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Abstract
Purpose In this retrospective study, we compared inhaled sedation with isoflurane to intravenous propofol in invasively 
ventilated COVID-19 patients with ARDS (Acute Respiratory Distress Syndrome).
Methods Charts of all 20 patients with COVID-19 ARDS admitted to the ICU of a German University Hospital during the 
first wave of the pandemic between 22/03/2020 and 21/04/2020 were reviewed. Among screened 333 days, isoflurane was 
used in 97 days, while in 187 days, propofol was used for 12 h or more. The effect and dose of these two sedatives were 
compared. Mixed sedation days were excluded.
Results Patients’ age (median [interquartile range]) was 64 (60–68) years. They were invasively ventilated for 36 [21–50] 
days. End-tidal isoflurane concentrations were high (0.96 ± 0.41 Vol %); multiple linear regression yielded the ratio (isoflurane 
infusion rate)/(minute ventilation) as the single best predictor. Infusion rates were decreased under ECMO (3.5 ± 1.4 versus 
7.1 ± 3.2 ml∙h−1; p < 0.001). In five patients, the maximum recommended dose of propofol of 4 mg∙hour−1∙kg−1ABW was 
exceeded on several days. On isoflurane compared to propofol days, neuro-muscular blocking agents (NMBAs) were used 
less frequently (11% versus 21%; p < 0.05), as were co-sedatives (7% versus 31%, p < 0.001); daily opioid doses were lower 
(720 [720–960] versus 1080 [720–1620] mg morphine equivalents, p < 0.001); and RASS scores indicated deeper levels of 
sedation (− 4.0 [− 4.0 to − 3.0] versus − 3.0 [− 3.6 to − 2.5]; p < 0.01).
Conclusion Isoflurane provided sufficient sedation with less NMBAs, less polypharmacy and lower opioid doses compared 
to propofol. High doses of both drugs were needed in severely ill COVID-19 patients.
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Introduction

Coronavirus disease (COVID-19) and its pandemic spread 
is a big challenge for health care providers. Patients pre-
senting severe forms of COVID-19 associated with acute 

respiratory failure are in need for invasive mechanical 
ventilation and sufficient sedation to ensure adequate gas 
exchange. Few subjective reports from clinical experience 
state that COVID-19 patients under mechanical ventilation 
do need considerably higher doses of intravenous sedatives 
[1, 2] as well as muscle relaxation [3] with neuromuscular 
blocking agents (NMBA) to achieve a sufficient depth of 
sedation and avoid patient–ventilator dyssynchrony. Due to 
the massive simultaneous worldwide occurrence of severe 
COVID-19 and requirement of intravenous sedatives, an 
international shortage of drugs including propofol [4–6] 
as well as an overrun of intensive care unit (ICU) capaci-
ties were observed. Inhaled sedation has shown benefits in 
animals and patients suffering from ARDS (Acute Respira-
tory Distress Syndrome) [7–9] and a large number of ICUs 
seeked for an alternative to intravenous sedation and started 
to use inhaled sedation [10].
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The AnaConDa™ (Sedana Medical, Danderyd, Sweden) 
is a reflection device working passively, enabling the appli-
cation of isoflurane or sevoflurane when placed between 
the Y-piece of the ventilator and the endotracheal tube. The 
active carbon filter inside retains anesthetic gas molecules 
in the expiratory phase and releases about 80–90% of them 
back to the patient in the following inspiration [11].

In this retrospective study, we compared inhaled seda-
tion with isoflurane via AnaConDa to intravenous propofol 
sedation in COVID-19 patients with ARDS according to the 
Berlin definition [12]. Sedation depth, dosing of opioids, as 
well as the necessity of polypharmacy and NMBA use were 
compared between isoflurane and propofol sedation days. 
We also analyzed the influence of the minute ventilation 
and of the extracorporeal membrane oxygenation (ECMO) 
on isoflurane end-tidal concentrations and isoflurane infu-
sion rates. Mean daily consumptions of both sedatives were 
calculated to estimate the necessary stock supply in case of 
similar situations in the future.

Methods

The ethical committee (Ärztekammer des Saarlandes, 
16/09/2020, Bu219/20) approved this retrospective chart 
review and data analysis and waived the need for individual 
informed consent.

The study was conducted in a 24-bed pulmonary ICU of 
a German University Hospital. (Saarland University Medi-
cal Center, Homburg, Germany). The inclusion period went 
from 22 March 2020 to 21 April 2020. All adult patients 
tested positive for SARS-CoV-2 and in need for invasive 
ventilation admitted to the University Hospital were treated 
in this ICU and were included. No pediatric patients are 
treated in this ICU.

Most patients needed deep sedation for prolonged time 
periods, which in our institution is achieved using isoflurane 
or propofol. The choice of sedative was at the discretion of 
the attending physician. The necessary equipment for the 
use of isoflurane was limited, so that not all patients could 
be sedated with it at the same time.

Data collection started on the first day of invasive ventila-
tion in our ICU and stopped after extubation/decanulation, 
after patient transfer to another hospital, when sedation was 
discontinued, after patient death or at the latest after 30 days, 
whichever was first. Apart from biometric and general data, 
we also recorded doses of sedatives, opioid analgesics, 
administration of neuro-muscular blocking agents (NMBA), 
scores of the Richmond Agitation–Sedation Scale (RASS), 
ventilation and ECMO parameters, each averaged on a daily 
basis from six a.m. until six a.m. the following day.

Each sedation day was categorized depending on the type 
of sedative applied:

• “ISO” and “PRO” sedation days: when only isoflurane or 
only propofol were applied for at least 12 h.

• “Other days”: both isoflurane and propofol were com-
bined or only other sedatives like alpha-2 agonists, ben-
zodiazepines or ketamine were applied.

Subsequently, ISO sedation days were compared with 
PRO sedation days.

Isoflurane application and ventilator settings

Inhaled sedation with isoflurane was applied using the Ana-
ConDa administration system. This reflection device was 
placed between the Y-piece of the ventilator hoses and the 
endotracheal tube or tracheal cannula. Isoflurane was con-
tinuously applied using a syringe pump  (Perfusor® Space; 
B. Braun, Melsungen, Germany). End-tidal isoflurane con-
centrations were measured after each expiration with a gas 
monitor (Philips IntelliVue M×800, Hamburg, Germany). 
Inhaled anesthetics were scavenged by connecting the air 
outlet of the ventilator to a FlurAbsorb™ canister (Sedana 
Medical, Danderyd, Sweden). Pressure-controlled ventila-
tion (Duo-PAP) with the possibility of intermittent sponta-
neous and pressure assisted breaths was used as standard 
ventilation mode (Hamilton C6 Respirator, Hamilton Medi-
cal, Bonaduz, Switzerland).

ECMO therapy

Veno-venous ECMO-therapy was started in patients with 
a P/F ratio  (PaO2/FIO2;  PaO2 partial pressure of oxygen in 
arterial blood;  FIO2 fraction of inspired oxygen) smaller 
than 100 mmHg and/or severely compromised decarboxy-
lation despite high peak ventilation pressures above 30 mbar. 
Heart–lung support systems (Cardiohelp, Getinge AB, Göte-
borg, Sweden) were used with femoro-jugular cannulation.

Necessity of neuromuscular blocking agent

In patients with severe ventilator dyssynchrony, NMBAs 
were administered, if deepening the sedation was not suf-
ficient to improve the clinical situation.

Polypharmacy

Polypharmacy was defined as the use of a continuous infu-
sion of a co-sedative during at least 1 h a day. Combination 
of isoflurane or propofol with co-sedatives was necessary in 
some cases to ensure a sufficient depth of sedation. RASS-
Scores were documented at least once per shift. Co-sedatives 
used were clonidine, dexmedetomidine, ketamine and mida-
zolam applied as continuous intravenous infusions.
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Conversion of opioids in morphine equivalent doses

Sufentanil, our standard opioid for long-term sedation, was 
used in 95% of the ISO and PRO sedation days with remifen-
tanil and hydromorphone in the remaining 5%. Different 
opioids were not combined. The infusion rates were left to 
the discretion of the attending physician. Opioid doses were 
converted in morphine equivalent doses using previously 
published conversion factors [13, 14] to enable comparison 
(sufentanil 1:1000; hydromorphone 1:7; remifentanil 1:200). 
For remifentanil, the equivalent dose was divided by 60 to 
account for the considerably shorter half-life.

Adjusted body weight

The dosage of propofol was related to the adjusted body 
weight (ABW) (31):

Data evaluation and statistical analysis

Data analyses were conducted using SPSS (SPSS Statis-
tics 27, IBM, Armonk, USA). Continuous variables are 
expressed as mean ± standard deviation (SD) or as median 
[interquartile range], if not normally distributed. Data were 
assessed for normality using the Kolmogorov–Smirnov test. 
The frequencies were compared using a χ2 test, parametri-
cal data using a t test and non-parametrical data using a 
Mann–Whitney U test. Multiple linear regression analysis 
was used to determine the best predictive parameters for the 
end-tidal isoflurane concentration.

A statistical significance is accepted at p < 0.05.

Results

All 20 patients tested positive for COVID-19 and in need for 
invasive ventilation in our ICU during the first wave of the pan-
demic were included. The patients’ biometric and general data 
are shown in Table 1. Patients were invasively ventilated dur-
ing 36 [21–50] days. They needed deep sedation, defined by 

ABW = IBW + [Cf (TBW − IBW)] ;

Cf = Correction factor for propofol = 0.4 ;

TBW = Total Body Weight; IBW = Ideal Body Weight ;

IBW females = 45.5 + [0.9 × (Height in cm − 154)] ;

IBWmales = 50 + [0.9 × (Height (cm) − 154)] ;

the need to administer isoflurane, or propofol or a combination 
of both, during 20 [9–24] days. Figure 1 shows the types of 
sedation days of each patient. In total, 448 sedation days were 
evaluated. Patients were in need for deep sedation on 333 days. 
During these, either isoflurane (97 sedation days) or propofol 
(187 sedation days) or both drugs were used (49 sedation days).

On ISO sedation days, muscle relaxation and polyphar-
macy were less frequently necessary and opioid doses were 
significantly lower compared to PRO days, although RASS-
scores were significantly lower on ISO days (Table 2).

On ISO days, isoflurane infusion rates were 5.6 ± 3.1 mL 
liquid isoflurane per hour (Table 2) and were significantly 
lower, while patients were on ECMO (3.5 ± 1.4 versus 
7.1 ± 3.2 mL·h−1, p < 0.001).

Multiple linear regression yielded the ratio infusion rate 
divided by minute ventilation (Fig. 2) as the single best pre-
dictor of the isoflurane end-tidal concentration and a strong 
correlation was found (Spearman’s; R = 0.7; p < 0.001). The 
linear regression analysis established the following equation:

And reciprocally:

End − tidal isoflurane concentration
[

Vol. %
]

= 1.5 ⋅ Isoflurane infusion rate
[

mL ⋅ h
−1
]

∕

Minute Volume

[

L ⋅

−1

min

]

.

Isoflurane infusion rate [mL ⋅ h
−1]

= 0.7 ⋅ End − tidal isoflurane concentration

[Vol. % ] ⋅ minute volume [L ⋅min
−1].

Table 1  Patient characteristics and general data

Data are median [IQR], or number (frequency)
VV-ECMO = veno-venous extracorporeal membrane oxygenation

Total number of patients 20

Gender (F: M) 3: 17
Age (years) 64 [60–68]
Height (m) 1.80 [1.75–1.85]
Total body weight (TBW, kg) 96 [85–105]
Adjusted body weight (ABW, kg) 84 [76–88]
BMI (kg/m2) 29 [27–32]
BMI > 40 kg/m2 3 (15%)
ICU Mortality 7 (35%)
Duration of invasive ventilation (days) 36 [21–50]
Duration of deep sedation (days) 19.5 [9.25–23.5]
Patients receiving VV-ECMO Therapy 9 (45%)
Duration of VV-ECMO (days) 5 [0–22]
Patients receiving isoflurane 8 (40%)
Patients receiving propofol 18 (90%)



628 Journal of Anesthesia (2021) 35:625–632

1 3

Fig. 1  Patient overview. Each 
box represents 1 day. Yellow 
box = only propofol was applied 
for sedation for at least 12 h; 
purple box = only isoflurane 
was applied for sedation for at 
least 12 h; grey box = other days 
(both, isoflurane and propofol, 
or other sedatives were used); 
red line = veno-venous-ECMO; 
Pat. patient; D day; T day of 
tracheotomy; extub. extuba-
tion; trans patient transferred to 
another hospital; † death. Black 
box = no available data

Table 2  General results

Use of neuromuscular blocking agent, polypharmacy, opioid and norepinephrine use in in the ISO and 
PRO sedation days

Isoflurane Propofol (2%) p value

Number of days 97 187 /
End-tidal isoflurane concentration (Vol. %) 0.96 ± 0.41 / /
Infusion rate (mL·h−1) 5.6 ± 3.1 9.1 ± 4.1 /
Propofol doses
(mg∙kg−1ABW∙h−1)

/ 2.2 ± 1.0 /

RASS-Score − 4.0 [− 3.0 to − 4.0] − 3.0 [− 3.6 to − 2.5]  < 0.001
Norepinephrine doses
(µg·kg−1·min−1)

0.06 ± 0.05 0.06 ± 0.05  > 0.05

NMBA-use 11 (11%) (40) 21%  < 0.05
Polypharmacy-use (7) 7% (58) 31%  < 0.001
Opioid use (mg·24  h−1 morphine equivalent) 720 [720–960] 1080 [720–1620]  < 0.001

Fig. 2  Linear regression model 
between end-tidal isoflurane 
concentration and ratio of 
isoflurane infusion rate/minute 
ventilation. End-tidal isoflu-
rane concentration correlates 
poorly with the infusion rate, 
negatively with the minute ven-
tilation and best with the ratio 
shown (Spearman’s R = 0.7; 
p < 0.001)
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O n  P R O  d a y s ,  p r o p o f o l  d o s e s  w e r e 
2.2 ± 1.0 mg·kgABW·h−1 (Table 2). They did not differ 
between ECMO and non-ECMO days. The maximum rec-
ommended dose of 4.0 mg·kg−1·h−1 ABW was exceeded in 
five of our patients on several days.

Vasopressors, almost exclusively norepinephrine, were 
used more frequently on ISO sedation days. However, nor-
epinephrine doses were low and did not differ between ISO 
and PRO sedation days (Table 2). Other side effects of iso-
flurane were not observed.

Discussion

In this retrospective study, 20 patients with COVID-19 asso-
ciated ARDS had to be invasively ventilated for long time 
periods and were in need for deep levels of sedation during 
a high proportion of that time. The need for deep sedation 
for prolonged time periods has been reported by others [1–3, 
15] and the use of volatile anesthetics has been suggested for 
COVID-19 patients [9, 10, 16]. In our institution, isoflurane 
applied with the AnaConDa system or propofol are admin-
istered for that purpose.

Dosage of isoflurane may be guided by monitoring its 
end-tidal concentration. For general anesthesia, concen-
trations around one minimal alveolar concentration [17] 
(MAC) are needed, which corresponds to 1.17 (1.03) Vol% 
isoflurane in patients aged 40 (60) years [18], whereas for 
sedation in the ICU, lower concentrations corresponding to 
0.3 to 0.5 of the MAC have been recommended [19]. In our 
patients, high concentrations around 1 MAC were needed. 
Possible explanations include the patients’ relatively young 
age, previously good health, as well as high respiratory 
drive [20] and intense inflammatory responses [1]. Medical 
staff may also have tended for deeper sedation for fear of 
unplanned extubations associated with a high risk of mortal-
ity and viral transmission.

Using a multiple linear regression analysis, we found that 
neither the isoflurane infusion rate nor the minute volume 
considered alone can be used to predict the achieved end-
tidal isoflurane concentration. In contrast, the ratio (isoflu-
rane infusion rate/minute volume) correlates reliably with 
that concentration. Thus, knowing the minute volume and 
the target end-tidal isoflurane concentration, the necessary 
isoflurane infusion rate can be calculated using the equation 
established by the linear regression analysis.

In our patients not on ECMO, isoflurane consumption 
was 170 mL per patient day (drug cost approximately 25 
US-$). In other studies, much lower isoflurane infusion rates 
of 2.1 [17], 3.1 [22] or 4.6 mL·h−1 [23] have been described. 
When ECMO is used, minute ventilation is usually reduced 
for lung protection. Unlike carbon dioxide, volatile anes-
thetics do not cross plasma-tight poly-(4-methyl-1-pentene) 

membranes of modern oxygenators [24, 25]. Thus, during 
ECMO, isoflurane infusion rates were less than half, and 
isoflurane consumption was 84 mL per patient day. This 
information may be useful for managing stock supply of 
isoflurane.

For propofol, when used for sedation of critically ill 
patients as opposed to general anesthesia, restrictions are 
specified in the directions for use [26]: propofol may be used 
in patients older than 16 years for up to 7 days with a maxi-
mal dose of 4 mg·h−1 per kg total body weight (TBW). The 
reason for these restrictions is the occurrence of propofol 
infusion syndrome (PRIS), a syndrome characterized by 
metabolic lactic acidosis, cardiac arrythmias, and rhabdomy-
olysis [27]. PRIS has already been described in a patient suf-
fering from COVID-19 [28]. Furthermore, concomitant use 
of catecholamines and propofol sedation longer than 48 h 
increases the incidence of PRIS in intensive care patients 
[29].

However, in obese patients, applying the specified maxi-
mal dose may induce PRIS [30, 31]. This seems important, 
as many patients with severe COVID-19 are obese [32, 33]. 
It has been proposed, that propofol should rather be adminis-
tered based on adjusted (ABW) rather than total body weight 
(TBW) [34]. For ABW, a drug dependent correction factor 
is used to account for different volumes of distribution [35].

In our patient collective, the mean BMI corresponds to 
obesity class 1, leading to a high propofol consumption of 
220 mL or 4370 mg per patient day. In fact, in five patients, 
the propofol dose exceeded 4 mg·kg−1·h−1 ABW on several 
days. Despite using relatively high doses of propofol per 
ABW, RASS-scores evaluated by staff indicated lighter seda-
tion than during isoflurane sedation. Often, sedation with 
propofol was perceived insufficient and was thus supple-
mented with co-sedatives or with NMBAs. When using iso-
flurane, this was done much less frequently. Polypharmacy 
increases the risk of developing delirium [36]. Also, the 
opioid dose was significantly lower on isoflurane compared 
to propofol days. A reduced opioid dose may facilitate spon-
taneous breathing [37, 38] and promote intestinal motility.

Other possible disadvantages of the use of propofol in 
COVID-19 patients include the occurrence of hyperlipi-
demia, which has been associated with an increased risk of 
mechanical failure of the extracorporeal circuit [15, 39], as 
well as an increased expression of angiotensin-converting 
enzyme 2 (ACE-2) in human pulmonary vessels [40]. It is 
known that the SARS-CoV2 virus uses ACE-2 as a cell entry 
receptor, and therefore, the use of propofol in these patients 
has been discouraged [41, 42].

On the other hand, inhaled compared to intravenous seda-
tion has been associated with faster emergence after stop of 
sedation [43], decreased pulmonary inflammation [44, 45], 
improved oxygenation in patients with ARDS [8], and even 
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with decreased mortality in a retrospective analysis of long-
term ventilated patients [46].

In our study, severe side effects of isoflurane administered 
during long time periods were not observed. Vasopressors 
were used more frequently on ISO sedation days, which may 
be explained by the high concentrations used. Staff working 
with inhaled sedation needs to be trained to recognize malig-
nant hyperthermia, a life threatening condition. In the case 
of malignant hyperthermia, application of isoflurane must be 
stopped immediately and Dantrolene must be administered 
as soon as possible. Dantrolene must, therefore, be avail-
able in all places, where isoflurane sedation is practiced. The 
genetic predisposition for malignant hyperthermia is very 
rare (approx. 1:5000–1:100,000)[47] but may vary across 
countries.

Staff also needs to be trained in the setup of the Ana-
ConDa administration system and the necessary equipment 
must be acquired. This includes a gas monitor, a syringe 
pump, and a scavenging device. For passive scaveng-
ing, charcoal containers connected to the gas outlet of the 
ICU ventilator are cheaply available. Daily therapy costs 
are determined by drug costs (approximately 35 US-$ per 
250 ml liquid isoflurane) and by the disposable AnaConDa 
reflection device (approximately 75 US-$), which is for sin-
gle patient use and should be exchanged daily. AnaConDa 
is licensed and commercially available in many countries 
of the world.

Inhaled sedation with the AnaConDa system has been 
increasingly used by European ICUs since more than 
15 years [21, 23, 43]. The use of isoflurane for ICU seda-
tion is still off-label but is recommended by several national 
sedation guidelines [49–51]. A phase III registrational study 
to confirm efficacy and safety of sedation with isoflurane 
(EudraCT#: 2016-004551-67) has recently been completed 
[51] and drug approval in the European Union is expected 
later this year.

Limitations of this study

In this retrospective chart review, sedation days were classi-
fied according to the sedative used and compared with each 
other. In some cases, both isoflurane and propofol were com-
bined leading to an exclusion of 49 sedation days from a 
total of 333 days of deep sedation. We did not randomize 
patients to the sedation regimes under evaluation. The initia-
tion of inhaled sedation depended on the availability of the 
necessary equipment and on the decision of the treating phy-
sician. Inhaled sedation was always used on several consecu-
tive days. Six out of 8 patients received both isoflurane and 
propofol on different sedation days. It can be assumed that 
inhaled sedation was chosen in patients difficult to sedate 
and when intravenous sedation was considered inadequate. 

Decreased use of NMBAs, additional sedative drugs, and 
reduced opioid doses on ISO days are, therefore, unlikely to 
be explained by selection bias.

Sedation days were analyzed as independent variables. 
However, most differences were highly significant with p 
values well below 0.01, making bias by intra-patient clus-
tering unlikely. Many sedation days were analysed arising 
from only a small number of patients, which seems justified 
in this case of pharmacokinetic analyses of dose response 
relationships.

Conclusions

In COVID-19 patients, the maximum recommended propo-
fol dose of 4 mg·kg−1·h−1 ABW may not always be sufficient. 
In contrast, isoflurane provides sufficiently deep sedation 
with less polypharmacy, less NMBA use and lower opioid 
doses.

In this retrospective analysis, the mean daily isoflu-
rane consumption of one COVID-19 patient was 170 mL, 
reduced to 84 mL when extracorporeal oxygenation was 
implemented; daily propofol consumption per patient was 
4370 mg. For both drugs, these daily doses are higher than 
for other patients with ARDS. This information may be used 
for managing stock supply of sedatives during this ongoing 
pandemic.
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