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Abstract

Background: Exhaled propofol concentrations correlate with propofol concentrations in adult human blood and
the brain tissue of rats, as well as with electroencephalography (EEG) based indices of anesthetic depth. The
pharmacokinetics of propofol are however different in children compared to adults. The value of exhaled propofol
measurements in pediatric anesthesia has not yet been investigated. Breathing system filters and breathing circuits
can also interfere with the measurements. In this study, we investigated correlations between exhaled propofol
(exP) concentrations and the Narkotrend Index (NI) as well as calculated propofol plasma concentrations.

Methods: A multi-capillary-column (MCC) combined with ion mobility spectrometry (IMS) was used to determine
exP. Optimal positioning of breathing system filters (near-patient or patient-distant) and sample line (proximal or
distal to filter) were investigated. Measurements were taken during induction (I), maintenance (M) and emergence
(E) of children under total intravenous anesthesia (TIVA). Correlations between ExP concentrations and NI and
predicted plasma propofol concentrations (using pediatric pharmacokinetic models Kataria and Paedfusor) were
assessed using Pearson correlation and regression analysis.

Results: Near-patient positioning of breathing system filters led to continuously rising exP values when exP was
measured proximal to the filters, and lower concentrations when exP was measured distal to the filters. The
breathing system filters were therefore subsequently attached between the breathing system tubes and the
inspiratory and expiratory limbs of the anesthetic machine. ExP concentrations significantly correlated with NI and
propofol concentrations predicted by pharmacokinetic models during induction and maintenance of anesthesia.
During emergence, exP significantly correlated with predicted propofol concentrations, but not with NI.
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Conclusion: In this study, we demonstrated that exP correlates with calculated propofol concentrations and NI
during induction and maintenance in pediatric patients. However, the correlations are highly variable and there are
substantial obstacles: Without patient proximal placement of filters, the breathing circuit tubing must be changed
after each patient, and furthermore, during ventilation, a considerable additional loss of heat and moisture can
occur. Adhesion of propofol to plastic parts (endotracheal tube, breathing circle) may especially be problematic
during emergence.

Trial Registration: The study was registered in the German registry of clinical studies (DRKS-ID: DRKS00015795).
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Introduction
Total intravenous anesthesia (TIVA) has over the years
been demonstrated to have many advantages in pediatric
anesthesia, with decreased postoperative emergence agi-
tation compared to volatile anesthetics, and a major re-
duction in postoperative nausea and vomiting [1, 2]. In
particular, TIVA has also been very beneficial for sed-
ation and short interventional procedures with spontan-
eous breathing. Because of the physiological maturation
process during childhood, the characterization of
pharmacokinetics and pharmacodynamics of propofol
dosing in the pediatric population is still challenging,
and clinical feedback is necessary. Electroencephalog-
raphy (EEG) based monitoring can provide cerebral
pharmacodynamic feedback of the hypnotic effect, but
drug concentrations may only be estimated from phar-
macokinetic models. There is still a lack of real-time
measurements of anesthetic concentrations of propofol
in blood.
Exhaled propofol (exP) measurements may reflect a

real-time estimation of plasma concentration and can be
useful in the clinical setting. It has been demonstrated
that there is a good correlation between EEG-based
anesthesia depth and exP concentrations in adults [3]. In
addition, exP concentrations correlate well with propofol
concentrations in adult human blood [4–6]. Moreover,
in an animal model, they correlate well with concentra-
tions in the central nervous system [7]. However, all ex-
periments in literature were carried out with adult
patients. In this study, we investigated the correlation
between exP and EEG-based monitoring as well as pro-
pofol plasma concentrations calculated using pediatric
pharmacokinetic models in pediatric anesthesia.

Methods
This prospective observational study was conducted ac-
cording to the standards set forth by the Declaration of
Helsinki and Good Clinical Practice guidelines. It was
approved by the local ethics committee (Ethics Commit-
tee of Hannover Medical School, Germany, Chairperson
Prof. Dr. S. Engeli, No. 7955_BO_K_2018 on July 25th,
2018), registered in the German registry of clinical

studies (DRKS-ID: DRKS00015795), and conducted be-
tween November 2019 and July 2020 at the Clinic for
Anaesthesiology and Intensive Care Medicine of the
Hannover Medical School, Germany.

Multi-capillary-column ion mobility spectrometry
A multi-capillary-column (MCC) combined with ion
mobility spectrometry (IMS) (Edmon® Exhaled Drug
Monitor, B.Braun Melsungen AG, Melsungen, Germany)
was used to determine the exP. The operating gas for
the MCC-IMS was systematically processed from ambi-
ent air by the Redmon® air purifier (B.Braun Melsungen
AG, Melsungen Germany) [8]. The MCC-IMS covers a
range between 1 and 20 ppb of exP with an accuracy of
±10% at 20 ppb [9]. In this study datapoints were re-
corded at 5-min intervals.

Impact of breathing system filters
For the prevention of infections and preservation of heat
and moisture during anesthesia, the use of breathing sys-
tem filters with a > 99% retention for airborne particles,
and liquids retention to at least 60 hPA or 20 hPA above
the selected maximum ventilation pressure in the
anesthetic system is recommended [10]. These principles
allow using breathing circuits multiple times over up to
7 days. In pediatric anesthesia, filters of various sizes are
used, depending on the child’s weight. In this prelimin-
ary experiment, we studied the impact of three different
sizes of filters (type 1: Humid-Vent Mini® (heat and
moisture exchange, 0–6 kg of body weight); type 2:
Humid-Vent Filter Pedi® (bacterial, viral heat and mois-
ture exchange, 7–35 kg of body weight), Teleflex Med-
ical, Athlone, Ireland; type 3: Ultipor® breathing system
filter (bacterial, viral, heat and moisture exchange, > 35
kg of body weight), Pall Medical, Fribourg, Switzerland.
The filters were first positioned at their normal position
between airway device and breathing circuit (Fig. 1b).
During a steady state (20 min of unchanged propofol in-
fusion rate), the changes in exP concentration were mea-
sured. Then, filters were removed and sampling
continued. Because filter size type 2 is used most fre-
quently in pediatric anesthesia, the measurement was
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also carried out before and behind the filter, all during a
steady-state situation.

Exhaled propofol measurement
The study population as per the inclusion criteria com-
prised stable children with American Society of Anesthe-
siologists (ASA) physical status I-III scheduled for
elective surgery under endotracheal intubation and total
intravenous anesthesia. Written informed consent was
obtained from the parents. If not already in place, intra-
venous access was established outside the operating
room (OR). Propofol bolus injection (T0) was performed
with 1mg·kg− 1 outside the OR and repeated until the
children were comfortable with being separated from
their parents. Simultaneously, propofol infusion was
started with 6 mg·kg− 1·h− 1, keeping the children com-
fortable under light sedation. After positioning on the
operating table, the standard monitoring consisting of
electrocardiography, non-invasive blood pressure meas-
urement and pulse oximetry was established (Carescape
B850, GE Healthcare, General Electric Company, Boston,
USA). Thereafter, EEG monitoring was established be-
fore induction of anesthesia with impedances below
6000 Ohm. The EEGs of each patient were recorded

continuously with the EEG monitor Narcotrend Com-
pact M® (software version 3.3; MT MonitorTechnik, Bad
Bramstedt, Germany). After preoxygenation, anesthesia
was induced with another bolus injection of propofol
adapted by the attending anesthesiologist, and a remifen-
tanil infusion (0.3 μg·kg− 1·min− 1) as well as a single dose
of atracurium (0.5 mg·kg− 1) were administered. After
endotracheal intubation, the ventilator was adjusted to
the children’s age and weight to maintain normocapnia
(end-tidal CO2 = 35–40 mmHg), and the measurement
of the exP concentration was started. A continuous sam-
pling flow (200 ml·min− 1) was taken from a T-piece be-
tween endotracheal tube and breathing circuit.
A polyethylene-free sampling tube then connected the

T-piece to the MCC-IMS. Once a minute, the MCC-
IMS measured propofol concentrations of the sample
flow stream. The breathing system filters were posi-
tioned directly on the ventilator to avoid interference
with the measurement. A breathing circuit suitable for
infants, children and adults was used (Double D Circuit,
180 mm, Teleflex, Dublin, Ireland).
Fresh gas flow of the anesthetic workstation was there-

fore adjusted 0.5 l·min− 1 higher than the patients’ mi-
nute ventilation to avoid rebreathing of propofol.

Fig. 1 Experimental setup: a) Main experiment: breathing filters were positioned directly at the inspiratory and expiratory limbs of the ventilator
(patient-distant positioning). b) Preliminary breathing filter test: the breathing system filter was positioned at the tube (near-patient positioning).
MCC-IMS: Multi-capillary-column ion mobility spectrometer, exP: exhaled propofol
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Breathing filters (Pall Breathing System Filter, Pall Med-
ical, Fribourg, Switzerland) were positioned directly onto
the connectors of the ventilator (Primus®, Drägerwerk
AG & Co. KG, Lübeck, Germany) to avoid an accumula-
tion or backlog of propofol, as our preliminary testing
had shown that filters represent a disturbance factor of
unknown range. The experimental setup is illustrated in
Fig. 1a.
Propofol and remifentanil infusion rates were adjusted

by the attending anesthesiologist in order to maintain
anesthesia according to the Narcotrend index (NI) (rec-
ommended range D0-E2) and the usual clinical signs
(movements, change in heart rate and blood pressure).
A warm air blanket was used to maintain normother-

mia during the procedure (Moeck Warming System®,
Moeck, Hamburg, Germany). All standard monitoring
parameters, NI, ventilation parameters, temperature,
propofol and remifentanil infusion and exhaled propofol
concentration were documented at predefined points in
time: start of propofol (T0) followed by five-minute in-
tervals thereafter for 1 h (induction and maintenance of
anesthesia), and again for the last 20 min of anesthesia
until extubation (emergence). All events, such as intub-
ation, propofol bolus injection and change of propofol
infusion, were recorded separately. For maintenance in-
fusion, 10 ml·kg− 1·h− 1 of a balanced isotonic electrolyte
solution with 1% glucose (E 148 G1 Päd, Serumwerk
Bernburg, Bernburg, Germany) was administered. The
exP measurements were interrupted after 60 min if the
operation and extubation could not be completed within
80min. For those cases, an additional breathing system
filter suitable for the child’s weight and tidal volume was
connected between tube and breathing circuit, and low-
flow ventilation was established to avoid ongoing loss of
heat and moisture. If possible (stable propofol infusion
for at least 30 min with assumed steady state), the add-
itional type-2 filters were removed prior to emergence,
and measurements were resumed until extubation.

Data analysis
All recorded data were analyzed using MS Excel (Excel
2010; Microsoft, Seattle, USA), GraphPad Prism (Prism
7; Graph Pad Software Inc., San Diego, USA) and Med-
Calc (MedCalc Statistical Software version 17.4, Med-
Calc Software bvba, Ostend, Belgium) software tools.
According to a post hoc power analysis, a sample size of
26 patients would result in a 95% power to detect the
described correlation between exP, calculated plasma
concentration of propofol and NI, with an error prob-
ability of 5%.
Normal distribution was checked with the D’Agostino-

Pearson’s test. Demographic and procedural data were
presented as median [interquartile range] or frequency
(percentage). Pearson correlation and regression analysis

were performed with a predefined significant level of
α = 0.05. Weight, height, age and propofol infusion data
of enrolled patients were used to calculate simulated
propofol plasma concentrations with a TIVA simulation
program (TIVA Trainer, version 9.1, 2014) [11], using
the Paedfusor [12, 13] and Kataria [14] data sets.

Results
Position variations of breathing system filters
Inserting a type-1 filter into the breathing circuit re-
sulted in a maximum drop in exP of 0.4 ppb, while
inserting type-2 and 3 filters led to a mean increase in
the measured exP of 2.3 (0.9–3.8) ppb within 5 min,
with a further increase over 30 min, which slowed down,
but did not reach a steady state. After removing type-2
and 3 filters, exP concentrations decreased within 5 min
by a mean 1.95 (1.1–4.1) ppb to almost the former
steady-state values (this course is exemplified in Fig. 2).
Simultaneous measurements of exP concentrations in a
steady-state situation before and behind type-2 filters
showed a difference of 5.5 ppb (65.5%), with the lower
values measured behind the filter.

Exhaled propofol measurement
Data sets of 30 children were analyzed in this study.
Four children had to be excluded due to incomplete data
collection. The data sets of 16 children were analyzed
for the induction (I), maintenance (M) and emergence
(E) of anesthesia. Nine cases were analyzed for I and M;
for these cases, the emergence phase was excluded from
analysis because the surgery took longer than 60min,
and the airways therefore had to be prevented from dry-
ing out due to high-flow ventilation and patient-distant
filtering. For 1 case, only the emergence (E) phase was
analyzed. A detailed study flow chart is shown in Fig. 3.
Patient characteristics and procedural data are listed in
Table 1. The Kataria model is not approved for children
under 3 years of age (n = 6). For these cases, only the
Paedfusor model was used. For all other cases, both
models have been applied.
Reliable exP values were available approximately 5 min

after intubation of the patients; for that reason, complete
data sets for all patients were available 15 min after pro-
pofol infusion was started outside the OR. The median
continuous propofol infusion rate was 10mg·kg− 1·h− 1

(range 4–14), the median NI was 45 IQR [33–55], with
90.6% of the values in the range for recommended depth
of anesthesia between D0 and E2.
For the IM period, the Pearson correlation between

exP and NI (n = 221) was r = − 0.3, 95% CI − 0.4 to − 0.1;
P < 0.0001; between exP and the plasma concentration
calculated using the Paedfusor model (n = 221), the Pear-
son correlation was r = 0.4, 95% CI 0.3 to 0.5; P < 0.0001;
and for exP and the plasma concentration calculated
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using the Kataria model (n = 153), the Pearson correl-
ation was r = 0.3, 95% CI 0.2 to 0.5; P < 0.0001 (Fig. 4).
For the time period encompassing E from anesthesia, in-
cluding the last 20 min before extubation, the Pearson
correlation between exP and NI (n = 122) was r = − 0.1,
95% CI − 0.3 to 0.1; P = 0.3; between exP and the plasma
concentration calculated using the Paedfusor model (n =

122), r = 0.42, 95% CI 0.3 to 0.6; P < 0.0001; and between
exP and the plasma concentration calculated using the
Kataria model, r = 0.45, 95% CI 0.3 to 0.6; P < 0.0001
(n = 108) (Fig. 4).
Comparing the course of anesthesia over time, the me-

dian NI at IM was 45, and it increased to 63 at E (differ-
ence between medians 17, 95% CI 14 to 23, P < 0.0001).
The median calculated plasma concentration of propofol
decreased from 3.5 to 3.0 μg·ml− 1 when using the Paed-
fusor model (difference between medians − 0.4, 95% CI
− 0.9 to − 0.5; P < 0.0001) and from 3.2 to 2.4 μg·ml− 1

when using the Kataria model (difference between
medians − 0.8, 95% CI − 1.1 to − 0.6, P < 0.0001). The
median concentration of exP was 5.1 ppb at IM and 5.0
ppb at E, P = 0.13. Figure 5 shows the range and quar-
tiles of exP, NI and calculated plasma concentrations
using both models over the course of I and M.

Discussion
In this study, we demonstrated that, in hemodynamically
stable children without impaired lung function, exP
concentrations correlate significantly with NI during in-
duction and maintenance. It also showed a significant
correlation with calculated propofol blood concentra-
tions during induction, maintenance and emergence of
pediatric anesthesia.
For the wider pediatric population, TIVA requires cal-

culation and validation of pharmacokinetic models
adapted to the pediatric population. These models need
to integrate the physiological maturation during

Fig. 2 Example of increase and decrease of exhaled propofol
concentration after inserting and removing a type-2 filter during
stable propofol infusion

Fig. 3 Study flow chart

Heiderich et al. BMC Anesthesiology          (2021) 21:161 Page 5 of 9



childhood, which influences pharmacokinetics and me-
tabolism, and the interindividual variability in the
pediatric population using covariants such as age, weight
and height [15].
The Paedfusor model is a prototype of a target infu-

sion system developed in 1998, and was evaluated in 29
children aged 1 to 15 years [12, 13]. The Kataria model
is one of the most commonly used models in children
between 3 and 11 years [14]. In this study, we demon-
strated that exP concentrations correlate with calculated
propofol plasma levels using both the Kataria and the
Paedfusor models. The correlation, however, is lower
than that of blood levels in adults and animal models
[4–7]. The ethical hurdles for clinical studies on children
are too high, and intraoperative blood sampling for study
purposes requires a sound justification. As a rule,
healthy and stable children are not equipped with an ar-
terial catheter, which would be available for intraopera-
tive blood sampling, unless the operation is likely to be
associated with hemodynamic instability due to a higher
amount of volume displacement or for other reasons.
For that reason, we had to compare exP levels with
assumed plasma concentrations, calculated using the
Kataria and Paedfusor models. However, the exP con-
centration may reflect not solely the blood and tissue
concentration, but also be affected by physiological
breathing parameters. Dead space ventilation, minute
ventilation and fresh gas flow can influence the exP con-
centration. This may limit its accuracy in some clinical
settings [16]. Still, we do not believe that this had a rele-
vant impact in our study: The lower correlation in this
study compared to adult studies may be explained by
the fact that we compared exP with calculated propofol
concentrations using pharmacokinetic models. This also

reflects the main limitation of this study: future experi-
ments may reveal the correlation to true propofol blood
concentrations.
The correlation between NI and exP is also lower in

this study than in studies on adults, where it was about
r = 0.7 when compared to Bispectral index (BIS) moni-
toring [17, 18]. It is known from studies in children that
children < 2 years display higher NI and greater interin-
dividual variability than children > 2 years [19]. Never-
theless, the Narcotrend is highly reliable in showing the
depth of sedation in children [20]. This provides a com-
parison of exP with two parameters that reliably repre-
sent the depth of anesthesia. The results of this study
demonstrate that the interindividual variation of exP is
lower than the interindividual variation of NI in children
(Fig. 5). Therefore, it may be a superior tool to avoid
awareness, but it could also mean that variations in
blood and effect-site concentrations are less likely to be
picked up in the exhaled setting. Therefore, the relation-
ship between plasma concentration, brain tissue concen-
tration and exP concentration requires further
evaluation and pharmacokinetic modeling for the time
delay between changes in plasma concentration and ef-
fects on tissue concentration or exP concentration [21,
22]. Because volatile propofol binds and adsorbs revers-
ibly to various types of plastic with saturation kinetics,
the measurement itself remains a great challenge in the
anesthesia setting, with its different plastics in face
masks, endotracheal tubes, laryngeal masks and breath-
ing circuits. Lorenz at al. demonstrated the behavior of
propofol in breathing circuits in an ICU setting where
propofol was outgassed from the breathing circuit for
hours and remained at 2.8 ppb after 60 h of washing out
[23]. In laboratory studies, perfluoroalkoxy alkanes
(PFA) have been identified as materials with low adsorp-
tion of propofol [24]. Therefore, real-time exP measure-
ments may be optimized by the use of PFA for airway
devices and breathing circuits. This study demonstrated
another problem: the use of near-patient breathing sys-
tem filters leads to an immediate increase in exP when
measured between patient and filter. We assume that
volatile propofol is either reflected or adsorbed by the
breathing system filter itself because concentrations be-
hind the filter remained low. This cofounder can be
avoided by attaching the filters directly to the expiratory
and inspiratory limb of the anesthetic workstation [9].
Unfortunately, this practice requires changing the
breathing circuit after each patient, which is cost-
expensive and time-consuming.

Conclusions
Our study shows that exP correlates with calculated pro-
pofol concentrations (using Kataria and Paedfusor
models) and NI during induction and maintenance of

Table 1 Demographic data: sex, ASA status, age, weight, and
surgical procedures are presented as number or median [IQR].
ASA: American Society of Anesthesiologists physical status
classification system; M: male; F: female; y: years, NI: Narcotrend
index

Patients

Sex (M/F) 10/16

Age (y) 4 (0–8)

Weight (kg) 18 (6–45)

ASA I/II/III 6/16/4

Surgical procedures

Abdominal 11

Vascular 8

Urological 6

Thoraxic 1

NI 45 [33–55] (15–82)

Endtidal pCO2 36 [34–39]
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Fig. 4 Scatter plots of exhaled propofol concentration in parts per billion (ppb) and propofol plasma concentration (μg·ml− 1) calculated by the
Paedfusor model and Kataria model for induction (I) and maintenance (M) of anesthesia and emergence (E) from anesthesia
(r = correlation coefficient)
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total intravenous anesthesia in pediatric patients. The re-
sults of the exP measurements were influenced by the
type and position of different standard breathing filters.
Still, some obstacles still need to be addressed: the cost
of changing breathing circuits after each patient, and
loss of heat and moisture due to patient-distant breath-
ing system filters; adsorption and release of propofol in
standard breathing circuits and airway devices. Further-
more, correlation of exP to real propofol plasma levels
in children needs to be evaluated. Once these obstacles
have been overcome, randomized controlled studies
should aim to evaluate whether real-time measurements
of exP help to avoid awareness and shorten emergence
from anesthesia.
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