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Abstract

The aim of this study was to determine the relationship, precision, and bias of a propofol target-controlled infusion (TCI) system during prolonged
infusion in neurosurgical patients.We retrospectively included patients undergoing general anesthesia for elective neurosurgical removal of brain tumors
and postoperative sedation in the intensive care unit over a period of 3 months.TCI of propofol (Diprifusor – Marsh model) and remifentanil were used
for general anesthesia and sedation.We compared propofol blood concentration (Cmeas) measured by liquid chromatography–mass spectroscopy with
predicted concentrations (Cpred) by the TCI system at 40 minutes (T0),2 hours (T1),and 4 hours (T2) and every 8 hours after starting the drug infusion
and at the time of emergence from sedation.Ninety-four paired determinations of Cmeas and Cpred from 15 adult ASA I patients (8 men and 7 women
54.9 ± 13 years old;BMI,24 ± 3.2 kg/m2) were analyzed.Mean duration of drug administration was 31 ± 6 hours.The coefficient of determination (R2)
of the linear regression model for the relationship of Cmeas and Cpred was 0.43.At the time of emergence,Cmeas was 0.5 ± 0.18 μg/mL.The bias of the
TCI system (median performance error) was -34.7%, and the precision (median absolute performance error) was 36%.Wobble and divergence were
0.3% and 12.3%, respectively. This study found bias of the system out of the range of tolerability and showed a high tendency toward overestimation.
These findings may lead to undersedation when propofol TCI is used for prolonged infusion.
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The pharmacokinetics of propofol have been com-
prehensively studied in the past.1–5 Propofol has a
suitable pharmacokinetic profile for use by infusion
or target-controlled infusion (TCI).6–12 TCIs have
been used in research and clinical practice for more
than 2 decades.13–15 A widely used pharmacokinetic
model of propofol TCI was developed by Marsh and
colleagues,16 and it was found to have good delivery
performance. It was chosen for the commercially avail-
able Diprifusor16,17 system. Recently, TCI has also been
applied in the intensive care unit (ICU).18–20 However,
when applied in clinical care, TCI systems may not
be as accurate as previously suggested,11–13 leading
various investigators to refine the infusion model.21–28

We hypothesized that when propofol TCI with the
pharmacokinetic model reported by Marsh is used for
prolonged time, it can lose precision and accuracy.16

The aim of this retrospective study was to determine
the relationship, precision, and bias of the Diprifusor
in combination with remifentanil patients undergoing
neurosurgery under general anesthesia and in need of
postoperative ICU sedation.

Methods
We obtained the approval from the Ethics Committee
for this study. We retrospectively revised the clinical
charts of neurosurgical patients (preoperative Glasgow
Coma Scale of 15) scheduled for elective removal of
brain tumors under general anesthesia and postsur-
gical ICU sedation over a period of 3 months at
the Orthopedic and Trauma Center of Turin, Italy.
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Patients were included if: (1) TCI mode (propofol and
remifentanil) was used for surgery and ICU sedation,
and (2) propofol blood concentration (Cmeas) was as-
sessed using liquid chromatography–mass spectroscopy
per our internal protocol at the time of propofol TCI
use.29 Exclusion criteria were: patients younger than 18
years, ASA greater than 1, hypertriglyceridemia, alco-
hol or drug abuse, significant hepatic or renal impair-
ment; propofol administration by bolus injection or an
alternative agent before surgery or other sedatives other
than propofol during the study period; intraoperative
or postoperative hemodynamic instability, as defined
by median arterial pressure less then 60 mm hg with
the need for vasoactive agents; severe arrhythmia or
myocardial infarction; intraoperative fluid replacement
greater than 6 and 2mL/kg/h in the postsurgical period;
need for blood, plasma or albumin transfusion; severe
metabolic or respiratory acidosis, defined as a pH less
then 7.35 or a body mass index (BMI) > 30 kg/m2. Any
adverse events that occurred during sedation or recov-
ery were recorded, as were all deaths during sedation.

Patient Monitoring
During general anesthesia, patients were monitored
by a 12-lead spontaneous cortical electrical activity
(EEG) and Bispectral Index (Medtronic, Minneapolis,
Minnesota).30 The level of sedation was monitored us-
ing the Richmond Agitation Sedation Scale (RASS).30

In the postoperative period, pain was measured by
the Behavioral Pain Scale (BPS).31 Noninvasive blood
pressure, invasive blood pressure, heart rate, peripheral
oxygen saturation, electrocardiogram, and end-tidal
CO2, (EtCO2; GE Datex Ohmeda S5 Compact EtCO2

Anesthesia Gas Patient Monitor, Madison, Wisconsis,
United States) were recorded. Body temperature was
also recorded through an esophageal probe and kept at
35.5°C to 36.5°C.

Times of Assessment
Samples were collected and data were registered at the
following times for all patients using TCI for both
anesthesia and ICU sedation per our internal protocol:
40 minutes (T0), 2 hours (T1), 4 hours (T2), 8 hours
(T3), and 16 hours (T4) after infusion start; every
8 hours (T5, T6, T7, etc.); and at the time of recovery
from deep sedation, as defined as patients reaching
RASS -2 after discontinuation of the infusions.

At these times, blood samples were collected
and concentrations were measured using liquid
chromatography–mass spectroscopy.29 Quality control
samples (known samples for determining the accuracy
of the method) were 94%–98% accurate. The precision
of the assay (%CV) varied between 2% and 4%.29

At the same points, clinical variables, BIS value, and
RASS score were measured.

End Points, Definitions, and Data Analysis
The primary objective of the study was to retrospec-
tively compare predicted (Cpred) and measured (Cmeas)
blood propofol concentrations. Measured values of
blood propofol concentrations were compared with
those calculated by the TCI system to evaluate its
predictive performance (ie, bias, inaccuracy, and diver-
gence) as described by Varvel et al.27 For this purpose,
performance error (PE) was calculated as previously
described by Varvel.27

P Ei j (%) = [(
Cmeasi j − Cpredi j

)
/Cpreadi j

] · X100

where Cpredij is the predicted blood propofol con-
centration in sample j from patient i and Cmeasij is
the measured blood concentration of propofol in that
sample.

Bias (median performance error, MDPE) indicates
whether measured concentrations are systematically
above or below targeted values. MDPE was worked out
as follows:

M D P Ei (%) = median{P Ei j , j = 1, . . . .Ni }

Inaccuracy (median absolute performance error,
MDAPE) provides information on the typical size of
the difference between measured and targeted con-
centrations (imprecision). MDAPE was computed as
follows:

M D AP Ei (%) = median
{

I P E Ii j , j = 1, . . . ., Ni
}

for both formulas, Ni is the number of blood samples
for individual i.

Divergence describes any time there are related
changes in measured concentrations away from or
toward the targeted concentration.32 Wobble describes
the intraindividual variability in error. Data were also
analyzed using regression analysis.32 Cmeas was used as
the response variable (Y) and Cpred as the explanatory
variable (X). We compared continuous variables nor-
mally distributed with the Student t test and described
them by mean and standard deviation. In case of not
normal distribution, we used the Mann-WhitneyU test
and expressed the results as median and interquartile
range. Statistical analysis was performed using Med-
Calc for Windows, version 17.9, (MedCalc Software,
Mariakerke, Belgium) and Microsoft Excel (version
2013).

Intraoperative Period
According to the anesthetic protocol for neurosurgical
patients, all patients had 2 intravenous lines for propo-
fol and remifenanil infusion in one arm and a sampling
arterial line inserted in the other arm. Intraoperative
fluid replacement was provided with a 0.9% NaCl
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solution. An indwelling arterial catheter was inserted
in the radial artery to measure invasive pressure and
to collect any blood samples. All patients received total
intravenous anesthesia administered by TCI (Dipri-
fusor, Macclesfield, UK); propofol 1% (Diprivan,
AstraZeneca in 50-mL prefilled syringes) using the
Marsh pharmacokinetic model.16 Analgesia was pro-
vided with remifentanil (Ultiva 100 μg/mL; Glaxo
SmithKline Inc., Brentford, UK) continuous infusion
(Fresenius, Brezins, France) using the pharmacokinetic
model by Minto.33 At the induction of anesthesia,
TCI was set at predicted propofol plasma concentra-
tion (Cpred) of 4 μg/mL with a remifentanil effect-site
concentration (Cpred) between 3 and 6 ng/mL. A value
of RASS -5 was chosen as an indicator of patient
loss of consciousness at the induction of anesthesia.
All patients were intubated after reaching a BIS value
lower or equal to 40. Rocuronium (0.8 mg/kg) was
used as a neuromuscular blocking agent. Mechanical
ventilation was set to maintain an EtCO2 equal to
30 to 35 mm Hg and an oxygen saturation (SpO2)
greater or equal to 97%. Premedication was never
used in any patient. In all patients, the following tar-
gets were used for maintenance of anesthesia: Cpred

of propofol set between 3 and 5 μg/mL, Cpred of
remifentanil set between 5 and 6 ng/mL and then
reduced to 3 ng/mL or lower after durectomy. TCI was
targeted to a BIS value between 35 and 50. Remifentanil
target concentrations were also adjusted according to
heart rate and arterial blood pressure. A change of
more than 30% from baseline values, if not related
to blood loss, indicated an adjustment of the target
concentration in the same direction. When clinically
needed, anesthesia was deepened to reach EEG burst
suppression.

Postoperative Period
In the postsurgical period, the same propofol and
remifentanil TCI infusion system was used in all pa-
tients without interruption. The protocol for postop-
erative sedation included propofol and remifentanil
targeted to reach a RASS of -4 or -3, a BIS value
between 40 and 60, and a BPS31 not greater than 3.
Propofol TCI were initially adjusted to Cpred between 2
and 3 μg/mL. Infusions were also adjusted according
to heart rate and arterial blood pressure values. As
during the intraoperative period, a change of more
than 30% from baseline values if not related to blood
loss indicated an adjustment of the target concentra-
tion in the same direction. In addition, propofol and
remifentanil Cpred were increased if RASS, BIS, or BPS
targets were not reached. One hour before stopping
remifentanil, acetaminophen 15 mL/kg was given in all
patients.

Table 1. Patient Characteristics

Sequential Number Age Sex Weight (kg) Height (cm) BMI

1 54 F 60 154 25
2 64 F 65 155 27
3 70 M 84 175 27
4 24 M 83 183 25
5 67 F 54 163 20
6 35 M 55 168 19
7 47 M 75 172 25
8 52 M 79 164 29
9 62 M 70 167 25
10 47 F 54 163 20
11 74 F 72 156 29
12 56 M 74 176 24
13 44 F 58 158 23
14 57 M 70 170 24
15 71 F 53 160 20

M,male; F, female; BMI, body mass index.
Weight is reported in kilograms; height is reported in centimeters. BMI, body
mass index, was calculated as weight (kilograms)/height (meters)2.

Marsh Propofol Pharmacokinetic TCI Model
The Marsh model is 1 of the 2 generally employed and
commercially available models for propofol TCI.13,34 In
thismodel, compartmental volumes are proportional to
weight with constant rates for slow and fast redistribu-
tion. It was adopted from the Gepts 3-compartmental
model, which was derived from a cohort of 3 groups
of 6 patients who received a constant infusion rate of
propofol at 3, 6, and 9 mg/kg per hour.3 The Marsh
model is similar to the Gepts model except for the
central compartment volume, which was increased to
0.228 L/kg. The characteristics of this model were
published in 1991 along with the results of a study
evaluating its performance and with an adaptive model
in children.16 A full description of the model is outside
the aim of this study and is available elsewhere.13,15,35

Results
Fifteen adult neurosurgical ASA I patients (8 men
and 7 women 54.9 ± 13 years old with a BMI of
24 ± 3.2 kg/m2) were included for a total of 94 paired
determinations of Cmean and Cpred. Table 1 shows the
demographic characteristics of all included patients.

Mean time of propofol and remifentanil adminis-
tration was 31 ± 6 hours. Mean time of surgery was
4 ± 0.5 hours. During surgery, mean remifentanil Cpred

was 4.1 ± 0.8 ng/mL. Remifentanil Cpred was never
modified in the postoperative period, 2.4 ± 0.4 ng/mL.
In the postoperative period propofol Cpred was in-
creased to maintain the sedation target in 5 patients:
patient 2 between the 8th and the 16th hours, patients
6 and 9 between the 8th and the 16th hours, patient 7
between the 16th and the 36th hours, and patient 12
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Figure 1. Scatterplot and fit line show the relationship between
predicted propofol concentration (Cpred) and measured blood con-
centration (Cmeas). Each circle represents a set of Cpred/Cmeas (in
micrograms per milliliter) for 1 patient at 1 time. The thick solid line
is the regression line.There are also 2 sets of lines, one showing the 95%
confidence interval (dashed) and the other the 95% prediction interval
(solid).

between the 8th and the 16th hours and between the
24th and the 36th hours.

Regarding the linear regression model, regression
coefficients were an intercept of -0.13 (standard error,
0.29) and a slope of 0.75 (standard error, 0.08). The
coefficient of determination (R2) was 0.46. Figure 1
graphically shows the relationship between propofol
Cpred (X variable) and Cmeas (Y variable) in a scatterplot
with a fit line. Figure 2 shows the trend of Cmeas/Cpred

over time for each patient. The trend shows a ratio that
tends to decrease from T1 to T6 (means 0.85 and 0.73,
respectively). For all patients the bias of the TCI system
(MDPE) was -34.7% and the precision (MDAPE) 36%.
The divergence was 0.3. The median wobble was 12.3%.

Discussion
Our study demonstrated that the precision of the
propofol TCIDiprifusor system (MADPE)was low but
still in the range of normality.33,34 However, the bias
(MDPE) was out of the range of acceptance.33,34 Our
data also showed that: (1) there was a high tendency of
the system to overpredict the set Cpred values, and (2)
the divergence between Cpred and Cmeas increased over
time.

Propofol and remifentanil are widely used for both
anesthesia and postoperative ICU sedation in neuro-
surgery for brain tumors. These kind of surgical proce-
dures are relatively long, and a variable postoperative
sedation time is often required to optimize patients’
hemodynamics, cerebral perfusion pressure, and in-
tracranial pressure.36 These conditions are favorable
to study the relationship between propofol TCI Cpred

and Cmeas in prolonged infusion. Prolonged infusion
may lead to oversedation, which has several detrimental
effects, such as hemodynamic and respiratory impair-
ment, prolonged mechanical ventilation, increased risk
of delirium, and late neurological examination after
surgery.37 Nevertheless, in our study we found the sys-
tem to overpredict the set Cpred value without no appar-
ent clinical sign of drug accumulation.1–3,5 Barr et al11

found that plasma propofol concentrations correspond-
ing to Ramsay sedation scores of 2, 3, 4, and 5 were
0.25, 0.6, 1.0, and 2.0μg/mL.When comparingRamsay
5 to RASS -5, our Cmean values were not significantly
different from Barr’s data. Frolich et al10 found little
systematic bias but poor precision using a lower mean
propofol TCI predicted dose than ours. McMurray et
al12 found that the measurement of blood propofol
concentrations showed a tendency of Diprifusor TCI to
underpredict measured values (measured values higher
than indicated, positive bias) in postcardiac surgery
patients. Moreover, they demonstrated the tendency of
the system to overpredict (negative bias) in general ICU
patients. Although their population was different from
ours, McMurray’s data12 are in accord with our results
that found TCI to overpredict actual Cmeas values in
the ICU. In their study, analgesia was provided with
a morphine infusion (1–2 mg/h) or with an equianal-
gesic dose of alfentanil or fentanyl. However, Wietasch
et al38 found that when remifentanil was combined
with propofol, the TCI system (Marsh model) had
poor performance and precision (MDAPE, 60.7%)
with systematic underestimation of propofol plasma
concentrations (MDPE, 58.6%). This was also found by
McMurray et al12 in postcardiac surgery patients.
Nevertheless, remifenanil doses were higher than the
one we used in the postoperative period (Cpred of
remifentanil between 2 and 3 ng/mL). Barr et al studied
the association between fentanyl and propofol in 30
medical and surgical ICU patients. They found that
when fentanyl was given together with propofol, there
were no differences in the observed relationship be-
tween depth of sedation and plasma propofol concen-
trations compared with subjects who received propofol
alone.11 This suggests that the effect of fentanyl on
sedation wasminimal. In addition, as mentioned above,
remifenanil dosage in our study was lower than in
Wietasch’s study. In addition, all patients in our study
were classified as ASA I, with normal BMI without
hepatic or renal failure or high Apache II scores. These
different results can be partly attributed to altered
distribution/redistribution and/or drug elimination.39

A positive bias (overestimation of the pump) could
lead to an increase in propofol Cpred with the potential
risk of hemodynamic impairment or propofol infu-
sion syndrome40 if propofol infusion lasts more than
48 hours at an infusion rate of more than 5 mg/kg
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Figure 2. Trend of Cmeas/Cpred over time. In the x axis are the times of assessment (from T0 to T6); in the y axis is the ratio between propofol Cmeas

and Cpred (Cm/Cp). Each line represents 1 patient.

per hour. Five of the 15 patients needed an increase
in propofol Cpred to reach the target RASS and BIS
scores,41,42 although sedation in our patients lasted
less than 48 hours. An increased propofol clearance
may be explained with a higher cardiac output and a
more rapid blood flow to the organs.43,44 Although we
did not measure cardiac output, no vasoactive drug
was infused in any included patient. Another possible
mechanism could be the increased distribution of the
drug in adipose tissue.12,42 However, patients included
in our analysis had a normal body weight (BMI,
24 ± 3.2 kg/m2). Of note, fat fills slowly and probably
clears nearly all the propofol that flows through it. If the
blood flow to the fat increases over the time of sedation,
it would also increase the distributional clearance of
propofol to the fat until steady state is reached after
days of continuous infusion.4,42

With increasing peripheral tissue saturation, the rate
at which plasma propofol concentrations decrease after
discontinuation of the infusion becomes less dependent
on redistribution and more dependent on metabolic
clearance. Time to reach RASS -2 was fast in all our
patients, suggesting that propofol did not accumulate
extensively in fat, probably because of the short dura-
tion of sedation and because our patients had a normal
BMI. McMurray et al found that patients undergoing
sedation (mean time, 17 hours) without TCI after
coronary revascularization were extubated after a mean
time of 7.6 minutes.45

Last but not least, it has recently been found that
patients with brain tumors showed 40%higher propofol
clearance than control patients.35 Among the tested
models, the authors also evaluated the possibility that

antiepileptic drugs (AEDs) increased clearance in the
tumor group because of the induction of cytochrome
P450 activity. Older-generation AEDs such as carba-
mazepine, phenytoin, phenobarbital, and primidone
are known enzyme inducers.46 Interestingly, all patients
in our study received at least 1 AED.

Our study has several limitations. First, the study
was retrospective, and the number of patients en-
rolled was small. However, serial measurements of
propofol concentration were included per patient. In
addition, other studies dealing with the pharmacoki-
netics of long-term propofol infusions used for seda-
tion in ICU patients enrolled a limited number of
patients.4,5,16,39 Second, remifentanil was used in asso-
ciation with propofol.47 As mentioned above, the use
of remifentanil may potentially interfere with propofol
blood concentration.38,39,48,49 Third, we did not mea-
sure cardiac output in our patients as well as propofol
clearance5 and urinary metabolites. These measure-
ments would have permitted defining the role of the
mentioned potential mechanisms of altered propofol
pharmacokinetics (increased systemic propofol clear-
ance and increased propofol distribution into fat).42,50

Fourth, RASS scale was used, together with BIS, for
sedation monitoring. Although the end point of our
study was not targeted to find the range of target
blood propofol concentration required to sedate adult
intensive care patients using Diprifusor TCI, BIS can
be prone to artifacts51 and has not been recommended
as the primary method to monitor depth of sedation.
However, the use of objective measures of brain func-
tion (eg, BIS) may be used as an adjunct to subjective
sedation assessments in adult ICU patients who are
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receiving neuromuscular blocking agents or in very
deeply sedated patients.52

Fifth, our study was carried out in neurosurgi-
cal patients without any comorbidities potentially af-
fecting propofol clearance.53 The algorithms guiding
TCI pumps are based on pharmacological data ob-
tained from healthy volunteers, which are then extrap-
olated, on the basis of sophisticated pharmacokinetic
and pharmacodynamic modeling, to predict plasma
concentrations of the drug and its effect on gen-
eral population. It may be argued that these models
may be less accurate when applied in the ICU when
patients have considerable blood loss, hypothermia,
or temporary changes in plasma composition (eg,
hypoalbuminemia).53

Conclusions
The main finding of our study was that the bias of the
propofol TCI system (Marsh model) was out of the
range of tolerability, showing a high tendency toward
overestimation. However, if anesthesia and sedation are
carefully monitored, Propofol TCI seems to be a safe
option in the ASA I neurosurgical population. This
altered pharmacokinetic behavior should be taken into
consideration to allow a more individualized dosing of
propofol TCI and remifentanil when given in prolonged
infusion in this patient population. Future pharma-
cokinetic propofolmodels should take into account real
patients’ data to optimize precision and bias.
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