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Abstract
Background: Ion mobility spectrometry (IMS) allows for online quantification of ex-
haled propofol concentrations. We aimed to validate a bedside online IMS device, 
the Edmon®, for predicting plasma concentrations of propofol in normal- weight and 
obese patients.
Methods: Patients with body mass index (BMI) >20 kg/m2 scheduled for laparoscopic 
cholecystectomy or bariatric surgery were recruited. Exhaled propofol concentra-
tions (CA), arterial plasma propofol concentrations (CP) and bispectral index (BIS) val-
ues were collected during target- controlled infusion (TCI) anaesthesia. Generalised 
estimation equation (GEE) was applied to all samples and stable- phase samples at 
different delays for best fit between CP and CA. BMI was evaluated as covariate. BIS 
and exhaled propofol correlations were also assessed with GEE.
Results: A total of 29 patients (BMI 20.3– 53.7) were included. A maximal R2 of 0.58 
was found during stable concentrations with 5 min delay of CA to CP; the intercept 
a = −0.69 (95% CI −1.7, 0.3) and slope b = 0.87 (95% CI 0.7, 1.1). BMI was found 
to be a non- significant covariate. The median absolute performance error predicting 
plasma propofol concentrations was 13.4%. At a CA of 5 ppb, the model predicts a CP 
of 3.6 μg/ml (95% CI ±1.4). There was a maximal negative correlation of R2 = 0.44 at 
2- min delay from CA to BIS.
Conclusions: Online monitoring of exhaled propofol concentrations is clinically feasi-
ble in normal- weight and obese patients. With a 5- min delay, our model outperforms 
the Marsh plasma TCI model in a post hoc analysis. Modest correlation with plasma 
concentrations makes the clinical usefulness questionable.

Editorial Comment

Measurement of exhaled propofol concentration and correlation to drug pharmacodynamics for 
patients in different weight categories is needed to see if the tool has general clinical value. This 
trial provides further experience with this method.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
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1  |  INTRODUC TION

There is a considerable variability in the relationship between a given 
iv dose of an anaesthetic drug and the effect. This is partly due to the 
variability in drug plasma concentration, which determines the con-
centration acting on individual cells in the central nervous system for 
effect. The present target control infusion (TCI) devices use pharma-
cokinetic (PK) models based on plasma measurements in the study 
populations, extrapolated for dosing in individual patients. Even the 
best TCI models will have performance errors due to inter- individual 
variability.1 Morbid obesity poses an additional challenge due to non- 
linear increases in both volume of distribution and drug clearance.2,3 
Truly individualised dosing would be better aided by some sort of on-
line concentration monitoring. Bayesian optimisation of TCI based on 
individual bedside plasma concentration analysis may improve model 
bias, though inconvenient in everyday clinical practice.4

For inhalational anaesthetic agents, for decades we have been 
able to monitor alveolar gas concentrations in volume percent, as 
a reflection of partial pressure and concentrations in plasma. Such 
online concentration monitoring has not been available for dosing 
of intravenous drugs in routine clinical care.5 A basic amine with a 
pKa of 11.1, propofol undergoes significant first- pass uptake in the 
lungs; 28% in human patients.6,7 Nearly all of that propofol eventu-
ally returns unchanged to the circulation except for trace amounts 
eliminated in expired breath.8 With a boiling point of 256℃ and a va-
pour pressure of 0.01 mmHg at 25℃, propofol has low volatility and 
gas concentrations are present in parts per billion (ppb).9 However, 
several groups have demonstrated that exhaled propofol may be 
identified, quantified and correlated to plasma concentrations using 
a variety of technologies.10– 13 Of these, Ion mobility spectrome-
try (IMS) may be the most promising method for routine use.14,15 
Refinement of the IMS technology combined with a multiple capil-
lary column (MCC- IMS) for handling humid gas has led to the launch 
of a CE- marked, bedside, online drug monitor for quantifying propo-
fol concentrations in exhaled air at a rate of once per minute, the 
Edmon® (B. Braun Melsungen AG, Germany).16– 18 Obesity alters re-
spiratory physiology, including reduced functional residual capacity 
with risk of atelectases and ventilation- perfusion mismatch.2 Thus, 
the suitability of MCC- IMS technology in obese patients is unclear.

Our primary aim was to determine whether this device more ac-
curately predicts plasma concentrations of propofol in normal- weight 
and obese surgical patients, compared with a TCI model. Second, we 
investigated the correlation with bispectral index (BIS) to evaluate the 
pharmacodynamic effect in relation to exhaled propofol.

2  |  MATERIAL S AND METHODS

2.1  |  Approvals and inclusion criteria

The study was registered with Clinical Trials (clinicaltrials.gov, iden-
tifier: NCT03817541), and approval was granted by the South- East 
Norway regional ethics committee (helseforskning.etikkom.no, ref: 

2017/2401). Written informed consent was obtained from adult 
patients scheduled for elective laparoscopic surgery, either chol-
ecystectomy or bariatric surgery; the latter including either gastric 
bypass, mini gastric bypass or gastric sleeve. Patients of both sexes, 
aged 18– 60 years and body mass index (BMI) >20 kg/m2 were eligi-
ble for inclusion.

2.2  |  Induction and maintenance of general 
anaesthesia

Anaesthesia was administered per standard operating procedure at 
our institution and all patients received premedication with 10 mg 
oxycodone po and 10 mg metoclopramide po in the morning of the 
day of surgery. Before induction, they were given glycopyrronium 
bromide 0.2 mg iv and esomeprazole 40 mg iv.

For patients with a BMI >30 kg/m2, propofol was dosed by 
adjusted body weight (ABW). ABW was determined by ideal body 
weight (IBW, kg) calculation from: height in cm— 100 for men and 
height in cm— 105 for women, adding 40% of the difference from 
total body weight (TBW). Thus, ABW = IBW + 0.4(TBW − IBW).19 
Remifentanil was dosed by total body weight (TBW), maximum 
120 kg; rocuronium was dosed to ABW.

Anaesthesia was induced and maintained with propofol by 
plasma- controlled target control infusion (TCI), using the Marsh 
protocol with plasma target initially set at 6 μg/ml, then after en-
dotracheal intubation at 3 μg/ml.20 For nociceptive input control, 
remifentanil effect- site TCI (Minto) was started simultaneously with 
propofol, with an initial plasma target of 5 ng/ml, later adjusted to 
surgical needs at the discretion of the attending anaesthesiologist.21 
Rocuronium 0.6 mg/kg was given to facilitate intubation (Shiley Hi- 
Contour Oral/Nasal Tracheal Tube Cuffed). The patients were venti-
lated on a low- flow (1 L/min) ventilator circuit with a tidal volume of 
6 ml/kg ideal body- weight, frequency 14/min and PEEP 5 cm H2O.

The patients received dexamethasone 16 mg iv after induction. 
Twenty minutes before the end of surgery, they were given parac-
etamol 1 g iv, ondansetron 4 mg iv, droperidol 1.25 mg iv and ke-
torolac 30 mg iv. By the end of the case, neuromuscular block was 
reversed by glycopyrrolate 0.4 mg + neostigmine 2.5 mg iv, and 
patients received fentanyl dosed at the discretion of the attending 
anaesthesiologist, typically 100 μg iv.

The patients were monitored with five- lead ECG, pulsoxymetry, 
capnography, bispectral index monitoring (BIS) and train- of- four (TOF) 
measurements. Immediately after induction, a radial artery line was 
placed for blood sampling and invasive blood pressure recordings.

2.3  |  Surgical conditions

All patients were operated laparoscopically, in lithotomy reverse 
Trendelenburg position. Intra- abdominal pressures were kept at 
12 mmHg, increased to a maximum of 16 mmHg, at the discretion 
of the surgeon.
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2.4  |  Exhaled propofol monitoring

An illustration of the experimental setup is given as a supplementary 
online content; Digital Figure 1. The Edmon® is a multiple capillary 
column ion mobility spectrometry device (MCC- IMS). IMS technol-
ogy allows identification and quantification of ionised compounds 
based on their mobility in an inert drift gas chamber. Passing the 
gas sample through a heated MCC rapidly isolates humidity and pre- 
separates analytes in a complex gas, such as exhaled air, shorten-
ing measurement time and mitigating errors of analysis caused by 
humidity.22,23 The Edmon® was set up with synthetic air as carrier 
and drift gas, with a purity of ≥99.999% (Synthetic air HiQ 5.0; AGA). 
The gas was passed through an external filter (Air Liquide). New 
ventilation tubing (CareFusion Vital Signs, BD) was mounted prior to 
each study patient. Microbial filters (Iso- Gard HepA Light, Teleflex) 
were placed at the inspiratory and expiratory ports of the anaes-
thesia machine only, as directed by the IMS device manufacturer. 
Side stream breath samples were drawn from the endotracheal tube 
via a T- piece to the IMS device through a 1.8- m long tube made of 
tetrafluoroethylene- perfluoro copolymer (PFA) (Bohlender GmbH). 
The T- piece was made of polysulfone (PSU) (VBM Medizintechnik 
GmbH). The IMS device draws air from the ventilation circuit for 20 s 
and spends 40 s on analysis. A new propofol concentration value is 
thus calculated and displayed, numerically and graphically in parts 
per billion (ppb), once every minute.

Exhaled propofol concentration (CA) values, blood sample time 
points, BIS values and TCI infusion data were harvested with ded-
icated software running on a medical grade PC (CLINEDMON, B. 
Braun Melsungen AG, Germany).

2.5  |  Propofol plasma samples

Four or six arterial blood samples were collected from each patient 
during anaesthesia. The first sample was taken immediately after 
intubation— before reducing the propofol plasma target from 6 to 
3 μg/ml. The second sample was taken 10 min after intubation, fol-
lowed by 1– 3 samples during pneumoperitoneum, taken at approxi-
mately 10 min intervals. A final sample was taken after abdominal 
deflation— before stopping the propofol infusion.

Blood samples were immediately placed on ice and plasma sep-
arated within 60 min of sampling. Plasma samples were stored at 
−15– 82°C until analysis, which was completed within 3 months of 
sampling. Plasma propofol concentrations (CP) were quantified by 
automated solid- phase extraction liquid chromatography coupled 
mass spectrometry.24

2.6  |  Statistical analysis

Plotting of concentration curves was done in GraphPad Prism ver-
sion 9.1.0 for MacOS, GraphPad Software, San Diego, California, USA, 
‘www.graph pad.com’. Statistics were done in R, version 4.0.2.25 The 

longitudinal propofol measurements were modelled by generalised 
estimating equation (GEE) using the geeglm function in the geepack R 
library.26,27 To determine the most appropriate correlation structure, 
models were calculated with all structures available in the geeglm 
function (i.e. ‘independence’, ‘exchangeable’, ‘ar1’, ‘unstructured’). The 
‘exchangeable’ variance structure was thus chosen according to the 
quasi- likelihood information criterion using the QIC function in the 
geepack library. In the GEE model, we assumed a linear relationship be-
tween the predictor variable and the response. The linearity assump-
tion was examined by plotting Pearson residuals against fitted values, 
and the assumption was not invalidated (Digital Figure 2).

To determine delays of propofol concentrations in exhaled air 
(CA) to concentrations in plasma (CP), GEE was done with CA as inde-
pendent variable and CP as dependent variable using delays of CA to 
CP from 0 to 10 min. Three data sets were used:

a. All plasma samples included
b. First plasma sample omitted
c. Two first plasma samples omitted

Analyses with omitted samples done since the early phase presum-
ably have less stable concentrations with non- equilibrium between 
plasma and exhaled air when compared with samples taken after pro-
longed infusion at a steady plasma target level. The model with largest 
R2 was selected, using the marginal R2 formulated for GEE models by 
Zheng.28 To test if the relationship between CA and CP was dependent 
on body size, BMI was included as a covariate in the GEE model.

Performance error (PE) for each plasma sample and corre-
sponding exhaled concentration as well as predicted plasma 
concentration by the Marsh TCI model used in the study wereas-
sessed as follows:

where CP is the measured plasma concentration of propofol and Cpred is 
the concentration predicted by our models based on the Edmon mea-
surements or the TCI model. The median performance error (MdPE) 
and median absolute performance error (MdAPE) were used to eval-
uate predictive bias and inaccuracy of both the Edmon and the Marsh 
TCI model as they were employed in the study.

In order to determine delays of BIS values to CA, GEE was done 
using the same correlation structure as above on the whole data 
set, with CA as independent variable and BIS as dependent variable, 
using delays of BIS to CA from 0 to 10 min.

3  |  RESULTS

3.1  |  Data set

The data set was collected from 29 patients with a total of 150 
plasma propofol samples and 2646 exhaled propofol concentration 
observations. Five patients were of normal weight (BMI 18.5– 24.9), 

PE = (CP − Cpred)∕Cpred × 100% ,

http://www.graphpad.com
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eight were classified as overweight (BMI 25– 29.9) and 16 as obese 
(BMI >30) (Table 1).29

Plots of exhaled propofol and plasma propofol concentrations 
from four typical patients are shown in Figure 1. Plots from all 29 
patients are available as supplementary online content (Digital 
Figure 3).

3.2  |  Propofol concentrations in exhaled 
air and plasma

Linear regression with GEE on the entire set of plasma concentrations 
vs exhaled concentrations yielded poor correlation, with R2 = 0.23. 
When calculations were repeated omitting the first plasma sample, 
the result was 0.25. Excluding the first two plasma samples, R2 was 
0.47 (Figure 2A). Linear regression with increasing delays of CA to 
CP yielded a maximal coefficient of determination with 5- min delay 
(Figure 3). With a delay of 5 min and omitting the first two plasma 
samples, R2 increased to 0.58, with intercept a = −0.69 (95% CI −1.7, 
0.3) and slope b = 0.87 (95% CI 0.7, 1.1) (Figure 2B). For example, 
given these conditions, a CA of 5 ppb predicts a CP of 3.6 μg/ml with 
a 95% confidence interval of ±1.4, i.e., between 2.2 and 5.0 μg/ml. 
BMI was found to be a non- significant covariate (p = 0.051) and was 
not included in the final model.

MdPE and MdAPE were lower for both GEE models than for the 
Marsh plasma- controlled TCI model (Table 2).

3.3  |  CA:BIS

BIS values were recorded from 25 patients. (Digital Figure 4) A 
negative correlation between CA and BIS was found, with R2 = 0.42. 
Applying delays improved the correlation only modestly. A 2- 
min delay produced the best correlation, with R2 = −0.44 (Digital 
Figure 5).

4  |  DISCUSSION

The exhaled drug monitor Edmon® predicted plasma concentrations 
of propofol with greater precision and accuracy than the Marsh TCI 

model during stable propofol plasma concentrations when a delay of 
CA to CP of 5 min was applied. We found moderate negative correla-
tion of CA to BIS values.

Initial calculations on the whole data set produced low R2. When 
we assumed plasma concentrations to be unstable after adjustments 
of propofol TCI targets and did model calculations on samples taken 
at approximately 20 min after the plasma TCI target was stabilised 
the correlations improved. A delay of 5 min between plasma and 
exhaled concentrations further increased R2. We hypothesised that 
body size could be a covariate in the model, due to alterations in 
ventilatory mechanics in obese subjects. BMI was found to be a non- 
significant covariate.

We conducted the study in a regular operating room setting 
on scheduled patients of a wide range of body sizes. The surgical 
categories, cholecystectomy and bariatric surgery were chosen for 
consistent perioperative conditions in all patients, including body 
positioning, laparoscopic technique, peritoneal insufflation pres-
sures, mode of anaesthesia and duration of surgery. In the individual 
patient plots, both CA and CP are seen to decrease after the point 
of peritoneal deflation, despite the TCI settings being maintained 
unchanged until the last blood sample was taken. These concentra-
tion decreases following abdominal deflation may be secondary to 
increased cardiac output following deflation.30 Laparoscopic insuf-
flation of CO2 at 12 mmHg has been shown to increase hepatic blood 
flow.31 In our study, insufflation pressures up to 16 mmHg were used 
and may have influenced hepatic clearance of propofol.

Adhesion of propofol to materials in contact with the exhaled 
air before it reaches the Edmon® may potentially result in under-
estimation of exhaled values in the early phase of a propofol- based 
procedure and overestimation when reducing or ending the infusion. 
Polyurethane or tubing made of silicone may absorb most of the 
propofol molecules and are thus unsuitable.32 Few authors describe 
either the types of materials in the sampling tubes or the airway de-
vices used. We set up the breathing circuit with previously tested 
materials only, as directed by the manufacturer. The Edmon device is 
so far not approved for use with laryngeal mask airways.

The modest R2 of 0.58, even when including only assumed 
stable- phase CP and applying a 5- min delay, suggests limitations 
with the method as used in our study.

Several groups have specified sampling expired air or end- tidal 
air.9,33 This may explain why two studies with a statistical approach 

(n = 29)

Age (years) 38.9 SD 10.7 (18– 56)

Sex (Male/female) (n) 6/23

Weight (kg) 102 SD 34.6 (54– 185.8)

Height (cm) 167 SD 8.9 (158– 192)

BMI (kg/m2) 36.2 SD 10.8 (20.3– 53.7)

Duration of surgery (minutes) 66 SD 26 (41– 134)

Total dose of propofol (mg) 966 SD 231 (714– 1764)

Total dose of remifentanil (μg) 1248 SD 342 (727– 2100)

TA B L E  1  Patients' characteristics. 
Values are mean, SD (range)
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similar to ours produced higher R2; Hornuss et al. synchronised their 
ion molecule reaction mass spectrometer with a separate capno-
graph for approximate end- expiratory sampling while Perl et al did 
CO2- controlled sampling with their MCC- IMS device.14,34 Colin et al. 
recorded the median expiratory breath signal during 30 s intervals.13 
The Edmon® draws a mixed- breath side- stream sample continuously 
over 20 s. In our low- flow circuit system with 10– 20 min allowed for 
establishment of a steady- state situation, we may assume the inspi-
ratory to expiratory fluctuations in propofol concentrations to be 
minimal. This may differ with high ventilator gas- flow and during in-
duction, dose- adjustments or at the end of anaesthesia. Further, we 
may not have achieved as steady concentrations with the Marsh TCI 
model in our diverse patient group as in the aforementioned studies.

For exhaled drug monitoring to be useful, the clinician may want 
to know three things: (1) the corresponding concentration in plasma; 
(2) the delay in equilibration of concentrations in plasma with alveo-
lar air and (3) the correlation and delay with pharmacodynamic vari-
ables i.e., effect- site concentrations.

Ziaian et al. and Colin et al. have presented conversion factors 
from CP to CA of 2.71 ppb/ml/μg and 3.56 ppb/ml/μg.13,35 Kreuer 
et al. calculated a much lower conversion factor of 0.66 ppb/ml/μg, 
which may be disregarded since they used a calibration procedure 
not presently recommended.18,36 Chen et al. demonstrated interin-
dividual variability in the blood/exhaled partial pressure ratio (RBE) of 

propofol and have proposed a method of individualised calculation 
of this ratio. However, this takes up to 50 min to determine per pa-
tient using a gas chromatograph– surface acoustic wave sensor.12 A 
practical interpretation of exhaled concentration data during clinical 
use of the Edmon® during pseudo- steady- state plasma concentra-
tions is approximately 1.4 ppb/ml/μg, as derived from our model.

A potential objection to our study is that we did not calculate a 
first- order rate constant for the delay of CA to CP by pharmacoki-
netic modelling. In our view, this is not a prerequisite for practical 
application of exhaled drug monitoring. An early study by Takita 
et al. using proton transfer mass spectrometry reported a delay of 
333 s to maximum propofol concentrations in expired breath after 
a bolus injection, apparently determined by visual approximation 
of the data.11 Kreuer et al., Ziaian et al. and Colin et al. have all 
produced time constants for the delay in equilibration of concen-
tration between plasma and breath by compartmental PK model ap-
proaches. Kreuer et al. used the same IMS technology as ours, while 
Ziaian et al. utilised an electrochemical sensor and Colin et al. an ion 
molecule reaction mass spectrometry device. The delay constants 
(ke0lung) produced were 0.209, 0.155 and 0.152, respectively. Colin 
et al. aimed to use exhaled propofol measurements to increase dos-
ing accuracy by Bayesian adaptation of the Eleveld TCI model. We 
believe a more practical approach is preferable wherein the online 
exhaled drug monitor assists the clinician in much the same way as 

F I G U R E  1  Exhaled propofol concentrations, plasma propofol concentrations, Marsh plasma target TCI predicted concentrations and time 
points of peritoneal inflation and deflation from four study patients
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end- tidal concentration monitoring during volatile gas anaesthesia. 
During maintenance of TCI- based anaesthesia, when plasma con-
centrations are near steady- state, the exhaled drug monitor may 
be used as supplement to improve on the predictions of the TCI 
model. The Edmon® has a graphical display of concentration trend 
over time that will be useful for clinicians interpreting the currently 
displayed CA. However, a prospective validation of the GEE model 
we produced in a new patient population is needed before clinical 

implementation. Notably, the favourable bias and inaccuracy we 
present were produced on the same data originating the model, thus 
providing only an indication of the true performance of the Edmon.

We found a moderate negative correlation of plasma propofol 
(CA) to BIS values in our study during ongoing surgery and minor 
improvement from introducing the optimal delay of 2 min. In states 
of acute nociception or strong influence from opioids, the BIS may 
not be a reliable monitor of anaesthetic adequacy.37,38 In such sit-
uations individual online monitoring of plasma propofol concentra-
tion, although incorporating a delay of 5 min as in our study, may be 
valuable for clinicians in ensuring an adequate depth of anaesthesia. 
We found moderate negative correlation of exhaled propofol and 
BIS for simultaneous measurements and minor improvement from 
introducing the optimal delay of 2 min. A limitation of our data set is 
the low resolution of 1 BIS value per minute and data missing from 
four patients. Hornuss et al. using ion molecule reaction mass spec-
trometry found maximum correlation between plasma and BIS after 
approximately 3.5 min.39

F I G U R E  2  (A) Generalized estimating equation (GEE) with propofol concentration in exhaled air (CΑ) as dependent variable and propofol 
concentration in plasma (CΡ) as dependent variable. The first two plasma samples from each patient have been omitted. (B) Final GEE model 
of propofol concentrations in exhaled air and plasma, with first two plasma samples omitted and five minutes delay of (CΑ) to (CΡ)

F I G U R E  3  Coefficient of determination (R2) of exhaled and 
plasma propofol concentrations at different delays. GEE with all 
samples included is marked in black, with the first plasma sample 
omitted in dark green and with the first two plasma samples 
omitted in bright green

TA B L E  2  Predictive Median Performance Error (MdPE) and 
Median Absolute Performance Error (MdAPE) of Marsh plasma- 
controlled TCI and two prediction models based on exhaled 
air concentration monitoring. Values are median (25th, 75th 
percentile). The first two plasma samples from each patient were 
omitted before evaluation

MdPE (%) MdAPE (%)

Plasma- controlled 
Marsh TCI

−24.9 (−37.2, −13.6) 25.6 (15.4, 38.3)

Exhaled air, no delay −8.0 (−23.3, 9.9) 17.3 (8.5, 26.9)

Exhaled air, 5 min delay 0.4 (−10.9, 16.5) 13.4 (7.0 ,19.6)
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5  |  CONCLUSION

Online monitoring of exhaled propofol concentrations with a novel 
IMS device is feasible during stable plasma concentrations in adult 
normal- weight and obese patients. Tested post hoc, our model pre-
dicts plasma concentration better than the Marsh plasma- controlled 
TCI model. The modest correlation and 5- min delay make the every-
day clinical usefulness questionable.
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