% CI 0.7-1.0]. Combined analysis showed that the dif-
ference in D-dimers and ML EXTEM resulted in an AUC
of 0.92 [95% CI 0.8-1].

Discussion

This study provides evidence that hypofibrinolysis is
an important contributor to the hypercoagulable state
in COVID-19 patients. Maximum lysis assessed in
ROTEM analysis, especially in the EXTEM analysis, was
reduced more profoundly in patients with thromboem-
bolic events. Based on these observations, we propose
that ROTEM analysis is useful for patient stratification
according to their prothrombotic risk. In particular,
combined consideration of ROTEM maximum lysis and
D-dimers may identify patients that benefit from thera-
peutic anticoagulation.

In this small cohort of severely ill COVID-19 patients,
we observed thromboembolic complications in more
than 50% of patients. Analysis of routine coagulation
parameters should be interpreted with caution, as many
of the patients were treated with therapeutic anticoagu-
lation. However, in accordance with previous studies,
fibrinogen and factor VIII were elevated in our cohort
and D-dimers were significantly elevated in the subgroup
with thromboembolic complications [14]. Other conven-
tional markers of the coagulation system showed no sig-
nificant differences between the two groups.

In contrast to individual parameters, viscoelastic meth-
ods, such as thromboelastography and ROTEM, permit
functional evaluations by recording most components
of the coagulation process in vitro in the presence of cel-
lular blood components. This provides insight into the
different coagulation phases, including the initiation, for-
mation and stabilization of a clot, and finally, clot lysis.
The influence of the endothelium as an important co-
factor of coagulation, however, is not directly reflected
in ROTEM assessment. In several studies, hypercoagula-
ble conditions were identified using ROTEM in disease
states with an increased risk of thromboembolic events
[15, 16]. Moreover, viscoelastic systems, such as ROTEM
and thromboelastography, were successfully established
to detect hypo- or hyperfibrinolysis in patients with trau-
matic injury or severe septic shock [17, 18].

Panigada et al. used thromboelastography in 20 patients
with COVID-19 in addition to plasmatic tests of coagula-
tion [19]. Similar to our study, they also found increased
levels of fibrinogen and factor VIII, and almost normal
routine coagulation tests. Thromboelastography data
showed elevated clot firmness as reflected by maximal
amplitude and reduced fibrinolysis measured as reduced
clot lysis at 30 min (Lys 30), consistent with our obser-
vations. Spiezia and colleagues and Pavoni and co-work-
ers also recently showed severe hypercoagulopathy in
critically-ill COVID-19 patients using ROTEM [20, 21].
They found a significantly higher maximal clot firmness
in INTEM, EXTEM and FIBTEM, and shorter INTEM
clot formation time in comparison with a healthy control
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Table 1 Patient characteristics of total cohort and subcohorts with and without thromboembolic events

Cohort (n=40) Thromboembolic events No thromboembolic p value
(N=23) events (N=17)

Age (years, (median, [IQR])) 67 [57.3-76.6] 66 [56-76] 68 [62-77.5] ns
Gender, male (n, %) 35 87.5% 20 87% 15 88% ns
BMI, kg/m2 (median, [IQR]) 28.1 [24.8-32.8] 27.8 [24.2-33] 28.7 [25.7-32.3] ns
Duration of ICU stay, days (median, [IQR]) 395 [24-54.25] 42 [28-58] 25 [8.5-47.5] 0.05
Death during ICU stay (n, %) 11 27.5% 9 39.1% 2 11.8% 0.58
Intubation (n, %) 31 77.5% 20 87% 11 65% ns
ECMO (n, %) 10 25% 9 39.1% 1 6% ns
CRRT (n, %) 21 52.5% 16 69.6% 5 29.4% 0.013
SOFA score (median, [IQR]) 9 [6.3-11.8] 10 [6-11] 8 [4.5-11] ns
SIC score (median, [IQR]) 3 [2-4] 3 [2-4] 3 [2-4] ns
APACHE score (median, [IQR]) 28 [22-33] 29 [23-34] 26 [19-31.8] ns
Preexisting conditions

Coronary artery disease (n, %) 9 22.5% 6 26% 3 18% ns

Hypertension (n, %) 25 62.5% 14 61% 11 65% ns

Diabetes mellitus/insulin resistance (n, %) 13 32.5% 10 43% 3 18% ns

Chronic kidney disease (n, %) 7 17.5% 6 26% 1 6% ns

Chronic dialysis (n, %) 1 2.5% 1 4% 0 0% ns

Lung disease (n, %) 7 17.5% 6 26% 1 6% ns

ECMO Extracorporeal membrane oxygenation, SOFA sequential organ failure assessment, CRRT continuous renal replacement therapy, SIC sepsis-induced

coagulopathy, APACHE acute physiology and chronic health evaluation

group. However, they observed no differences between
COVID-19 patients with and without thrombosis [20].
In a cohort of 19 patients, Ibaiiez et al. noted markedly
reduced fibrinolysis in COVID-19 patients; however, no
distinction with respect to the presence of thromboem-
bolic events was made [23].

While our findings confirm these results, we noted not
only a markedly reduced fibrinolysis in the whole cohort
but a significantly reduced ML in the group with throm-
boembolic complications. The clot lysis parameter ML
provides information on the fibrinolytic activity, with
low values providing evidence for hypofibrinolysis. In
the current study, we found the ML in both EXTEM and
INTEM to be markedly below normal values. Further-
more, the ML under both conditions was even lower in
the group with thromboembolic complications. There-
fore, we conclude that a severely impaired fibrinolysis
plays an important role in the hypercoagulable state and
thromboembolic risk in COVID-19 patients [23].

It is, however, somewhat surprising that highly elevated
levels of D-dimers were found in a state of hypofibrinol-
ysis. As a hypothesis, it has been suggested that intra-
alveolar fibrin deposition accounts for local activation of
fibrinolysis in ARDS.

The mechanisms leading to hypofibrinolysis in COVID-
19 remain to be defined. Complex interactions between
inflammation and the coagulation and fibrinolytic system

have been examined and controversially discussed for
decades [24-26]. One potential mechanism may be
the production of alpha defense in neutrophils, which
are known to promote fibrin polymerization and block
fibrinolysis in vitro [27].

In our cohort, we found markedly elevated markers
of inflammation, including interleukin-6, CRP and fer-
ritin; however, only the maximum CRP level differed
significantly between patients with and without throm-
boembolic complications. We could not detect significant
differences among additional individual analytes (i.e., tPA
or PAI concentrations) between both groups; however,
we did not evaluate the effect of the complement or brad-
ykinin system, which are both known to play crucial roles
in connecting the inflammatory response and fibrino-
lytic activity. Future clinical trials should also focus on
the role of thrombin-activatable fibrinolysis inhibitor
(TAFI), plasmin-alpha-2-antiplasmin (PAP) complexes
and antiplasmin, which would give valuable insights into
the mechanisms of COVID-19-induced hypofibrinolysis.
Furthermore, endothelial dysfunction is likely involved
but was not assessed.

ROC analyses provided an AUC for ML in EXTEM
of 0.8. As such, it might be a candidate as prediction
marker of future thromboembolic complications. Zhou
et al. reported D-dimers to be one of the most sensitive
and specific factors predicting mortality in a large cohort
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Table 2 Laboratory parameters of total cohort and subcohorts with and without thromboembolic events

Cohort (N=40)

Thromboembolic event

Yes (N=23) No (N=17)
Median [IQR] Median [IQR] Median [IQR] p value
Laboratory variables (normal values)
Haemoglobin (12:5-17-2 g/dL) 10.1 [85-11.2] 9.70 [8.3-10.8] 104 [93-11.9] ns
White blood cells (3-5-10-5/nl) 10.13 [7.5-13.7] 10.63 [74-16] 9.58 [6.6-12.1] ns
Platelet count (150-370/nl) 193.5 [131.3-316.3] 181 [116-306] 209 [178-325.5] ns
Prothrombin time (70-130%) 74.5 [62.8-86] 79 [61-83] 71 [63.5-87.5] ns
INR (0-9-1-25) 12 [1.1-14] 118 [1.1-14] 1.26 [1.1-1.4] ns
PTT (26-40s) 45.65 [39.4-56.1] 51.10 [40.8-57.4] 411 [38.7-54.2] ns
Fibrinogen (1-6-4 g/1) 6.67 [4.7-7.7] 6.72 [5.0-7.8] 6.1 [4.6-7.9] ns
D-dimers (<0-5 mg/l) 3.95 [2.6-5.9] 4.84 [3.5-7.2] 3.06 [2.3-3.9] 0.003
max. D-dimers (< 0-5 mg/I) 825 [3.6-16.2] 11.57 [8.2-184] 3.98 [2.6-64] <0.001
Procalcitonin (0-5 ug/l) 057 [0.2-2.5] 0.81 [04-4.7] 0.24 [0.2-1 3] ns
CRP (<0-5 mg/l) 123.8 [84.3-216.5] 130 [86 273.7] 11 [79.3-185] ns
max. CRP (<0-5 mg/I) 3129 [208.3-343.9] 3414 [261.1-370.7] 261.05 [1753-3129] 0.002
IL-6 (<7 ng/l) 103 [35-6-230] 88 [27.7- 340} 153 [53.7-206.5] ns
max. IL-6 (<7 ng/l) 5586 [178.8-1792.3] 550 [174-2475] 567.2 [186.5-1196.5] ns
Ferritin (30-400 ug/1) 1636 [1067.8-4028.5] 1663 [1218.5-4655] 1567 [720-3662] ns
max. Ferritin (30-400 ug/l) 25232 [1536.7-6635.1] 27815 [1854.7-7996.2] 20284 [922.9-4893.4] ns
tPA (2-8 ug/l) 1 [0.9-5.5] 1 [0.9-3.6] 2 [0.9-9.9] ns
PAI-1 (7-43 ng/ml) 36 [17-70] 31 [12-61] 42.50 [25.3-87] ns
tPA/PAI-1 0.053 [0.02-0.18] 0.05 [0.02-0.14] 1 [0.03-0. 24} ns
Antithrombin Il (80-120%) 79 [58.5-96.5] 755 [56.8-84] 94 [66.5-110] ns
Factor VI (50-150%) 258 [190.5-319.5] 260 [219.5-355] 222 [149.5-289.5] ns
Plasminogen (80-120%) 88 [72.8-114] 82 [72.8-109.8] 101 [70.8-129.8] ns
ROTEM variables

FIBTEM CT (s) 88.5 [78-97.8] 89 [78-102] 88 [75.5- 96} ns
FIBTEM CFT (s) 68 [51-104] 64.5 [54-95.8] 71 [47-165] ns
FIBTEM MCF (mm) 345 [27.3-39.5] 35 [27-38] 34 [27—40] ns
EXTEM CT (s) 86 [69.5-99.8] 84 [69-96] 86 [70.5-107.5] ns
EXTEM CFT (s) 46.5 [40-60.5] 47 [40-61] 45 [40.5-56.5] ns
EXTEM MCF (mm) 75 [70.3-78] 75 [69-78] 76 [72.5-78.5] ns
INTEM CT (s) 208 [181.3-227.5] 215 [197-251] 189 [1715-212] 0.005
INTEM CFT (s) 50.5 [39.5-61.8] 56 [39-63] 45 [39.5-60.5] ns
INTEM MCF (mm) 74 [69-77] 74 [65-77] 73 [69.5-78] ns
HEPTEM CT (s) 188.5 [170.5-208.3] 193 [173-209] 173 [159-206] ns
HEPTEM CFT (s) 41 [35.5-56.5] 40 [34-60] 42 [37-51] ns
HEPTEM MCF (mm) 73 [67.5-75.3] 73 [66-76] 71 [71-75] ns
ML, EXTEM (%) 3 [1.3-5.8] 3 [0-5] 5 [3.5-8] 0.001
ML, INTEM (%) 3 [1-6] 2 [0-3] 6 [2.5-6] 0.001

Unless values are designated as maximum values during the ICU stay, these parameters were determined on the day, when ROTEM analysis was performed, after

admission to our ICUs

CT clotting time, CFT clot formation time, MCF maximum clot firmness, ML maximum lysis

of COVID-19-patients in China [14]. Cui et al. found a
good sensitivity and specificity using a cutoft of 1.5 ng/ml
for predicting thrombotic events in COVID-19 patients
[8]. D-dimers were also markedly elevated in our cohort

and were found to be significantly higher in the subgroup
with thromboembolic events. ROC analysis for D-dimers
revealed an AUC of 0.78. The combination of the maxi-
mum D-dimer and ML in EXTEM (D-dimer—ML)
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improved the AUC to 0.92, with a cutoff of 3.7 for a sen-
sitivity of 94% and specificity >90%. The predictive value
of this D-dimer—ML parameter, however, requires valida-
tion in a second cohort.

In addition to providing insights in the mechanism
of thrombus formation, our results may underline the
possible therapeutic option of specific fibrinolytic
therapy for ARDS caused by COVID-19. Administra-
tion of recombinant t-PA has already been suggested
as a potential treatment and has shown promising
results in a previous study independent of COVID-19
[28]. Currently, a phase Ila trial is underway to exam-
ine the effect of thrombolytics in COVID-19 patients

with hypoxemic lung injury (ClinicalTrials.gov, NCT
04357730) [29].

There are several limitations to our study. First,
ROTEM measurements were performed when patients
were transferred to our ICUs after different treatment
periods in other hospitals. Thus, the ROTEM results
reflect different stages of the disease. Also, many, but
not all patients, were previously treated with heparin
when thromboelastometry measurements were per-
formed. Second, the study is monocentric, performed
in a tertiary care center, and the generalizability to
other settings and patients with a less severe course and
earlier stages of the disease needs to be tested. Third,
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our prediction models based on associations between
poor clot lysis, D-dimers and the presence of thrombo-
embolic events are hypotheses and require validation
in independent patient cohorts and prospective obser-
vational studies. Fourth, thromboembolic events may
have been underdiagnosed, as only ultrasound was rou-
tinely performed, while CT scans to exclude pulmonary
embolism were only performed in some patients. Fifth,

our results are descriptive in nature and do not provide
explanatory models for the observed hypofibrinolysis.
Future studies should focus on the examination of pos-
sible mechanisms.

Sixth, 25% of patients of our cohort received ECMO
therapy, which may itself have had a thrombogenic effect
and in part may have contributed to the high rates of
thrombosis. However, the current literature points into
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the direction that in some cases ECMO rather leads to
hyperfibrinolysis [30]. An ECMO-side effect as an expla-
nation for a systematic hypofibrinolysis as observed in
our cohort thus appears rather unlikely. Seventh, even
though the statistical analysis showed robust values for
our analysis, it may be difficult to guide clinical decision
based on these values, as the difference in maximum lysis
is 2%.

In summary, we found substantially reduced fibrinoly-
sis in COVID-19 patients, which was more pronounced
in patients with thromboembolic events. Clot ML time,
as assessed by ROTEM as a single parameter, or in com-
bination with D-dimers may prove valuable for thrombo-
embolic risk stratification in COVID-19 patients and aid
in decision-making regarding anticoagulation strategies.

Conclusions

ROTEM revealed severe hypofibrinolysis in COVID-19
patients. Maximum lysis, especially following stimulation
of the extrinsic coagulation system, was inversely associ-
ated with an enhanced risk of thromboembolic complica-
tions. The combination of maximum lysis with D-dimer
concentrations revealed high sensitivity and specific-
ity of thromboembolic risk prediction. Hence, ROTEM
may help to identify patients benefiting from therapeutic
anticoagulation.
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3.3.2. Die Hypofibrinolyse nach schwerer COVID 19-Erkrankung ist reversibel

Mit der Erkenntnis, dass eine schwere COVID-19 Erkrankung und ins-besondere ein
C-ARDS zu einem hyperkoagulabilem Zustand fihren und immer wieder Uber eine
Haufung thromboembolischer Ereignisse berichtet wurde, stellte sich neben der Frage
nach Zielen eine Antikoagulation wahrend der akuten Phase aber auch das Problem,
dass unklar blieb, ob das erhdhte thromboembolische Risiko auch nach Abklingen der
klinischen Symptomatik persistiert und ob sich daraus eine Indikation zur protrahierten
systemischen Antikoagulation ergibt.

Kompliziert wird das Problem durch Berichte uber eine Haufung von
Blutungskomplikationen bei Patienten mit schwerer COVID-19 Erkrankung. 35

Um einen Beitrag zur Klarung dieser Problematik zu bringen, luden wir alle Patienten,
die von unserer Intensivstation nach einer kritischen COVID-19 Erkrankung entlassen
worden waren, zu einer Follow-Up-Untersuchung in unsere Post-
Intensivstationssprechstunde ein.

Von den wahrend der ersten Welle behandelten Patienten konnten wir 13 in unserer
Sprechstunde nach 12 Wochen nachuntersuchen. Es ergab sich klinisch und
sonographisch kein Anhalt fur neuhinzugetretene thromboembolische Ereignisse bei
den Patienten.

Die jetzt erneut durchgefuhrte viskoelastische Untersuchung mittel des ROTEM®-
Systems zeigte bei allen Patienten eine normalisierte Gerinnselfestigkeit und auch die
Fibrinolyseaktivitat, gemessen an der Maximum Lysis, hatte sich bei allen Patienten
normalisiert.

Desweiteren lagen bei allen Patienten die Blutwerte fur die D-Dimere und das

Fibrinogen wieder im Normbereich 3.
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Man kann aus diesen Daten folgern, dass wahrscheinlich das erhdhte
thrombembolische Risiko der Patienten sich nach Uberwinden der klinischen
Symptome normalisiert und vorbehaltlich gréf3erer klinischer Studien, unabhangig von
mdglichen anderen Grinden, keine Indikation zur systemischen Antikoagulation

jenseits der ersten drei Monate besteht.
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Viscoelastic testing reveals
normalization of the coagulation
profile 12 weeks after severe
COVID-19
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COVID 19 is associated with a hypercoagulable state and frequent thromboembolic complications.
For how long this acquired abnormality lasts potentially requiring preventive measures, such as
anticoagulation remains to be delineated. We used viscoelastic rotational thrombelastometry
(ROTEM) in a single center cohort of 13 critical ill patients and performed follow up examinations
three months after discharge from ICU. We found clear signs of a hypercoagulable state due to severe
hypofibrinolysis and a high rate of thromboembolic complications during the phase of acute illness.
Three month follow up revealed normalization of the initial coagulation abnormality and no evidence
of venous thrombosis in all thirteen patients. In our cohort the coagulation profile was completely
normalized three months after COVID-19. Based on these findings, discontinuation of anticoagulation
can be discussed in patients with complete venous reperfusion.

Abbreviations

ROTEM Rotational thrombelastometry

COVID-19 Coronavirus 2019

SARS-CoV-2  Severe acute respiratory syndrome coronavirus 2

ARDS Acute respiratory distress syndrome
ICU Intensive care units

MCF Maximum clot firmness

ML Maximum lysis

PT Prothrombin time

INR International normalized ratio
aPTT Activated partial thromboplastin time
t-PA Tissue-type plasminogen activator
PAI-1 Plasminogen activator inhibitor-1
IQR Interquartile range

ROC Receiver operating characteristic
AUC Area under the curve

CI Confidence intervals

PCT Procalcitonin

CRP C-reactive protein
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SARS-CoV-2 is a single stranded RNA virus belonging to the coronavirus family. It causes coronavirus disease
2019 (COVID-19) which often can take an asymptomatic course but can also result in substantial severe mani-
festations, such as acute respiratory failure, acute kidney failure, multi-organ dysfunction and death. It has led
to a global pandemic with over 2.9 million attributable death toll to date®?.

While severe respiratory failure seems to be the most frequent cause of death, other complications like acute
kidney injury, cardiac and neurologic involvement seem to occur more frequent than initially expected®-°.

From the beginning of the pandemic, a high incidence of thromboembolic complications was reported in
patients with COVID-19 and autopsy findings confirmed a high rate of local thrombosis and embolic events
in the pulmonary and systemic circulation associated with the disease’-!!. Laboratory markers revealed hyper-
inflammation linked to a hypercoagulable status with markedly elevated levels of fibrinogen, d-dimers and
thrombocytosis. Numerous haemostatic tests performed in ICU patients with COVID-19 have shown, namely
viscoelastic tests (ROTEM, TEG), Thrombin Generation (reference 1, 2, 3) and Clot Waveform analysis (refer-
ence 4, 5) have demonstrated a hypercoagulable state!?-'°.

In our intensive care units we performed viscoelastic testing and noted severely impaired fibrinolysis as a char-
acteristic of procoagulation in COVID-19". In this context the term fibrinolytic shutdown has been proposed!®.

These findings led to intensive discussions about the pros and cons of systemic anticoagulation, use of avail-
able drugs and intensity of systemic anticoagulation'®~**. The question for how long survivors of the disease
should receive subsequent anticoagulation as secondary prophylaxis is unclear so far. Long term data regarding
the question whether the hypercoagulable state persists after clinical cure of the disease are currently lacking®.

Here we present observational data of 13 critically ill patients with COVID-19 who presented at the post
Intensive Care clinic of a tertiary care university hospital 3 months after discharge from ICU.

Methods

Follow-up cohort. Out of 41 Covid-19 patients admitted to our ICUs between March 25th and May 11th
2020, 29 patients survived!”. All of these were invited for a follow-up visit. Thirteen patients came back to the
follow-up visit after 3 months.

Anticoagulation. Upon admission on the ICU, all COVID patients were treated with therapeutic anti-
coagulation using intermediate doses of unfractionated heparin or argatroban with a aPTT goal of 50-55 s.
Nevertheless, nine out of thirteen patients developed thromboembolic complications during their stay on the
intensive care unit (ICU). These patients were then anticoagulated using higher doses of unfractionated heparin
or argatroban with a targeted partial thromboplastin time of 60-80 s, respectively. Upon transfer to rehabilition
units the continuation of this therapy regimen was recommended followed Rivaroxaban 20 mg per day until the
first visit to the follow up clinic 12 weeks after discharge from the ICU.

Coagulation tests. After admission to our ICUs, routine viscoelastic tests were performed with citrated
blood by using a ROTEM sigma point-of-care device (Tem International, Munich, Germany)*. In each patient,
intrinsically (contact activation, INTEM) and extrinsically (tissue factor activation, EXTEM) activated test
assays were performed to analyze the clot dynamics in both coagulation pathways. Furthermore, FIBTEM and
HEPTEM were performed. For FIBTEM thrombocytes are inactivated with Cytochalasin D to allow isolated
evaluation of fibrinogen in clot firmness. For HEPTEM heparinase is added. The heparin effect was determined
by comparing the clotting time of the INTEM with the clotting time of the HEPTEM.

The following ROTEM variables were analyzed: clotting time defined as the time until initiation of clotting;
clot formation time (seconds until a clot strength reaches 20 mm), reflecting the kinetics of clot formation;
maximum clot firmness (MCF) defined as the maximum amplitude of clot firmness; maximum lysis (ML) in
percent (%) defined as the difference between MCF and the lowest clot amplitude after MCEF, reflecting fibrino-
lytic activity (Fig. 1).

Additional routine laboratory tests carried out according to standardized protocols comprised haemoglobin
concentration, white blood cell count, platelet count, prothrombin time (PT), International Normalized Ratio
(INR), activated partial thromboplastin time (aPTT), d-dimers, fibrinogen, Interleukin 6, CRP and Ferritin
(see Table 2).

Ultrasound assessments. During the ICU stay we performed ultrasound examinations in all patients
(GE Vivid S70 ultrasound machine with a 9L-D probe) to screen for deep venous thrombosis, focusing on the
jugular, subclavian, brachial, femoral and popliteal veins upon admission to our ICU and subsequently at least
once a week.

The same examinations were performed as part of the 3 months follow-up visit.

Post-ICU-follow-up evaluations. All patients were invited for follow-up visits scheduled 3 months after
discharge from the ICU. Follow-up visits took place at our post-ICU outpatient department and followed a stand-
ardized procedure including a medical consultation, ultrasound examination of the large vessels as described
above and routine laboratory work up, including vioscoelastic tests.

Ethics. The study was approved by the ethics committees of Charité—Universititsmedizin Berlin
(EA4/115/20) and was in compliance with the Declaration of Helsinki. Consent to participate was not applicable
due to the retrospective nature of the study. Informed consent was exempted by the ethics committee of the
Charite Universititsmedizin Berlin (EA4/115/20).
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Figure 1. (A) Shows all measured values in ROTEM analysis, including clotting time (CT [s]), clot formation
time (CFT [s]), maximum clot firmness (MCF [mm]) and maximum lysis (ML [%(range)]). (B) Describes a
fibrinolysis shutdown pattern (increased MCE, low ML) in a COVID-19 patient with a thromboembolic event;
the clot amplitude remains unchanged until the end. (C) Shows a clot profile with reduced MCF and increased
ML in a patient during the follow-up presentation.

Statistics. Statistical evaluations were performed with IBM SPSS Statistics Version 26 (New York, USA) and
GraphPad Prism (version 8.4.3; GraphPad Software, San Diego, CA, USA). Descriptive variables were given as
median with limits of the interquartile range (IQR) for continuous variables or as absolute and relative frequen-
cies for categorical variables.

Continuous data were mostly right skewed. Therefore, Wilcoxon signed rank test was used to compare
changes in continuous variables between ICU stay and 3 months follow-up evaluation. A two-sided significance
level of 0.05 was applied without adjustment for multiple comparison. All p-values constitute exploratory data
analyses and do not allow for confirmatory generalization of results.

Results

Out of 41 Covid-19 patients admitted to our ICUs between March 25th and May 11th 2020, thirteen patients
came back to the follow-up visit after three months. Out of 13 patients, 9 were male with a median age of 60 [IQR
53-67] years and a median BMI of 29.6 [IQR 27.8-33.9].
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‘Whole cohort No follow-up- Follow-up cohort

(n=41) cohort (n=28) (n=13) P follow-up vs. no follow-up
Age (years, (median, [IQR])) 67 [56.5-76.5] |69.5 | [59-78] 60 [53-66.5] 0.019
Gender, male (n, %) 35 85.4% 26 92.9% 9 69.2% ns
BMI, kg/m? (median, [IQR]) 280 |[25-32.7] |27.8 |[24.3-31.1] |29.6 |[27.8-33.5] ns
ﬁgﬁ;"“ of ICU stay, days (median, | 39 | (54 535) |285 |[24-47.5] |46 |[30-62] ns
Death during ICU stay (n, %) 11 26.8% 11 39.3%
Thromboembolic events (n, %) 24 58.5% 15 53.6% 9 69.2% ns
Intubation (n, %) 36 87.8% 25 89.3% 11 84.6% ns
ECMO (n, %) 10 24.4% 5 17.9% 5 38.5% ns
CRRT (n, %) 22 53.7% 13 46.4% 9 69.2% ns
SOFA-Score (median, [IQR]) 9 [6.5-11.5] 8.5 [6.25-11] 10 [6.25-12.0] ns
SIC-Score (median, [IQR]) 3 [2-4] 3 [2-4] 3 [2-4] ns
APACHE-Score (median, [IQR]) 28 [22-33] 26 [22-32] 31.0 | [25.5-34] ns
Follow up days 100 [63.5-108.50]
Preexisting conditions
Coronary artery disease (n, %) 9 22% 7 25% 2 15.4% ns
Hypertension (n, %) 28 68.3% 18 64.3% 10 76.9% ns
Diabetes mellitus/insulin resistance 13 31.7% 3 286 5 38.5% ns
(n, %)
Chronic kidney disease (n, %) 7 17.1% 5 17.9% 2 15.4% ns
Chronic dialysis (n, %) 1 2.4% 1 3.6% 0 0% ns
Lung disease (n, %) 10 24.4% 7 25% 3 23.1% ns

Table 1. Baseline characteristics of patients with COVID-19 infection. ECMO Extracorporeal membrane
oxygenation, SOFA sequential organ failure assessment, CRRT continuous renal replacement therapy, SIC
Sepsis-Induced Coagulopathy Score, APACHE acute physiology and chronic health evaluation.

Their median SOFA score was 10.0 [IQR 5.3-11.8] points and their median APACHE II was 32.5 [IQR
25.3-34.0] points. Eleven patients required mechanical ventilation (85%), whereas extracorporeal membrane
oxygenation was required in five (39%). Nine patients developed acute renal failure requiring continuous renal
replacement therapy (69%). Median length of stay in the intensive care unit was 45 [IQR 30-65] days. (Table 1).

Laboratory parameters. The laboratory values are displayed in Table 2 and showed distinctive changes
between the ICU and post-discharge timepoints regarding inflammatory and coagulation parameters.

In terms of the measurements of coagulation values, patients during their initial ICU admission had sig-
nificantly elevated levels of d-dimers (4.8 mg/l [IQR 3.9-7.8] vs. 0.4 mg/1 [IQR 0.3-0.8], p=0.001) and fibrino-
gen (6.7 mg/l [IQR 4.7-8.3] vs. 3.6 mg/1 [IQR 2.9-4.5], p=0.006) compared to their follow-up measurements
(Fig. 2). Moreover, the median of fibrinogen and d-dimers levels returned to a normal level at the follow-up
visit (Table 2). aPTT was significantly prolonged during the ICU stay (56.4 s [IQR 47.6-62.0] vs. 36.8 s [IQR
34.4-43.7], p=0.033), whereas prothrombin time and INR revealed no significant difference between measure-
ment time points. CRP (191.0 mg/1 [IQR 121.0-314.4] vs. 2.9 mg/l [IQR 2.1-6.3], p=0.001), Ferritin (2408.7 pg/1
[IQR 1441.5-5280.5] vs. 190.4 pg/l [IQR 108.6-288.2], p=0.002) and IL-6 (177 ng/1 [IQR 68.0-358.0] vs. 2.9 ng/1
[IQR 2.1-6.3], p=0.02) were significantly elevated during the ICU stay.

Notably, ROTEM analyses showed substantial changes between the measurements between the ICU stay and
follow-up visit. (Fig. 3) Maximum clot firmness decreased significantly with median values from 73 mm [IQR
70.0-76.5] to 63.0 mm [IQR 59.5-67.5] (p=0.003), in INTEM; from 73 mm [IQR 71.5-76] to 66.0 mm [IQR
63.5-70.0] (p=0.004) in EXTEM and from 32 mm [IQR 27.0-39] to 16 mm [IQR 14-24] (p=0.002), in FIBTEM.

Clot formation time in EXTEM und INTEM were longer at the follow up visit compared to ICU measure-
ments, but these changes were not statistically significant. In contrast to the ICU values, the maximum Lysis
(ML) in INTEM and EXTEM increased significantly until 3 months follow-up (ML INTEM from 2% [IQR 2-4]
to 8% [IQR 6-13] at Follow-Up; p=0.002; ML EXTEM median from 3% [IQR 3-5] to 8% [IQR 6-12] at Follow-
Up; p=0.002) marking a substantial normalization of the fibrinolytic capacity which was markedly impaired at
the initial assessments.

Thromboembolic events. During ICU stay, nine patients developed thromboembolic complications. In
this regard, two patients developed pulmonary embolisms, while lower-extremity deep venous thrombosis was
found in seven patients.

At 3 month follow-up, there was no sonographic evidence of thrombosis in any of the patients indicating
complete recanalization of the prior occluded veins (see Table 3).
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ICU (N=13) Follow-up (N13)
Median | [IQR] Median | [IQR] p value

Laboratory variables (normal values)

Haemoglobin (12.5-17.2 g/dL) | 9.9 [8.7-11.0] 13.6 [10.6-14.1] 0.006
White blood cells (3.5-10.5/nl) 12.8 [8.0-13.6] 7.1 [5.3-9.1] 0.023
Platelet count (150-370/nl) 142.0 [116.0-271.5] 224.0 [193.5-237.0] | 0.263
Prothrombin time (70-130%) 79.0 [64.0-86.5] 85.0 (78.5-96.5] 0.196
INR (0.9-1.25) 1.2 [1.1-1.4] 1.1 [1.0-1.2] 0.173
aPTT (26-40 s) 56.4 [49.2-62.0] 36.8 [34.4-43.7] 0.033
p-dimers (< 0.5 mg/l) 4.8 [3.9-7.8] 0.4 [0.3-0.8] 0.001
Fibrinogen (1.6-4 g/l) 6.7 [4.7-8.3] 36 [2.9-4.5] 0.006
IL-6 (<7 ng/l) 173.0 [68.0-358.0] 2.9 [2.1-6.3] 0.002
CRP (<0.5 mg/l) 191.0 [121.0-314.4] 3.0 [1.6-5.4] 0.001
Ferritin (30-400 pg/l) 24087 | [1441.5-5280.5] | 190-4 [108.6-288.2] | 0.002
ROTEM variables (reference ranges)

FIBTEM CT (43-69 s) 92.0 [86.5-104.5] 99.0 [68.0-110.5] 0.463
FIBTEM CFT (n/a s) 101.0 (54.5-200.5] 198.0 [57.5-559.0] | 0.225
FIBTEM A10 (9-24 mm) 29.0 [24.0-35.5] 15.0 [13.0-21.5] 0.002
FIBTEM MCEF (9-25 mm) 32.0 [27.0-39.0] 16.0 [14.0-24.0] 0.002
EXTEM CT (42-74 s) 88.0 (83.5-101.0] 79.0 [62.5-100.5] | 0.039
EXTEM CFT (46-148 s) 54.0 [42.0-64.5] 64.0 [48.5-82.5] 0.208
EXTEM A10 (43-65 mm) 66.0 [63.0-68.5] 59.0 [54.5-62.5] 0.033
EXTEM MCEF (49-71 mm) 73.0 [71.5-76.0] 66.0 [63.5-70.0] 0.004
INTEM CT (137-246 s) 215.0 [187.5-258.0] 189.0 [176.5-201.5] | 0.019
INTEM CFT (40-100 s) 56.0 [50.5-60.5] 71.0 [52.5-79.5] 0.075
INTEM A10 (44-68 mm) 64.0 [60.0-70.5] 57.0 [53.5-59.5] 0.006
INTEM MCF (52-72 mm) 73.0 [70.0-76.5) 63.0 [59.5-67.5] 0.003
ML EXTEM (0-18%) 3.0 [3.0-5.0] 8.0 [6.0-12.0] 0.002
ML INTEM (0-12%) 2.0 [2.0-4.0] 8.0 [6.0-13.0] 0.002

Table 2. The laboratory and ROTEM values at ICU presentation and 3 months follow-up. Unless values are
designated as maximum values during the ICU stay, these parameters were determined on the day, when
ROTEM analysis was performed, after admission to our ICUs. CT Clotting time, CFT clot formation time,
MCF maximum clot firmness, ML maximum lysis>.

Discussion

We report the data of thirteen critically ill patients with COVID-19, who initially required ICU admission with
a severely hyperinflammatory and hypercoagulable state characterized by high levels of d-dimers and fibrinogen
and a markedly increased clot firmness consistent with impaired fibrionolysis. While a hypercoagulable state
was noted during their stay on the ICU, on their first visit in the ICU-follow-up clinic three months after dis-
charge, they presented with normalized markers of inflammation and coagulation. Fibrinolytic activity and clot
firmness had returned to normal values consistent with the reversible nature of the initial hypofibrinolysis. All
patients analyzed showed normal d-dimer levels reflecting normalized turnover of the coagulation system also
taken as surrogate of recurrence risks. Following normalization of laboratory values and viscoelastic parameters
anticoagulation has been discontinued in all patients.

Venous and arterial thrombembolism contribute significantly to morbidity and mortality in COVID-
1977112526 The nature of COVID-19 coagulopathy appears to be complex and the exact mechanisms still have
to be elucidated. In contrast to septic coagulopathy thrombocytopenia seems to be a rare finding and only few
patients with COVID-19 meet the criteria for disseminated intravascular coagulation®.

Ranucci and Panagida performed comprehensive coagulation analyses in critical ill patients with COVID-19
including viscoelastic testing and demonstrated increased clot firmness beside significant elevations in levels of
d-dimers and fibrinogen-levels as reported by various other authors**-*. The amplitude of the d-dimer level was
associated with increased mortality in several studies®®*!. Spiezia et al. and Pavoni et al. have also recently shown
severe hypercoagulopathy in critical-ill COVID-19 patients using viscoelastic testing*>**. Microthrombus forma-
tion in the lungs and various other organs has been described in autopsy series'** Microvascular injury associ-
ated with complement deposition might serve as a possible explanation as Magro et al. reported in their study™.

SARS-CoV2 can infect endothelial cells through the ACE2-receptor and cause endothelial damage and
apoptosis®. Endothelial injury resulting in substantial endothelitis together with dysfunction seems to play a
crucial role in the induction of microvascular thrombosis in COVID-19%.

Panagida et al. found diminished activity of fibrinolysis in their ROTEM-analysis®. Similar changes have
been reported in septic patients and might indicate protective mechanisms employed to isolate intruding
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Figure 2. Comparison of inflammatory markers during ICU stay and follow-up visit (n= 13, Wilcoxon signed
rank test).

pathogens®**. One might interpret the persisting fibrinolytic shutdown in COVID-19 as a consequence of the
fact that there is no effective therapeutic agent to influence viremia until today and to protect the endothelial cells
that are not only the target of SARS-Cov2 but also the key tissue regulating fibrinolysis. Impaired fibrinolysis has
also been linked to the pathogenesis of ARDS in general***!,

Continuosly reported high levels of inflammatory cytokines and infiltration of tissues with granuloctes and
monocytes as demonstrated for lung tissue in autopsy using caspase-3 immunostaining probably also play an
important role in the pathogenesis of coagulopathy and thrombophilia in COVID-19*"#? with a particular impact
on endothelial damage.

Tang et al. demonstrated decreased mortality in COVID-19 patients with coagulopathy who were treated
with either unfractionated heparin or low molecular weight heparin (LMWH) for 7 days or longer compared to
those who did not receive heparin®’. Heparin has anti-inflammatory effects and might mitigate capillary leakage
and favorably influence the toxic effect of damage associated molecular patterns (DAMPS) and histones on the
endothelium**.

The American College of chest physicians (ACCP) and the American Society of hematology (ASH) recom-
mended low molecular weight heparin (LMWH) in prophylactic doses in critical ill COVID-19 patients and in
therapeutic dose if venous thromboembolism (VTE) occurred.

Recent guidelines of the International society on thrombosis and hemostasis (ISTH) recommend either
prophylactic or intermediate dosing of LMWH or UFH*.

Given the high incidence of thromboembolic events many centers switched to intermediate dosing of anti-
coagulation instead of standard prophylaxis®®*’.

As a consequence, our patients received unfractionated heparin with a target PTT of 50-55 (normal range
aPTT 39 s) seconds as long as there were no thromboembolic complications. Patients with thromboembolic
events received therapeutic doses of unfractionated heparin with a target PTT of 60-80 s. We decided against
routine measurements of AT-III-levels in all patients, instead patients who received more than 1800 U of unfrac-
tionated heparin per hour and still did not reach their taget PTT were classified as heparin resistant and switched
to Argatroban. The reason for this being the fear of increasing the risk of enhancing bleeding episodes by substi-
tution of AT-IIT while at the same time further uptitrating the dose of unfractionated heparin, given the difficult
situation of frequent thromboembolic complications on the one hand and reported enhanced risk of bleeding
episodes on the other. We decided to use Argatroban and not Bivalirudin due to the greater experience in our
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Figure 3. Comparison of coagulation parameters during ICU stay and follow-up visit (n =13, Wilcoxon signed
rank test).

Age | Gender | Thromboembolic event Follow-up sonogram

51 F Left femoral vein No evidence of thrombosis
59 M Left femoral vein No evidence of thrombosis
60 M Left popliteal vein No evidence of thrombosis
67 M Left and right popliteal vein No evidence of thrombosis
64 F Bilateral central pulmonary embolism No evidence of thrombosis
56 M Right femoral and external iliac vein No evidence of thrombosis
47 M Bilateral central pulmonary embolism No evidence of thrombosis
38 F Femoral vein and ecmo cannula clotting | No evidence of thrombosis
75 M Right internal jugular vein No evidence of thrombosis
68 M No thromboembolic event No evidence of thrombosis
62 M No thromboembolic event No evidence of thrombosis
55 F No thromboembolic event No evidence of thrombosis
66 M No thromboembolic event No evidence of thrombosis

Table 3. Results of the ultraononographic examinations at 3 month follow up.

department with the use of Argatroban. We did not encounter spontaneous prolonging of the aPTT and did not
routinely check for lupus anticoagulans. Since the turnaround time for the anti-Xa-activity is about 12 h at our
institution, we decided against its use for guiding our anticoagulation management.

In contrast to individual parameters, viscoelastic methods like thrombelastography and ROTEM permit
functional evaluations of whole blood aggregometry. Thus it allows evaluation of the different and complex
coagulation phases including the initiation, formation and stabilization of a clot, and finally, clot lysis. Still
endothelial function and the influence of soluble tissue factor have to be taken into account as they will not
be represented in the results of the test. Not only bleeding diathesis as the classical indication for viscoelastic
testing but also hypercoagulable conditions due to different diseases were examined in the past using ROTEM
and states of hyper- and hypofibrinolysis could be reliably detected and characterized by viscoelastic tests?>48-5C,
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Our cohort presented with a significantly increased clot firmness on the one hand and severely impaired
fibrinolytic activity represented by a maximum lysis of <3% during their ICU-stay on the other.

The clot lysis parameter ML provides information on the fibrinolytic capacity and was successfully used in
several studies to asses hyper-, or hypofibrinolysis. Lower values of ML provide evidence of existing hypofi-
brinolysis, while values above 15% are suggestive for hyperfibrinolysis. Other groups already demonstrated
that global haemostatic tests in critical ill patients with COVID-19, tests revealed a hypercoagulable state. That
holds true for viscoelastic tests like TEG and ROTEM as well as Thrombin Generation (14, 15, 16) and Clot
Generation Waveform analysis (17, 18). Nouigier et al. reported in their recent study that critical ill patient with
COVID pneumonia have an impaired fibrinolytic capacity which was associated with increased levels of PAI-1
and TAFI'™. It has also been proposed that decreased activity of urokinase-type plasminogen activator and
increased release of plasminogen activator inhibitor-1 might be the mediating mechanism of hypofibrinolysis,
but data to support this further are scarce’'.

On their 12-week follow up visit, clot firmness and fibrinolytic activity had normalized in all patients. The
significant increase of ML in the follow-up assessment indicates an appropriate regeneration or reversibility of
physiologic fibrinolytic capacity.

To the best of our knowledge, this is a first study reporting follow-up data on the reversibility of thrombelas-
tometry abnormalities after COVID-19. We found normalized fibrinolytic activity and normalized clot firmness.
In contrast, von Meijenfeldt et al. found sustained prothrombotic changes in COVID-19 patients 4 months after
hospital discharge. 53Hemostasis exams showed enhanced thrombin-generating capacity and decreased plasma
fibrinolytic potential. Further studies will be necessary to clarify this contradictory data situation.

ACCP recommends to evaluate patients for extended prophylaxis after their hospital stay depending on their
risk of bleeding!®. ISTH states, that post discharge prophylaxis for 2-6 weeks should be considered*. For patients
after VTE, current guidelines recommend therapeutic anticoagulation for at least 3 months*.

Especially patients with high d-dimer values were found to be at high risk of post-discharge VTE independent
of COVID-19%% Around 60% of all VTE in medical patients occur in the post-hospital discharge period with a
more than 5 times increased risk in fatal pulmonary embolism*?. Newer studies reported favorable risk-benefit
ratios for extendend prophylaxis in medical patients™.

In conclusion our patients who suffered from thromboembolic events during their course of COVID-19
received therapeutic anticoagulation during their ICU stay and continuation was recommended for the first
3 months thereafter. Taking into account the grade of immobilization and the high levels of d-dimers, increased
clot firmness and severely impaired fibrinolysis on viscoelastic testing, we recommended to evaluate therapeutic
anticoagulation in the patients without thromboembolic complications at least until reassesement during their
first visit on the post-ICU-clinic. On the other hand, proper patient selection to identify patients at higher risk
for bleeding while at the same time weighing it against the risk of thrombosis is crucial.

On their 3 months follow-up visit all patients presented with normalized values of d-dimer, fibrinogen and
viscoelastic testing. Inflammatory markers were also normalized. Since there were no signs of a persistent hyper-
coagulable state left and none of the patients suffered from a thromboembolic event after discharge the discon-
tinuation of anticoagulation can be discussed and future clinical trials are needed.

Our study has several limitations. We report the data of a relatively small single center cohort of critically ill
patients which may limit generalizability. Due to its retrospective nature it can only be hypothesis generating.
Our presumptions have to be verified in a clinical trial focusing not only on coagulation profiles but also on
clinical data such as rate of thromboembolic events and ideally survival.

Furthermore, in the meantime between ICU discharge and follow-up, no control follow-ups were routinely
performed or analyzed.

Moreover, we only performed anamnesis, clinical examination and screening ultrasound examinations as
follow-up exams.. There were no clinical or anamnestic hints for pulmonary embolism but routine tests regard-
ing asymptmomatic events were performed so no statements regarding asymptomatic pulmonary embolism
can be made.

In summary, we found substantially limited fibrinolysis in acutely ill COVID-19 patients with normalization
after three months.

Conclusion

In our cohort of critically ill COVID-19 patients, the coagulation profile and inflammatory markers were com-
pletely normalized three months after discharge from the ICU. It thus appears reasonable that anticoagulation
can be discontinued beyond this timepoint in patients with complete venous reperfusion.

Data availability
The datasets analyzed during the current study are available from the corresponding author upon reasonable
request.
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3.4. Wie beeinflusst die Gerinnungs- und Perfusionsstorung der Lungen
Morphologie und Verlauf des ARDS? Lungenkavitationen im C-ARDS

Wie im Vorhergehenden dargelegt besitzt die Lungenperfusion Uber verschiedene
Pathomechanismen einen grofl3en Einfluss auf die Pathogenese und damit auch den
klinischen Verlauf. Sowohl lokale Fehlverteilungen der Lungenperfusion im Verhaltnis
zur Lungenventilation als auch endotheliale Dysfunktion mit folgender
Schrankenstérung und die Aktivierung der Gerinnungskaskaden sind in diesem
Zusammenhang als wesentliche Morbiditatsfaktoren anzusehen.

Wir untersuchten Anhand der Computertomographien der Thoraxorgane von allen
Patienten mit schwerer COVID-19 Erkrankung, die auf unserer Intensivstation
behandelt wurden in Hinblick auf die beschriebenen Phanomene.

Es zeigte sich neben bereits erwahnten thomboembolischen Komplikationen in Uber
50% der Patienten im Sinne von Lungenembolien eine deutliche Haufung von
kavitdaren Lungenveranderungen in ebenfalls mehr als der Halfte der Patienten.
Desweiteren zeigten sich in einem hohen Prozentsatz die typischen milchglasartigen
Infiltrate, die letztlich zumindest auch durch die endotheliale Schadigung und das
folgende Kapillarleck bedingt sind.

In zwei von drei durchgeflihrten Obduktionen konnte dann eine in-situ Thrombo-
sierung des zur Kaverne hinfihrenden BlutgefalRes dokumentiert werden, so dass wir
schlossen, dass die kaverndsen Veranderungen die das radiologische und klinische
Bild entscheidend mitpragen, zum Grofteil als durch in-situ Thrombosen bedingt und
damit Folge der Aktivierung der Gerinnungskaskaden und der folgenden
Perfusionsstérungen zu werten sind. 3’

Wir fanden keine Haufung von bakteriellen Superinfektionen oder gehaufte

Keimnachweise in der Gruppe der Patienten die pulmonale Kavernen entwickelten.



57

Auch die Beatmungsparameter waren in beiden Gruppen nicht signifikant
unterschiedlich, so dass auch ein Barotrauma als alleinige Ursache fur die gefundenen
morphologischen Veranderungen unwahrscheinlich erscheint.

Unsere Ergebnisse unterstreichen die grole Bedeutung die der Perfusion in

Entwicklung und Verlauf des COVID-assoziierten akuten Lungenversagens zukommt.
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Evidence for a thromboembolic
pathogenesis of lung cavitations
in severely ill COVID-19 patients

Jan Matthias Kruse'**, Daniel Zickler!, Willie M. Lidemann?, Sophie K. Piper*,
Inka Gotthardt?, Jana Ihlow?, Selina Greuel?, David Horst?, Andreas Kahl?,
Kai-Uwe Eckardt!® & Sefer Elezkurtaj***

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) causing coronavirus disease 2019
(COVID-19) induces lung injury of varying severity, potentially causing severe acute respiratory
distress syndrome (ARDS). Pulmonary injury patterns in COVID-19 patients differ from those in
patients with other causes of ARDS. We aimed to explore the frequency and pathogenesis of cavitary
lung lesions in critically ill patients with COVID-19. Retrospective study in 39 critically ill adult patients
hospitalized with severe acute respiratory syndrome coronavirus 2 including lung injury of varying
severity in a tertiary care referral center during March and May 2020, Berlin/Germany. We observed
lung cavitations in an unusually large proportion of 22/39 (56%) COVID-19 patients treated on
intensive care units (ICU), including 3/5 patients without mechanical ventilation. Median interquartile
range (IQR) time between onset of symptoms and ICU admission was 11.5 (6.25-17.75) days. In 15
patients, lung cavitations were already present on the first CT scan, performed after ICU admission;

in seven patients they developed during a subsequent median (IQR) observation period of 48 (35-58)
days. In seven patients we found at least one cavitation with a diameter >2 cm (maximum 10 cm).
Patients who developed cavitations were older and had a higher body mass index. Autopsy findings in
three patients revealed that the cavitations reflected lung infarcts undergoing liquefaction, secondary
to thrombotic pulmonary artery branch occlusions. Lung cavitations appear to be a frequent
complication of severely ill COVID-19 patients, probably related to the prothrombotic state associated

with COVID-19.

Abbreviations

ACE-2 Angiotensin converting enzyme 2

APACHE Acute Physiology And Chronic Health Evaluation
ARDS Acute respiratory distress syndrome

BMI Body mass index

COVID-19 Coronavirus disease 2019

CRP C-reactive protein

CRRT Continuous renal replacement therapy

CT Computer tomography

ECMO Extracorporeal membrane oxygenation therapy
HE Hematoxylin and eosin staining
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PIP Peak inspiratory pressure

PTT Partial thromboplastin time

SARS-CoV-2  Severe acute respiratory syndrome coronavirus 2
SOFA Sequential Organ Failure Assessment

UFH Unfractionated heparin

VT Tidal volume

VTE Venous thromboembolic

The novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a beta coronavirus is causing corona-
virus disease 2019 (COVID-19). In the past months, its spread to most countries of the world has led to a global
pandemic!, causing more than 1,600,000 deaths to date.

Severe hypoxemic respiratory failure due to acute lung injury is the most common complication leading
to admission to intensive care units (ICU) and one of the main causes of death>*. The precise etiology of the
impaired gas exchange and optimal treatment strategies remain a matter of debate®. Of note, some clinical
aspects seem to differentiate COVID-19 from other forms of acute respiratory distress syndrome (ARDS). In
particular, in many COVID-19 patients with ARDS the pulmonary compliance is not significantly altered, in
contrast to classic ARDS®.

Besides lung injury a prothrombotic state has emerged as an important characteristic of COVID-19. Data
from both clinical studies and postmortem case series demonstrate a high incidence of thromboembolic events®.
These events include pulmonary artery occlusions, which may have a thrombotic or thromboembolic origin'.
Massive pulmonary embolism has been suggested to cause out-of-hospital mortality’!. Whether pulmonary
artery occlusion contributes to hypoxemic respiratory failure due to impaired lung perfusion and dead space
ventilation is controversial'

To clarify the etiology of the seemingly high incidence of cavitary lesions was the purpose of the retrospective
analysis of our cohort of severely ill COVID-19 patients.

Material and methods

Since we conducted a retrospective analysis the materials and methods section describes the standard of care
of COVID-19 patients in our institution. We screened the electronic records for possible discriminating factors
between patients who did and did not delvelope cavitary lesions with special consideration of markers of the
coagulation und inflammatory cascades.

Patients. We retrospectively analyzed clinical patient data of 39 COVID-19 patients admitted to ICU
between March and May 2020 who received at least one chest CT shortly before or during their ICU stay. All
patients were tested positive for SARS-CoV-2 by polymerase chain reaction (PCR). Five patients were admitted
through the emergency department, one patient was directly admitted to our ICU from an outpatient setting,
two patients had worsened during their stay on regular wards and 31 patients were secondary referrals from
other ICUs.

Anticoagulation. All patients received unfractionated heparin (UFH) with a targeted partial thromboplas-
tin time (PTT) of 50-55. Patients who suffered from venous thromboembolic (VTE) complications or who had
other indications for therapeutic anticoagulation were dosed for a target PTT of 60-80 s.

Patients who did not reach the target PTT with usual doses of UFH were switched to Argatroban. Patients
were also switched to Argatroban when they required extracorporeal membrane oxygenation therapy (ECMO).

Mechanical ventilation. All mechanically ventilated patients received pressure controlled ventilation. Pos-
itive endexspiratory pressure (PEEP) was titrated to reach best possible oxygenation index. Patients received low
tidal volume ventilation with a target tidal volume (VT) of 6 ml/kg/PBW and a diving pressure below 15 mmHg
was targeted.

Data collection. CT scans were analyzed independently by two of us (JMK, WML) for parenchymal cavi-
ties, defined as a lucency within a zone of pulmonary consolidation, a mass, or a nodule; hence, a lucent area
within the lung that may or may not contain a fluid level and that was surrounded by a wall of varied thickness"’.

Screening for venous thrombosis was performed using ultrasound (GE Vivid S70 ultrasound machine with
a 9L-D probe) in all patients after ICU admission and repeated at least weekly.

Laboratory parameters included viscoelastic coagulation testing after ICU admission using the ROTEM
Sigma System (Tem International, Munich, Germany)!'¥. Maximum values of C-reactive protein (CRP), d-dimers,
fibrinogen, leukocytes, interleukin-6 and procalcitonin were compared between patient groups.

Microbiology reports of all of the collected specimens from the respiratory tract and blood cultures were
analyzed for pneumopathogenic species.

The highest levels of PEEP, peak inspiratory pressure and driving pressure during the ICU stay were recorded
and analyzed in ventilated patients.

The highest values for SOFA and APACHE II during the course of therapy were recorded and analyzed.

Five patients (13%) had died during their ICU stay, 22 patients (56%) had been discharged alive and 12
patients (31%) were still treated on ICU. On three of the five patients who succumbed, autopsies were performed
on days 31, 37 and 47 after ICU admission. The study was approved by the Ethics Committee of the Charité
(EA4/115/20) and was in compliance with the Declaration of Helsinki.
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Autopsy procedure. Complete autopsies and tissue sampling were performed by opening all luminal
structures and lamellar incisions of all parenchymatous organs. The lung was dissected by a combination of
lamellar incision and subsequent selective preparation of the airways and blood vessels to allow for visualization
of pulmonary lesions in the context of vascular supply and airways. For histopathology, representative tissue
samples of all organs were fixed in 4% buffered formalin, dehydrated, paraffin embedded and sectioned with a
thickness of 4 um. Paraffin sections were stained with hematoxylin and eosin (HE), periodic acid Schift’s reac-
tion (PAS), Van Gieson’s elastic stain, Prussian blue stain and Kongo-red stain. Two pathologists (DH and SE)
examined all slides by light microscopy.

Statistics. Statistical evaluations were performed with IBM SPSS Statistics Version 26 (New York, USA).
The descriptives are given as median and limits of the interquartile range [IQR] for continuous variables or as
absolute and relative frequencies for categorical variables.

Due to the retrospective nature of the study no sample-size or power calculations were performed. We con-
ducted a post-hoc power calculation as a substitute.

Mann-Whitney U tests were used to compare differences between patient groups in continuous variables
while Chi-squared tests were used for categorical data. A two-sided significance level of 0.05 was applied with-
out adjustment for multiple comparison. All p-values constitute exploratory data analysis and do not allow for
confirmatory generalization of results.

Ethics approval and consent to participate. The study was approved by the ethics committees of
Charité - Universititsmedizin Berlin (EA4/115/20) and was in compliance with the Declaration of Helsinki.
Informed consent was waived by the ethics committees of Charité — Universititsmedizin Berlin due to the ret-
rospective nature of the study.

Results

Chest CT findings. 64 CT scans were analyzed, of which 39 were performed shortly before or after ICU
admission and 25 during the course of the ICU stay. In 37/39 (95%) of patients we found ground glass opacities
of the lung parenchyma, characterized as “mosaic pattern”. Cavitary lung lesions were found in 22 patients (56;
95% confidence interval 41-72%), of which 15 patients presented with cavitations in the initial CT while seven
patients exhibited cavitary lesions in a subsequent CT scan.

Among patients with cavitations the number of cavities between left and right lung were similar. Cavitations
were evenly distributed between central and peripheral parts of the lungs. Eleven patients presented with periph-
erally and 11 patients with centrally located cavitations. Thirteen patients showed involvement of the lower parts,
while in 9 patients cavitations were found in the upper parts of the lung. Figure 1 shows typical characteristics of
cavitary lesions on representative CT scans. The spectrum ranges from unilateral peripheral cavitations (Fig. 1A)
to well-separated lesions in both lungs (Fig. 1B) and extensive bilateral cavitating destructions of the lung paren-
chyma (Fig. 1C). Maximum cavitation size in the two patients with the largest cavities was approximately 10 cm.
Repetitive CT scans had been performed in 13/22 patients. In these patients a comparison between first and last
CT scan showed an increase in cavity number in eight patients, no change in four patients and a decline in one
patient. In 18/22 patients, cavities were identified in opaque lung areas (example in Fig. 1D). Among patients
with lung cavities 19 were on mechanical ventilation, while three patients required no mechanical ventilation.

Clinical characteristics. Table 1 shows demographics, preexisting comorbidities and treatment parameters
of the patient cohort and the two subgroups with and without lung cavitations. Most parameters were similar
between groups, except that patients in the group with cavitations were older and had a higher body mass index
(BMI) than those without cavitations.

Fifteen patients (38%) developed deep vein thrombosis. Pulmonary emboli were identified by CT imaging in
five patients (12% of the whole group), four with and one without lung cavitations. Two patients had an ischemic
stroke (5%). One patient required urgent extracorporeal membrane oxygenation (ECMO)-circuit change due
to fulminant clotting and one patient showed acute thrombotic obstruction of the venous drainage cannula on
ECMO. There was no statistically significant difference when considering all these thromboembolic complica-
tions combined between the group of patients with and without lung cavities.

Ventilation parameters. 34 patients (87%) were mechanically ventilated via endotracheal tube or tra-
cheostomy using a pressure controlled mode. The median peak inspiratory pressure (PIP) was 31 mbar [IQR
28.7-35.0], the median positive endexspiratory pressure was 17 mbar [IQR 15-18.2]. The median driving pres-
sure was 15 mbar [IQR 11.7-17.2]. There were no significant differences in these parameters between the group
of patients with and without cavitary lesions on CT. 25 patients were proned (64%), 12 patients in the group
with and 13 patients in the group without lung cavitations. Ten Patients received nitric oxide (26%), six and four
patients with and without cavitations, respectively. Ten patients were treated with veno-venous ECMO (26%),
four and six patients with and without cavitations, respectively.

Laboratory and microbiology findings. Table 2 shows markers of inflammation and coagulation. These
parameters did not differ significantly between the patients with and without cavitations.

Positive cultures of respiratory secretions were found in 32 of our patients (82%), 16 (73%) patients with and
16 patients (94%) without pulmonary cavities. The microbial spectrum appeared typical for ventilated patients.
Bacterial species known to be able to induce pulmonary abscesses, such as Klebsiella spp. and Staphylococus aureus
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Figure 1. CT scans in COVID-19 patients receiving long term ICU care. CT scans showing typical cavitary
lesions in four COVID-19 patients. (A) Single cavity in a 49-year old male patient 29 days after symptom onset;
(B) bilateral cavitations in a 77-year old male patient 39 days after onset of symptoms; (C) extensive bilateral
cavities in a 57-year old male patient on day 36 after symptom onset; (D) right-sided cavitation in a large lower
lobe consolidation in a 69-year old female patient 29 days after onset of symptoms. Only open source software
(GIMP 2.10.18 https://www.gimp.org/ and Inkscape, Version 1.0 (4035a4{b49, 2020-05-01) ) were used to
generate the figure.

were cultivated in 13 and 11 of the patients with or without lung cavities, respectively. All broncheoalveolar lavage
specimens were tested for Mycobacterium tuberculosis and none of them revealed a positive result.

Autopsy findings. In all three patients in whom an autopsy was performed, lung cavities had previously
been identified on CT scans. External examination of the lungs showed pronounced pleural fibrin deposits
and sunken lung areas, which corresponded to bullous transformations of lung parenchyma. Findings in two
patients are presented in Fig. 2. Upon opening the cavities appeared as areas of liquified necrosis (Fig. 2B). Care-
ful dissection revealed connections between cavities and bronchial system (Fig. 2C). Moreover, preparation of
the pulmonary vessels on frontally oriented cross-sections yielded unequivocal associations of cavitary lesions
with thrombotic occlusion of the supplying pulmonary artery branches (Fig. 2D, E). Microscopy of adjacent lung
tissue revealed numerous thrombotic vascular occlusions and extended, partially hemorrhagic and partially
anemic infarct zones in spatial association with vascular occlusions (Fig. 2F). The border zone of the infarct areas
showed pronounced neutrophil infiltrations, but there was morphologic evidence for bacterial colonization. In
summary, macro- and microscopic findings in combination suggested extensive vascular occlusions of different
duration with multiple pulmonary infarctions of different size, some of which had transformed into liquefying
necrosis, corresponding to large cavities. Table 3 shows markers of coagulation, inflammation and ventilation of
the patients, who underwent autopsy.

Discussion

We noted extensive lung cavitations in single cases of COVID-19, which prompted us to perform a systematic
analysis of a cohort of 39 critically ill COVID-19 patients consecutively admitted to two ICUs in a tertiary care
referral center. This analysis revealed a high incidence of cavitary lung lesions. Computer tomography (CT)
morphology and the results of postmortem macro- and micropathological examination point to an ischemic
etiology of these lesions due to thrombotic obstruction of pulmonary artery branches.Our findings indicate that
lung cavitations of variable size, at least in part a consequence of liquefying ischemic lung infarcts, contribute
to lung pathology and loss of functional lung parenchyma in COVID-19 patients. These observations extend
the reported spectrum of lung CT findings that is considered as typical for COVID-19, including ground glass
opacities, consolidations and a “crazy paving pattern” of the lung parenchyma!>!6.
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Cohort Lung cavitations No cavitations
(N=39) (N=22) (N=17) p-value

Age (years, (median, [IQR])) 67 | [58-76] 69.5 | [60.5-77.3] 62 [61.5-67.75] | 0.047
Gender, male (n, %) 34 | (87%) 19 (86%) 15 (88%) 0.86s
BMI, kg/m? (median, [IQR]) 28 | [25-33] 278 | [24.2-33] 252 | [24.32-28.7] | 0.009
Days between symptom onset and ICU admission 11 | [25-33] 12 [6-17] 11 [6-19] 0.49
Duration ICU stay, days (median, [IQR]) 28 | [15.5-39.8] |30.9 |[27.07-34.25] |25 [8.5-30.5] 0.25
Intubation (n, %) 34 | (87.2%) 18 (81%) 16 (94%) 0.47
ECMO (n, %) 10 | (25.6%) 5 (22%) 5 (29.4%) 0.22
CRRT* (n, %) 19 | (48.7%) 12 (54.5%) 7 (50%) 0.19
SOFA-Score (median, [IQR]) 9 [7-12] 10 [6-11] 9 [7-11] 0.49
APACHE-Score (median, [IQR]) 28 | [22-33] 28 | [24-34] 26 | [22-34] 0.65
Secondary ICU referral 23 | (59.0%) 11 (48%) 12 (52%) 0.32
PEEP (median, [IQR]) 17 | [15-18] 17 [15-18] 17 [15-19] 0.58
PIP (median, [IQR]) 31 | [29-35] 32 |[27-35] 31 | [29-34] 0.90
Delta P (median, [IQR]) 15 | [12-17] 17 [15-18] 15 [12-16] 0.86
Preexisting conditions

Coronary artery disease (n, %) 9 (23.1%) 7 (31.2%) 2 (11.7%) 0.44
Hypertension (n, %) 27 | (74.0%) 14 (63.63%) 13 (76.5%) 0.12
Diabetes mellitus/insulin resistance (n, %) 14 | (35.9%) 8 (36.4%) 6 (35.3%) 0.62
Chronic kidney disease (n, %) 7 (17.9%) 3 (13.6%) 4 (23.5%) 0.42
Chronic dialysis (n, %) 1 (2.5%) 0 (0%) 1 (5.9%) 0.30
COPD (n, %) 10 | (25.6%) 7 (31.8%) 3 (17.6%) 0.32

Table 1. Patient characteristics of total cohort and the groups with and without cavitary lesions on CT

scan. ECMO, Extracorporeal Membrane Oxygenation; SOFA, Sequential Organ Failure Assessment; CRRT,
Continuous Renal Replacement Therapy; APACHE, Acute Physiology And Chronic Health Evaluation. PEEP,
positive endexspirarory pressure, PIP, Peak inspiratory pressure, deltaP, driving pressure. *Until the time point,
when the study was censored.

Cohort (N=39)
Cavitations
Yes (N=22) No (N=17)
Median | [IQR] Median | [IQR] Median | [IQR] p-value

Laboratory variables (normal values)

Haemoglobin (12.5-17.2 g/dL) 10.1 [8.5-11.2] 10.1 [8.7-11.9] 9.50 [8.1-10.9] 0.34
White blood cells (3.5-10.5/nl) 19.3 [16.3-28.8] 21.4 [17-30.6] 19.3 [14.9-28.8] 0.63
Platelet count (150-370/nl) 186 [131.3-314] 190 [128-254.0] | 186 [121-324] 0.68
Prothrombin time (70-130%) 71 [62-82.7] 70 [51-82.5] 74.5 [67.25-85] 0.27
INR (0.9-1.25) 1.35 [1.2-1.6] 1.5 [1.3-1.7] 1.29 [1.1-1.4] 0.12
PTT (26-40s) 45.7 [40-56.1] 45.1 [40.3-585] 46.1 [39.1-56] 0.75
Fibrinogen (1.6-4 g/l) 6.6 [4.7-7.8] 6.4 [4.7-7.2] 6.1 [4.6-7.9] 0.38
D-dimers (<0.5 mg/l) 8.4 [3.9-17.2] 10 [3.6-18.6] 8.2 [3.9-11.6] 0.48
Procalcitonin (0.5 ug/1) 7.6 [1.9-15.7] 7.9 [1-16.9] 7.6 [3.1-18.9] 0.86
CRP (<0.5 mg/l) 312.9 [207.1-344.1] | 305.6 [181.8-352.5] | 333.9 [215.6-344.4] | 0.56
IL-6 (<7 ng/l) 558.6 [180.2-1921.7] | 567.2 [163.8-18600] | 550 [179.5-1894.5] | 0.97
Ferritin (30-400 pg/1) 2619.8 [1557-7111.9] | 2621 [1155.7-8068.8] | 2113.3 [1710.9-6392.2] | 0.50
Ristocetin-Co-factor (%) 349 [204-404] 349 [179.5-429.5] 291 [259-401.5] 0.78
vWillebrand antigen (%) 391 [283.5-400] 394 [266.5-400] 368.5 [278.7-400] 0.96
Factor VIII (50-150%) 258 [190.5-319.5] 259 [212.2-293.5] 245 [153.2-340] 0.71
EXTEM MCF (mm) 75 [70-78] 74.5 (69.7-78.2] 76 [70.5-77.5] 0.89

Table 2. Coagulation, inflammatory and ROTEM parameters of total cohort and sub cohorts with and

without cavitary lesions on CT-scan.
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A

Figure 2. Postmortem findings in two patients. (A)-(D) show findings in a 77-year old patient who died

42 days after ICU admission. (A) Frontal reconstruction of lung CT showing large basal, left-sided cavity
(corresponding to cross-sectional CT scan in Fig. 1B). Macroscopic findings during subsequent preparation
steps show (B) opened lung cavity with necrotic lining (arrowheads), (C) direct connection of an opened
bronchus with the cavity (dotted line), corresponding to positive aerogram on CT (A) and (D) a pulmonary
artery branch (stippled line), directly connected with the necrotic cavity. A thrombotic vessel occlusion is
indicated by white arrows. (E) and (F) show macro- and microscopic findings in a 69-year old patient, who
died 33 days after ICU admission. (E) Opened pulmonary artery branches with subtotal (left) and total (right)
occlusion of the vessel lumen (black arrows), and a directly adjacent lung cavity, suggesting that the large
thrombus on the right has caused liquefactive infarct necrosis of the lung parenchyma. The necrotic area has
gained access to the bronchial system (white arrow). The adjacent lung parenchyma shows a combined anemic
and hemorrhagic infarct (arrowheads) that has not undergone cavitary transformation. (F) Histological
sectioning (HE) shows multiple thrombotic occlusions (arrowheads) of pulmonary artery branches with
consecutive anemic infarct necrosis (light red zones) with entrapment of bronchial airways (asterisks). Dark red
zones around the bronchial airways represent hemorrhagic necrosis. The black dotted line delineates a small
area of vital lung parenchyma.

In general, infectious causes and ventilator induced lung injury are recognized as the main etiologies of
lung cavities in critically ill patients'”. Ischemia is less commonly considered as a cause, although cavitations
are described in up to 32% of patients with pulmonary embolism and are a common finding in patients suf-
fering from chronic thromboembolic pulmonary hypertension'®'?. While the precise pathogenesis is difficult
to ascertain in individual cases in our study, we believe that several lines of evidence indicate that an ischemic
pathogenesis rather than alternative causes play a major role.

First, several of our findings are not consistent with primarily ventilator induced lung injury. Ventilator set-
tings were chosen to minimize lung trauma and did not differ significantly between the groups with and without
lung cavities. The distribution of the cavities with a significant proportion of central lesions and involvement of
the lower parts of the lung argues against ventilator induced lung injury, since from our experience one would
expect mainly peripheral lesions in the upper lobes, if mechanical overdistension played the main role. The
observation that a high percentage of lesions occurred in preexisting opacities also seems rather untypical for
classical ventilator induced lung alterations. Due to higher compliance of the less affected regions, overdistension
tends to occur preferentially in non-opaque regions of the lung. Most striking is the fact, that three of five patients,
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Patient 1 2 3
Prothrombin time (70-130%) 69 50 71
INR (0.9-1.25) 12 |2 12
PTT (26-40s) 46 64 38
Fibrinogen (1.6-4 g/1) 536 |62 52
D-dimers (<0.5 mg/l) 131 | 6.6 3.0
Procalcitonin (0.5 ug/l) 0.6 1.8 0.2
CRP (<0.5 mg/l) 157 255 133
IL-6 (<7 ng/l) 142|224 | 104
Ferritin (30-400 ug/1) 2633 | 4078 | 1490
EXTEM MCF (mm) 58 78 78
PEEP (mmHg) 17 18 16
PIP (mmHg) 35 41 31
deltaP (mmHg) 18 23 15

Table 3. Coagulation, inflammatory and ventilatory parameters of three patients who underwent autopsy.
PEEP, positive endexspirarory pressure, PIP, Peak inspiratory pressure, deltaP, driving pressure, CRP,
C-reactive-protein, IL-6, Interleukin-6, INR, International normalized ratio, PTT Partial Thromboplastin
Time.

who did not need mechanical ventilation, also developed cavitations. Still mechanical ventilation might play an
important role in the development of the cavitary lesions in that it aggravates the damage done by microvascular
and macrovascular thrombosis. We therefore think that sticking to the principles of lung-protective ventilation
is of great importance in this group of patients to minimize pulmonal destructions even if the lung compliance
does not seem to be altered in every case.

Second, patients who developed cavitations did not exhibit positive cultures more often than the patients
without, nor did we find typical abscess inducing species more frequently in the patients with lung cavities.
However, a secondary bacterial infection of infarcted areas, transforming into cavitations cannot be ruled out.

Third, we found evidence for a prothrombotic state both in terms of coagulation parameters and thrombo-
embolic complications. Although thromboembolic complications were evenly distributed between patients with
and without lung cavities, notably pulmonary embolism was more frequent in patients with cavities (4 vs. 1).
Patients who developed cavitations during the course of their disease were significantly older and had a higher
BML. Obesity has been associated with a prothrombotic state and hypofibrinolysis**->*. The “mosaic pattern” of
the lung-parenchyma that we observed in accordance with previous publications and the lung cavities strikingly
resemble findings in patients with chronic thromboembolic pulmonary hypertension'>!$1.

During the time of this observational study critical care resources for COVID-19 patients were in no way
compromised in our regional setting, enabling long-term ICU therapy. Together with a very large proportion
of secondary referrals this might explain why others have to the best of our knowledge not yet reported similar
observations. However, several other observations support the concept of impaired lung perfusion in COVID-
19 patients. Ackermann et al. found a high incidence of microvascular thrombi and signs of endothelitis during
autopsy of seven COVID-19 patients®. Lang et al., using dual source computer tomography, discovered severe
perfusion abnormalities in the lungs of three COVID-19 patients and postulated a significant contribution of
altered perfusion to the etiology of respiratory failure in COVID-19'2.

In terms of the mechanisms potentially causing pulmonary hypoperfusion, SARS-CoV-2 binds to the angio-
tensin converting enzyme 2 (ACE-2) receptor of alveolar epithelial cells>. There is evidence for consecutive
downregulation of ACE-2 leading to increased levels of angiotensin I1?°. High levels of angiotensin II in the
pulmonary circulation may lead to endothelial activation and vasoconstriction and promote a prothrombotic
state?®. Hypoperfusion of pulmonary artery branches either due to vasoconstriction or due to thromboembolic
occlusion will lead to increased dead space ventilation and impaired gas exchange, consistent with the ventila-
tion pattern observed in COVID-19>%. Selective perfusion of the pulmonary circulation through anastomoses
between the bronchial and the pulmonary circulation might further contribute to respiratory failure due to an
increased right-to left shunt fraction?®.

By implying a link between a prothrombotic stage, pulmonary hypoperfusion and structural lung changes,
our data add to the considerations for therapeutic anticoagulation in COVID-19 patients. Interestingly in this
regard Wang et al. recently reported a positive impact of tissue plasminogen activator treatment on oxygenation
in a case series®. An association of higher therapeutic targets of systemic anticoagulation and improved survival
has also been reported'"*. Although our data point towards a thromboembolic etiology of the cavitary lesions,
the markers of coagulation measured in our study could not discriminate between the two groups and signifi-
cant differences were only found regarding age and BMI. D-Dimers for example were not significantly different
between the groups. One might argue that due to the high degree of activation of the coagulation system in both
groups, the d-dimers are not sensitive enough to detect a difference. Increased age and body weight might lead
to structural weakness of the lung tissue facilitating the development of cavitations. Hopefully future studies will
identify more sensitive and specific laboratory markers in this regard and clarify the precipitating factors that
add to the development of cavitary lung destruction in certain patient populations.
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Our study has several limitations. Being retrospective and non-interventional it can only be hypothesis-
generating. It is monocentric and focusses on severely ill patients, many of whom received ICU treatment for
several weeks and our findings may not be generalizable to less severely ill patients. Due to the relatively small
sample size, the power of our study is limited. We found a high proportion of cavitary lung lesions in the CT-scan
(22/39=56%). The 95% confidence interval is 41-72% for our finding of this high incidence of lung cavitations.
We included all 39 consecutive patients who received a CT-scan and were treated in our intensive care unit dur-
ing the first COVID-19 wave, so we cannot provide a larger data set.

To make a more accurate assessment of the proportion of patients with cavitation we would have to include
more patient data. For a sample size of 100, a two-sided 95% confidence interval for a single proportion using
the large sample normal approximation would extend 0.097 from the observed proportion for an expected
proportion of 0.56.

With a sample size of 380, a two-sided 95% confidence interval for a single proportion using the large sample
normal approximation would extend only 0.05 from the observed proportion for an expected proportion of 0.56.

The etiology of lung cavitations is possibly heterogeneous and multifactorial. Finally, the number of autopsies
supporting our interpretation is small and although all point to the exact same pathogenesis of the cavitations
we do not know whether the same results would have been found in the lungs of the other patients of the cohort.

In conclusion, we found that cavitating lung lesions occur frequently in severely ill COVID-19 patients and
provide evidence that pulmonary hypoperfusion and occlusion of pulmonary arteries plays an important role
in the pathogenesis of these lesions.

Conclusion

Although the small sample size limits the power of our study, we found a high incidence of cavitary lesions in
our cohort of severely ill patients with COVID-19. Our findings underline the importance of sufficient antico-
agulation in the management of patients with severe COVID-19 pneumonia. Furthermore our data show, how
vulnerable the malperfused lungs of these patients are, even though the compliance might not be altered in the
beginning. This points to the importance of lung protective ventilation in order to avoid further damage in the
poorly perfused areas of the lungs of these patients.

Data availability
The datasets analyzed during the current study are available from the corresponding author upon reasonable
request.
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4. Diskussion

Seit der Erstbeschreibung des ARDS in den 60er Jahren des zwanzigsten
Jahrhunderts haben die Veranderungen der Ventilation im Vergleich zu denen der
Perfusion sicherlich den groeren Teil der Aufmerksamkeit erhalten.

Dies ist wohl auch der Tatsache geschuldet, dass Intensivmedizin insbesondere in
ihrer Entstehungszeit auch in groflen Teilen Beatmungsmedizin war und dies den
Fokus auf die ventilatorischen Aspekte des akuten Lungenversagens sicherlich
begunstigte.

Auch entwickelten sich die Einsichten in die Pathophysiologie der gestorten
Lungenperfusion langsamer, da die direkten Visualisierung in der Ublichen Bildgebung
weniger zuganglich waren und manche Einsichten in die Funktion von
Gerinnungsphysiologie, Endothelfunktion und Inflammationskaskaden
molekularbiologische Methoden erforderten, die erst in den der Erstbeschreibung des
ARDS folgenden Jahrzehnten ausreichend weiterentwickelt werden konnten um
tiefere Einsichten in diesen Bereichen zu ermdoglichen.

Von ,Science” wurde Sticksoffmonoxid 1992 zum Molekull des Jahrzehnts gewanhilt,
sicherlich auch weil in der Zwischenzeit die Einblicke in die komplexen
Zusammenhénge der Perfusionsregulation gewaltige Fortschritte gemacht hatten 38,
In dieser Zeit wurde durch Einsatz von Therapien wie eben der inhalativen Gabe von
Stickstoffmonoxid erste Versuche unternommen, dem Rechnung zu tragen und den
klinischen Verlauf von Patienten mit akutem Lungenversagen durch gezielte
Verbesserung der pulmonalen Perfusionssituation positiv zu beeinflussen.

Auch die Einblicke in die komplexen Zusammenhange von Inflammations- und
Gerinnungskaskaden bei Krankheitsbildern wie Sepsis und ARDS lenkten mehr

Aufmerksamkeit auf die Bedeutung des Gefal3- und Gerinnungssystems fur den
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klinischen Verlauf von Patienten im akuten Lungenversagen und auf die Optionen
einer Therapie durch medikamentdse Beeinflussung dieser komplexen Systeme 3.
Auch wenn gezielte Eingriffe in die Mediatorkaskade bislang keine Uberzeugenden
klinischen Ergebnisse erbrachten wie Vvielleicht beispielhaft die Therapie mit
aktiviertem Protein C nicht nur in der Sepsis sondern auch im ARDS zeigt, ist das
wissenschaftliche Interesse an und in der Folge auch die Datenbasis flr diese
Vorgange und ihre Bedeutung flr das Atemnotsyndrom der Erwachsen kontinuierlich
angewachsen 33 39,

Wie unsere Daten bezuglich der Effekte auf den Gasaustausch durch Kontamination
komprimierter Luft mit niedrigen Konzentrationen von Stickstoffmonoxid zeigen, sind
die Effekte einer selektiven Vasodilatation auf die Oxygenierung eindeutig vorhanden.
25

Doch wenngleich inhalatives Stickstoffmonoxid gerade in der aktuellen COVID-19
Pandemie haufig als sogenannte ,Rescuetherapie“ im schweren ARDS und C-ARDS
eingesetzt wird, lasst sich bis heute ein positiver Effekt auf relevante klinische
Endpunkte auch in Metanalysen nicht sicher belegen

Allerdings gilt dies auch fur die meisten anderen Therapieansatze einschliel3lich der
Beatmung mit hohen PEEP-Werten, Rekrutierungsmandver und die extrakorporale
Membranoxygenierung. 7 16

Bislang ist abgesehen von der Beatmung der Patienten mit niedrigen Tidalvolumina
lediglich der Effekt der Bauchlagerung als Rescuetherapie bei schwerem ARDS
unwidersprochen. ¢ Uber welchen Mechanismus die Bauchlagerung ihren Effekt auf
Klinik und Prognose der Patienten entfaltet, ist hingegen bis heute nicht eindeutig
geklart und es exisitieren Uberzeugende Daten, die fur einen Effekt durch direkte

Beeinflussung der Lungenperfusion sprechen 4°
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In jedem Falle scheint die Verbesserung des Ventilations- Perfusionsverhaltnisses der
wahrscheinlichste Mechanismus fur den beobachteten Effekt darzustellen.

Das nichkardiale Lungenddem ist in allen aktuell gultigen Definitionen ein
Hauptkriterium flir die Diagnose des akuten Atemnotsyndroms des Erwachsenen. 4142
Sicherlich sind die Ursachen nicht immer eindeutig und auch Faktoren wie eine
generalisierte Uberwésserung spielen in vielen Fallen eine Rolle.

Im Wesentlichen wird das Kapillarleck aber durch ein ,Endothelversagen®
hervorgerufen und ist somit ebenfalls dem GefaRsystem zuzuordnen. '°

Wir konnten zeigen, dass die bettseitige Ultraschalluntersuchung als nichtinvasives
Verfahren zum Monitoring und ggf. auch zur Therapiesteuerung des Patienten mit
ARDS einsetzbar ist. 3.

Moglicherweise unterscheidet sich das durch SARS-CoV-2 ausgeldste
Lungenversagen substantiell von anderen Verlaufsformen des akuten
Atemnotsyndroms des Erwachsenen. Dennoch sind auch fur andere Formen des
akuten Lungenversagens Stdérungen des Gerinnungssystems gut dokumentiert. Im C-
ARDS konnten wir an unseren Patienten demonstrieren, dass thrombembolische
Komplikationen haufig sind und mit einer verminderten fibrinolytischen Aktivitat in der
viskoleastischen Testung in Verbindung bringen. Wir fanden auch deutlich Hinweise
darauf, dass sich die Alteration des Gerinnungssystems bei diesen Patienten nach
Abklingen der akuten Erkrankung wieder normalisiert. Ob auch im ARDS aus andere
Ursache diese Veranderungen des Gerinnungssystems nachgewiesen werden kdnne
bleibt zu untersuchen.

Desweiteren konnten wir aufgetretene kavitare Lungenparenchymveranderungen mit
in-situ-Thrombosierungen in der Lungenstrombahn in Verbindung bringen. Ob auch
hier Analogien zu anderen Formen des akuten Lungenversagens zu finden sind muss

durch weitere Untersuchungen geklart werden.
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5. Zusammenfassung

In den vorgelegten Arbeiten konnte der Stellenwert der Perfusion in der Pathogenese
und Klinik des akuten Lungenversagens naher beleuchtet werden.

Es wurde Anhand der Wirkung geringster Dosen von Stickstoffmonoxid in der Atemluft
die Bedeutung des Gefalltonous in der Lungenstrombahn und des Ventilations-
Perfusionsverhaltnisses in der Lunge gezeigt.

Desweiteren zeigten wir, dass die durch das Kapillarleck in der Lungenstrombahn
verursachte pulmonale Uberwéasserung bettseitig mittels Ultraschall einfach und
zuverlassig quantifiziert werden kann.

Wir konnten an Patienten mit durch COVID-19 ausgel0ostem Lungenversagen die
Haufung von thromboembolischen Ereignissen in dieser Patientengruppe zeigen und
mittels viskoelastischer Testverfahren eine erhohte Gerinnselfestigkeit und gleichzeitig
eine verminderte Fibrinolyseaktivitat demonstrieren.

Durch Verlaufsuntersuchungen konnten wir weiterhin darlegen, dass die gezeigten
Veranderungen der Gerinnungsaktivitat zwolf Wochen nach Entlassung von der
Intensivstation nicht mehr nachweisbar waren.

Zuletzt konnten wir durch Analyse von Computertomographien des Thorax von
Patienten im C-ARDS ein Haufiges Auftreten von kavitaren Lungendestruktionen
dokumentieren und mittels der Obduktionsbefunde eine ischamische Genese als
wahrscheinliche Ursache feststellen und damit die Auswirkungen der
Perfusionsstdrung auf die Pathogenese des Lungenversagens unterstreichen.
Gemeinsam belegen die Arbeiten, dass auch Veranderungen der pulmonalen
Perfusion, sei es durch Veranderungen des pulmonalen Gefasssystems, sei es durch
Alteration der Gerinnung eine grofde Bedeutung fur die Pathogenese des akuten

Lungenversagens zukommt.
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